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Abstract

The linear peptide gramicidin forms prototypical ion channels specific for monovalent cations and has been extensively used to study
the organization, dynamics, and function of membrane-spanning channels. We have analyzed the localization of the functionally impor-
tant tryptophan residues of the membrane-bound channel and non-channel conformations of gramicidin utilizing a novel dual fluores-
cence quenching approach [G.A. Caputo, E. London, Biochemistry 42 (2003) 3265–3274]. In this paper, we show for the first time that
the dual quenching approach is applicable to multiple tryptophan containing functional ion channel peptides such as gramicidin. Impor-
tantly, dual quenching is found to be sensitive to the membrane-bound conformations of this important model ion channel.
� 2006 Elsevier Inc. All rights reserved.
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Ion channels are transmembrane proteins that regulate
ionic permeability in cell membranes. They are crucial for
normal functioning of cells and defective ion channels are
implicated in a number of diseases collectively known as
‘channelopathies’ [1]. The recent successes in crystallo-
graphic analyses of ion channels starting with the KcsA
potassium channel [2] have provided exciting molecular
insights into ion channel structure and function. However,
it is becoming increasingly clear that static crystallographic
structures of membrane proteins may not always provide
accurate representations of channel function [3]. Due to
this ambiguity in the structural analysis of ion channel
function, simple models of ion channels continue to pro-
vide useful information to understand and characterize
more complex systems [4,5]. The linear peptide gramicidin
forms prototypical ion channels specific for monovalent
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cations and has been extensively used to study the organi-
zation, dynamics, and function of membrane-spanning
channels [6,7]. Gramicidin serves as an excellent model
for transmembrane channels due to its small size, ready
availability, and the relative ease with which chemical mod-
ifications can be performed.

The unique sequence of alternating L- and D-chirality ren-
ders gramicidin sensitive to the environment in which it is
placed [5]. Gramicidin therefore adopts a wide range of envi-
ronment-dependent conformations. Two major folding
motifs have been identified for gramicidin in various media:
(i) the single stranded helical dimer (‘channel’ form) and (ii)
the double stranded intertwined helix (collectively known as
‘non-channel’ form) [8]. Interestingly, the initial conforma-
tion adopted by gramicidin in membranes has been reported
to be influenced by the nature of the solvent in which it was
dissolved prior to incorporation, i.e., gramicidin conforma-
tion in membranes depends on its ‘solvent history’ [9]. How-
ever, the single stranded helical dimer conformation is the
thermodynamically preferred conformation in membrane
and membrane-mimetic environments [9–12].

The cation conducting gramicidin channel in membranes
is formed by the head-to-head (amino terminal-to-amino
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terminal) single stranded b6.3 helical dimer [13]. In this
conformation, the carboxy terminus is exposed to the
membrane–water interface and the amino terminus is
buried in the hydrophobic core of the membrane. This
places the carboxy terminal tryptophan residues clustered
at the membrane–water interface at the entrance to the
channel [13–16]. This interfacial localization of the gramici-
din tryptophan residues is an essential aspect of gramicidin
conformation and function in membranes [7]. The
membrane interface seeking properties of tryptophan [17]
and the oriented dipole moments of the tryptophan side
chains play an important role in gramicidin conformation
and ion channel activity [18–21]. While the channel confor-
mation in membranes has been extensively investigated [14],
the dynamics of the non-channel conformation is relatively
unexplored [16]. Importantly, the membrane interfacial
localization of tryptophan residues is absent in ‘non-chan-
nel’ conformations and the tryptophan residues are distrib-
uted along the membrane axis [16]. Such conformations
have been shown to exist in membranes with polyunsaturat-
ed lipids [22] and in membranes with increased acyl chain
lengths [23,24]. We have earlier utilized wavelength-selec-
tive and other sensitive fluorescence approaches to monitor
the organization and dynamics of the functionally
important tryptophan residues of gramicidin in the channel
and non-channel conformations [16].

In this report, we have utilized a novel dual fluorescence
quenching approach [25] to analyze the distribution and
depths of the tryptophan residues of gramicidin in the chan-
nel and non-channel conformations. This method is based
on the differing accessibility of an aqueous and membrane-
bound quencher to membrane-bound tryptophan residues.
The ratio of quenching (Q-ratio) by these quenchers has
been shown to be related to the average depth of the fluoro-
phore in the membrane [25]. The advantage of this approach
lies in the fact that even though information on depth may be
obtained by the use of a single quencher, the use of two
quenchers in the Q-ratio increases sensitivity by canceling
out any non-depth related effects on quenching. This work
represents the first report of the dual quenching analysis of
a functional multitryptophan ion channel peptide.
Materials and methods

Materials. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
was obtained from Avanti Polar Lipids (Alabaster, AL). Gramicidin A 0

(from Bacillus brevis) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) were purchased from Sigma Chemical Co. (St. Louis, MO).
Ultra pure grade acrylamide was from Invitrogen Life Technologies
(Carlsbad, CA). 10-Doxylnonadecane (10-DN) was a generous gift from
Prof. Erwin London (SUNY, Stony Brook). The purity of acrylamide was
checked from its absorbance using its molar extinction coefficient (e) of
0.23 M�1 cm�1 at 295 nm and optical transparency beyond 310 nm [26].
Gramicidin A 0, as obtained, is a mixture of gramicidins A, B, and C. The
concentration of gramicidin was calculated from its molar extinction
coefficient (e) of 20,700 M�1 cm�1 at 280 nm [10]. The concentration of a
stock solution of 10-DN in ethanol was calculated from its molar
extinction coefficient (e) of 12 M�1 cm�1 at 422 nm [25]. Lipids were
checked for purity by thin-layer chromatography on silica gel precoated
plates (Sigma) in chloroform/methanol/water (65:35:5, v/v/v) and were
found to give only one spot in all cases with a phosphate-sensitive spray
and subsequent charring [27]. The concentration of phospholipids was
determined by phosphate assay subsequent to total digestion by perchloric
acid [28]. DMPC was used as an internal standard to assess lipid digestion.
All other chemicals used were of the highest purity available. Solvents used
were of spectroscopic grade. Water was purified through a Millipore
(Bedford, MA) Milli-Q system and used for all experiments.

Sample preparation. All experiments were done using unilamellar
vesicles (ULV) of POPC containing 2% (mol/mol) gramicidin A 0. The
channel and non-channel conformations of gramicidin were generated
essentially as described earlier [16]. In general, 160 nmol of POPC in
chloroform/methanol was mixed with 3.2 nmol of gramicidin in methanol.
A few drops of chloroform were added to this solution. The solution was
mixed well and dried under a stream of nitrogen while warming gently
(�40 �C) and dried further under a high vacuum for at least 12 h. To
prepare the channel form, the dried film was swelled in 1.5 ml of 10 mM
sodium phosphate, 150 mM sodium chloride, pH 7.2 buffer, and samples
were vortexed for 3 min to uniformly disperse the lipids. The samples were
sonicated to clarity under argon (�30 min in short bursts while being
cooled in an ice/water mixture) using a Branson model 250 sonifier
(Dansbury, CT) fitted with a microtip. The sonicated samples were cen-
trifuged at 15,000 rpm for 15 min to remove any titanium particles shed
from the microtip during sonication and incubated for 12 h at 65 �C with
continuous shaking in order to completely convert to the channel con-
formation [9,10]. For the non-channel conformation, the dried film was
dissolved in ethanol to give a final concentration of 40 mM lipid in eth-
anol. The ethanolic solution was then injected into 1.5 ml of 10 mM
sodium phosphate, 150 mM sodium chloride, pH 7.2 buffer, and samples
were vortexed to uniformly disperse the lipids.

For experiments involving 10-DN, 160 nmol of POPC containing
10 mol% 10-DN was mixed with 3.2 nmol gramicidin. The solution was
mixed well and dried as described above. To prepare the channel form, the
dried lipid film was carefully sonicated under argon to avoid any possible
damage to the spin label and incubated overnight at 65 �C as described
above. All samples were incubated in dark at room temperature for 1 h
before fluorescence measurements. Background samples were prepared the
same way except that gramicidin was omitted. All experiments were done
with multiple sets of samples at 25 �C.

Steady state fluorescence measurements. Steady state fluorescence mea-
surements were performed with a Hitachi F-4010 spectrofluorometer using
1-cm path length quartz cuvettes. Excitation and emission slits with a
nominal bandpass of 5 nm were used for all measurements. Background
intensities of samples in which gramicidin was omitted were negligible in
most cases and were subtracted from each sample spectrum to cancel out any
contribution due to the solvent Raman peak and other scattering artifacts.

Fluorescence quenching measurements. Quenching of gramicidin tryp-
tophan fluorescence was estimated by measurement of fluorescence
intensity in the presence and absence of 0.3 M acrylamide (taken from a
freshly prepared 4 M stock solution in water) or 10 mol% 10-DN. Samples
were kept in dark for at least 1 h before measuring fluorescence. The
excitation wavelength used was 295 nm and emission was monitored at
334 nm. For samples containing acrylamide, corrections for inner filter
effect were made using the following equation [29]:

F ¼ F obs antilog ½ðAex þ AemÞ=2�; ð1Þ

where F is the corrected fluorescence intensity and Fobs is the background
subtracted fluorescence intensity of the sample. Aex and Aem are the mea-
sured absorbances at the excitation and emission wavelengths. The absor-
bances of the samples were measured using a Hitachi U-2000 UV–visible
absorption spectrophotometer. Dual quenching ratios (Q-ratio) were calcu-
lated using [25]:

Q-ratio ¼ ½ðF o=F acrylamideÞ � 1�=½ðF o=F 10�DNÞ � 1�; ð2Þ

where Fo is the fluorescence intensity in the absence of any quencher,
Facrylamide is the corrected fluorescence intensity in the presence of 0.3 M
acrylamide, and F10-DN is the fluorescence intensity in the presence of
10 mol% 10-DN.
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Circular dichroism measurements. CD measurements were carried out
at room temperature (25 �C) on a JASCO J-715 spectropolarimeter as
described earlier [16]. Data are represented as mean residue ellipticities and
were calculated using the formula:

½h� ¼ hobs=ð10ClÞ; ð3Þ

where hobs is the observed ellipticity in mdeg, l is the path length in cm, and
C is the concentration of peptide bonds in mol/L.
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Fig. 1. (A) Far UV CD spectra of the channel (—) and non-channel (- - -)
forms of gramicidin in vesicles of POPC. (B) Fluorescence emission
spectra of the channel (—) and non-channel (- - -) forms of gramicidin in
vesicles of POPC. The excitation wavelength was 280 nm. The spectra are
intensity-normalized at the emission maximum. The two forms of
gramicidin were generated as described in Materials and methods.
Concentration of POPC was 0.43 mM and the ratio of gramicidin to
POPC was 1:50 (mol/mol). See Materials and methods for other details.
Results and discussion

The initial conformation that gramicidin adopts when
incorporated into membranes is dependent on the nature
of the solvent in which it was dissolved prior to incorpora-
tion in membranes [9,10]. Thus, when gramicidin is dis-
solved in solvents such as chloroform/methanol or
ethanol before incorporation into membranes, it tends to
adopt double helical non-channel conformations. Upon
sonication and incubation at 65 �C, such conformations
are converted to the characteristic channel conformation.
We used the ethanol injection method [30] to generate
non-channel conformations of gramicidin in POPC vesi-
cles. Gramicidin incorporated in membrane vesicles this
way has been shown to initially adopt the non-channel con-
formation [16]. Fig. 1A shows representative circular
dichroism spectra for the channel and non-channel confor-
mations obtained this way. The intensity-normalized fluo-
rescence emission spectra of the channel and non-channel
conformations of gramicidin are shown in Fig. 1B. When
excited at 280 nm, gramicidin tryptophans in the channel
form exhibit an emission maximum of 333 nm. The emis-
sion maximum of the non-channel form, on the other hand,
displays a slight red shift and is at 335 nm, in agreement
with previous literature [16,31]. In addition, the fluores-
cence intensity of the non-channel form is increased com-
pared to the channel form (not shown). This is clearly
indicative of differing average environments for the grami-
cidin tryptophans in the channel and non-channel confor-
mations. Previous work from our laboratory utilizing
wavelength-selective fluorescence indicated that the grami-
cidin tryptophans in the channel conformation are local-
ized at the membrane interfacial region characterized by
restricted motional reorientation [15,16]. In contrast, the
average environment of tryptophans in the non-channel
form is considerably less restricted as evidenced by the
reduced magnitude of red edge excitation shift (REES)
observed in this conformation [16].

Quenching of tryptophan fluorescence using aqueous
quenchers such as acrylamide is a widely used tool to mon-
itor tryptophan environments in proteins [32]. Interestingly,
acrylamide quenching of gramicidin tryptophan fluores-
cence was found to be insensitive to the conformation of
membrane-bound gramicidin as evaluated by the Stern–
Volmer constant (KSV) and the bimolecular quenching con-
stant (kq) [16]. Thus, while KSV values indicated an
increased accessibility to the aqueous environment for the
non-channel tryptophans, the values for bimolecular
quenching constants however did not support this interpre-
tation. This is in contrast to other sensitive fluorescence
parameters such as REES which indicated a deeper average
location for gramicidin tryptophans in the non-channel
conformation [16]. In addition, chemical modification of
tryptophan residues using N-bromosuccinimide (NBS) as
an oxidant also did not provide a clear picture for the distri-
bution of tryptophan residues in these conformations [16].

In the present work, we have addressed the issue of rel-
ative depths of gramicidin tryptophans in the channel and
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non-channel conformations by using a novel dual quench-
ing approach [25] which eliminates some of the complica-
tions associated with earlier measurements. This method
utilizes two quenchers, the aqueous quencher acrylamide
and membrane-bound spin label quencher 10-doxylnon-
adecane (10-DN), to calculate a quenching ratio (Q-ratio)
which has been found to have an approximate linear rela-
tionship with fluorophore depth in the membrane [25].
Even though information on depth may be obtained by
the use of a single quencher (such as acrylamide), the use
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Fig. 2. Quenching and Q-ratios of gramicidin fluorescence in the non-
channel and channel conformations. Fo is the fluorescence intensity in the
absence of quencher (acrylamide or 10-DN), and F is the fluorescence
intensity in the presence of quencher (acrylamide or 10-DN). The open
bars represent quenching by 0.3 M acrylamide and the shaded bars
represent quenching by 10 mol% 10-DN. Data shown represent
means ± standard error of three independent measurements. The excita-
tion wavelength was 295 nm and emission was monitored at 334 nm. The
hatched bars represent Q-ratios calculated according to Eq. (2). Concen-
tration of POPC was 0.11 mM and the ratio of gramicidin to POPC was
1:50 (mol/mol). See Materials and methods for other details.

Fig. 3. Schematic representation of the channel and non-channel conforma
membrane bilayer. The membrane axis is represented by double headed arrow
channel conformation tryptophan residues are clustered towards the membran
are distributed along the membrane axis (adapted and modified from [16]).
of two quenchers in the Q-ratio amplifies sensitivity by
canceling out any non-depth related effects on quenching.
10-DN is a derivative of the aliphatic hydrocarbon nonade-
cane and contains a nitroxide-bearing doxyl group (spin
label). Spin labels are known to be strong quenchers of a
wide range of fluorophores including tryptophans [33–
36]. 10-DN is a hydrophobic molecule and does not have
a polar moiety to anchor the nitroxide group in the mem-
brane at a fixed depth, in contrast to spin-labeled phos-
phatidylcholines, where the spin label is known to be at a
very specific location (depth) in the membrane bilayer
[34,35].

Fig. 2 shows the quenchings of gramicidin tryptophan
fluorescence obtained in the presence of fixed concentra-
tions of the aqueous quencher acrylamide and the mem-
brane-bound quencher 10-DN. As discussed above,
acrylamide quenching does not exhibit appreciable sensitiv-
ity to the different conformations of gramicidin. Impor-
tantly, fluorescence quenching by 10-DN appears to be
more sensitive to the channel and non-channel conforma-
tions of gramicidin. The Q-ratios calculated according to
Eq. (2) are shown in Fig. 2. The Q-ratio in the non-channel
conformation (0.27) is low while the Q-ratio for the
channel conformation (0.69) is relatively high. The lower
Q-ratio for the non-channel conformation is consistent
with tryptophans embedded in the deeper regions of the
membrane in this conformation, while a higher Q-ratio
for the channel conformation is representative of trypto-
phan residues present in shallower regions of the mem-
brane [25] (see Fig. 3). It should be noted that analysis of
membrane penetration depths using the dual quenching
approach does not provide absolute values for fluorophore
depth in the membrane bilayer. However, the dual quench-
ing approach has some advantages over more quantitative
approaches such as parallax [34] and distribution [37]
tions of gramicidin indicating the location of tryptophan residues in a
s and the center of the bilayer is marked by a dotted line. Note that in the
e interface whereas in the non-channel conformation tryptophan residues
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analysis. In addition, since this approach utilizes quenchers
at very different locations (aqueous and membrane-bound),
the difference in quenching is large and more easily mea-
sured when compared to other methods where the quench-
ers (spin-labeled or brominated lipids) are placed at only
slightly different depths.

The Q-ratio was originally calibrated and found to be
linear for a-helical peptides with a single tryptophan placed
at different positions in the sequence of the transmembrane
helix [25]. However, the Q-ratios obtained by us for gram-
icidin in the channel and non-channel conformation are for
a multitryptophan peptide. Nonetheless, the overall agree-
ment of the Q-ratios with the relative location of trypto-
phan residues in the membrane bilayer even for a
multitryptophan peptide such as gramicidin is indeed
encouraging. It would be interesting to compare Q-ratios
of analogues of gramicidin containing single tryptophan
residues [18,38] at defined locations in the membrane
bilayer.

Importantly, 10-DN does not anchor at any specific
location and can therefore be easily accommodated in
membranes of different hydrophobic thicknesses [25]. This
is particularly useful to study the organization and confor-
mation of tryptophan containing peptides in cases of
hydrophobic mismatch [25,39–41]. Q-ratios therefore pro-
vide a relative scale for depth of the fluorophore in the
membrane that can be conveniently used across different
membrane systems. Dual quenching analysis has been
found to be useful to analyze the membrane penetration
of membrane peptides, utilizing both intrinsic tryptophan
fluorescence and external fluorophores [41–43]. This report
shows, for the first time, that the dual quenching analysis
could be applicable to functional multitryptophan peptides
such as gramicidin. Such an approach could prove especial-
ly useful to analyze the membrane thickness induced con-
formational response of such multiple tryptophan peptides.
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