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The evolution of the incorporation of cation transport channels into lysolecithin micelles by gramicidin A 
was followed by measuring the ns time-resolved fluorescence of the tryptophan residues. In all samples, the 
tryptophan fluorescence could be resolved into three exponentially decaying components. The three decay 
times ranged from 6 to 8 ns, 1.8 to 3 ns, and 0.3 to 0.8 ns, depending on the emission wavelength. The 
fractional fluorescence of each component changed with incubation time. The long lifetime component had a 
reduced contribution to the total fluorescence while the short decay time component increased. The 
fluorescence spectra could be resolved into three distinct fluorescent components having maxima at 340 nm, 
330 nm and 323 nm after 90 rain of incubation, and 335 nm, 325 nm and 320 nm after 24 h of incubation. 
These maxima were, respectively, associated with the long, medium and short decay components. The 
fluorescence decay behaviour was interpreted as representing three families of tryptophans, the short 
lifetime component being due to a stacking interaction between tryptophan residues. The variation with 
incubation time suggests a two-step process in the channel-lipid organization. The first is associated with the 
conformational change of the polypeptide as it takes up a left-handed helical head-to-head dimer structure in 
the lipid. The second step is proposed to involve changes originating from membrane assembly and 
intermolecular interactions between channels as they form hexameric clusters. 

I. Introduction 

An important feature of the living organism is 
the timely specific control of ionic movements. 
Cells, as a rule, do not allow ions to readily 
permeate their membranes. If particular ions are 
required by the cell or organelle, special pathways 
must be developed in the membranes in the form 
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of specific channels. The antibiotic gramicidin A' 
provides an example of such a channel. It does not 
function to increase the permeability of the parent 
cell membrane but rather that of membranes in 
other organisms, such as invading bacteria. Be- 
cause of its availability and well-characterized fea- 
tures, gramicidin A' has been widely used as a 
model for studying the molecular mechanisms of 
selective ion transport across membranes [1-6]. 
Extensive studies have been carried out on the 
conformation of the peptide, the active state of the 
channel, the mechanisms involved in the transport 
of ions, as well as on channel-channel and chan- 
nel-lipid interactions. The active form of the 
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channel is a head-to-head dimer, linked by hydro- 
gen bonding, which spans the membrane bilayer 
[4]. The dimer assumes a left-handed helical con- 
formation [4,7] with an internal pore of about 4 ,g, 
in diameter which can accommodate monovalent 
cations [8]. The mechanism by which an ion moves 
through the channel has been shown to involve a 
libration of the carbonyl groups of the peptide 
backbone lining the hydrophilic interior of the 
pore [9]. The kinetics of ion transport fit a two site 
model and the binding of the ions has been shown 
to involve their coordination by the carbonyl 
groups of the tryptophan residues, 9, 11, 13 and 15 
[10,11]. In studies with model phospholipid sys- 
tems, such as lysophosphatidylcholine, it has been 
shown that associated with channel formation and 
aggregation within the lipid phase there is a re- 
organization of the phospholipid from a micellar 
to a bilayer structure [12]. During the process of 
incorporation of the channel in the lipid, a signifi- 
cant decrease of the quantum yield of tryptophan 
fluorescence was observed [13]. This indicates that 
the tryptophan residues play an important role 
not only in the mechanism of ion transport through 
the channel but also in the process of channel 
formation and organization of local lipid struc- 
ture. In this paper, we report the results of studies 
in which the kinetics of incorporation and organi- 
zation of the gramicidin A' channel in lipids have 
been followed by time-resolved and static fluores- 
cence and optical rotation measurements. 

Materials and Methods 

Gramicidin A' was obtained from ICN Phar- 
maceuticals, Cleveland, OH, and used without fur- 
ther purification. Lysolecithin was purchased from 
Sigma Chemicals, St. Louis, MO. Its purity was 
checked by nuclear magnetic resonance spec- 
troscopy and thin-layer chromatography. Double 
glass distilled water was used throughout the ex- 
periments. 

Gramicidin A' was added as a powder to a 
water suspension of phospholipid at a ratio of 1 : 4 
(w/w)  and the suspension was then sonicated for 
10 min in a sonication bath. The resultant suspen- 
sion was then heated for 24 h at 70°C, with 
continuous stirring. Small aliquots were withdrawn 
at different times and added to 2 ml of distilled 

water to give a final concentration of gramicidin 
A' of about 1.3 • 10-5 M. 

All spectroscopic measurements were made at 
20°C. Static fluorescence measurements were per- 
formed on a Perkin Elmer MPF-44A spectrofluo- 
rimeter equipped with a DCSU-2 corrected spec- 
tral unit. All spectra were corrected with exci- 
tation and emission bandpass of 2 nm each. The 
excitation wavelength was 280 nm. Fluorescence 
decay measurements and data analysis were per- 
formed as described [14]. The excitation source 
was a Spectra Physics dye laser system. Usually, 
fluorescence decay curves were measured until 
50 000 counts were accumulated in the maximum 
channel. The channel resolution was 42.6 p s /  
channel. The decay parameters were obtained after 
convolution using the delta function convolution 
method with terphenyl in ethanol as a reference 
material (~'r = 1.10 ns). 

Fluorescence quantum yields were measured 
using N-acetyltryptophanamide (pH 7 buffer) as a 
quantum yield standard using a value of 0.14 for 
its quantum yield [15]. Absorbancies of the sam- 
ples were adjusted to less than 0.05 at 280 nm. 

Absorbance measurements were made on a Cary 
219 spectrophotometer. When appropriate, an c 
(281) = 2.25 • 104 m o l - 1 / c m  in methanol was used 
to determine gramicidin A' concentrations. 

Circular dichroism measurements were carried 
out by means of a Jasco J-500A Spectropolarime- 
ter, equipped with a microprocessor unit for spec- 
tra accumulation. The samples were measured 
using 0.2 mm pathlength cuvettes. 

Results 

The assembly of the membrane formed by 
gramicidin A' and lysolecithin was followed using 
circular dichroism, static fluorescence a n d  time 
resolved fluorescence measurements. Circular di- 
chroism spectra recorded at 0, 15, 30 and 90 min 
during the incorporation of gramicidin A' into 
lysolecithin are shown in Fig. 1. Clearly, signifi- 
cant conformational changes occurred even during 
the first 15 min. At 90 min gramicidin A' had 
assumed the conformation which has been shown 
to be associated with the active state of the chan- 
nel [16]. No further conformational changes were 
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Fig. 1. Circular dichroism spectra of gramicidin A' incubated 
with lysolecithin; A, 0 min; B, 15 min; C, 30 min; D, 90 rain. 
Further changes were not observed after 90 rain of incubation. 

detected by circular dichroism measurements at 
longer times. 

The fluorescence spectra associated with this 
gramicidin A' incorporation are shown in Fig. 2. 
As the incubation time increased the fluorescence 
maximum shifted to higher energy, being 342 nm 
at 15 min and 90 min, and 328 nm at 24 h. 

The blue shift of the fluorescence spectra with 
incubation time was accompanied by a decrease in 
the quantum yield as reported earlier [13]. The 
quantum yields have been revised, since in the 
earlier report scattered light at the excitation 
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Fig. 2. Corrected fluorescence emission spectra of gramicidin 
A' during incubation with lysolecithin. A, 0 -60  min; B, 4 h; C, 
24 h (X¢x = 280 nm). A phospholipid blank was subtracted 
from each spectrum. 
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wavelength had not been accounted for. The 
quantum yield decreased from a value of 0.22 at 
15 min incubation time to 0.07 at 24 h as shown in 
Fig. 3. The quantum yield at zero time could not 
be estimated with any degree of accuracy owing to 
the lack of solubility of gramicidin A' in water. 
The absorbance of the sample increased with time. 
This was due to the increased solubilization of 
gramicidin A' as the incorporation proceeded. The 
contribution of scattered light to the absorbance 
was accounted for by extrapolation from the 
scattered signal above 320 nm. The contribution 
of scattered light to the fluorescence was not 
important. This was shown by measuring the 
scattered light intensity, under identical conditions 
as the gramicidin A' sample, of a glycogen suspen- 
sion which had an absorbance at 340 nm equiv- 
alent to that of the gramicidin A'-lipid sample. As 
reported earlier neither thermal nor photo-decom- 
position of gramicidin A' occurred during peptide 
incorporation [13]. 

The fluorescence decay parameters of the 
gramicidin A'-lysolecithin samples were measured 
at several wavelengths between 315 nm and 380 
nm (excitation at 295 nm). The decay profile (Fig. 
4a) measured at 335 nm for the 90 min incubation 
time sample shows that the decay kinetics could 
not be fit with a single exponential function. Judg- 
ing by a random distribution of residuals in a 
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Fig. 3. Variation of quan tum yield of fluorescence (O)  and 
absorbance (13) of gramicidin A' during incorporation with 
lysolecithin. 



268 

r, 1ooo m 

o 100 
Z 

E i i 

time ( ns ) 

(/3 b 

C - . ; ,  ..,:L:' : 

I i I l [ 
0 2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0  

channels 

Fig. 4. (a) Fluorescence decay profile measured at 325 nm Ifor 
the sample incubated for 90 min (channel width: 0.021 ps; 
h~x = 295 nm). (b) Plot of weighted residuals for the best-fit 
three exponential decay function. 

weighted residual plot (Fig. 4b) and other statisti- 
cal parameters, the decay data was satisfactorily 
fit to three exponential decay components. The 
decay times were different at different wave- 
lengths. For example, at 90 min incubation, the 
fluorescence measured at 335 nm had decay times 
of 7.8 nm, 2.7 ns and 0.60 ns. At 380 nm the same 
sample had decay times of 8.3 ns, 3.7 ns, and 1.2 
ns. The variation of decay times with emission 
wavelength is summarized in Fig. 5. The value of 
the decay times at different incubation times at 
any particular wavelength remained relatively con- 
stant (Fig. 6) except that there was a small de- 
crease in the value of the medium decay time with 
incubation time. 

There was a more perceptible variation in the 
pre-exponential terms with incubation time. This 
variation at 335 nm and 380 nm is shown in Fig. 
7. A similar variation was observed at other wave- 
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Fig. 5. Variation of fluorescence decay times with emission 
wavelength for 90 min (zx) and 24 h (n) incubation. 

lengths. The pre-exponential terms associated with 
the short decay time component and long decay 
time component varied with the incorporation 
time: the value of the former increased while the 
latter decreased. The pre-exponential term of the 
medium decay time component remained con- 
stant. 

The variation in decay time and pre-exponen- 
tial terms could be related to the changes in the 
fractional fluorescence contribution of each com- 
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Fig. 6. Variation of fluorescence decay times with incubation 
time. Emission wavelengths were 335 nm (open symbols) and 
380 nm (closed symbols). Lifetimes were short (O,O), medium 
(O,I) and long (zx,A). 
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Fig. 7. Dependence of normalized pre-exponential factors on 
incubation time. Symbols for emission wavelength and life- 
times are the same as those in Fig. 6. 

ponent according to the following relationship: 

7 

n = l  

where F~, ai, ~'/ are the fractional fluorescence, 
pre-exponential term, and decay time of the i th 
component, respectively. This variation with in- 
cubation time is shown in Fig. 8. The fractional 
fluorescence of the short and medium decay com- 
ponents were seen to increase with time, while the 
long decay component decreased with incubation 
time. Apparently, after 8 h of incubation the frac- 
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Fig. 8. Variation of fractional fluorescence with incubation 
time. Symbols for emission wavelength and lifetimes are the 
same as those in Fig. 6. 
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tional fluorescence of all components remained 
nearly constant. 

From the fractional fluorescence values at each 
wavelength it was possible to resolve the fluores- 
cence spectrum of incorporated gramicidin A' at 
any incubation time into three spectral compo- 
nents. This was done for the 90-min and 24-h 
incubation samples and the time-resolved fluores- 
cence spectra are shown in Fig. 9. The spectra of 
the 90 min sample had the maxima of the long, 
medium and short decay time components posi- 
tioned at 340 nm, 330 nm and 323 nm, respec- 
tively. For the 24-h sample the maxima had all 
shifted to higher energy and were, respectively, 
found at 335 nm, 325 nm and 320 nm. The 
increased importance at 24 h of the two lower- 
value decay components to the total fluorescence 
which was first suggested in Fig. 8 is now clearly 
represented. 

It is noted that the measurements presented in 
this work were made on samples which were dilu- 
tions (X 40) of the original incorporation. Experi- 
ments performed at other dilutions gave similar 
results indicating that the structure of the com- 
plexes were not altered significantly with dilution. 

Earlier, it has been reported [17] that the fluo- 
rescence spectrum of gramicidin A' in dioxane was 
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Fig. 9. Time-resolved emission spectra of gramicidin A' 
incubated with lipid for 90 rain (top) and 24 h (bottom) 
(emission bandpass:  4 nm). Lifetimes: O, short; D, medium; 
and zx, long. 
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similar to the final spectrum observed in lysole- 
cithin. The fluorescence spectrum in methanol is 
similar to the spectrum of gramicidin A ~ at very 
early incubation times. We considered that time 
resolved fluorescence measurements of gramicidin 
N in these solvents might provide relevant infor- 
mation on the gramicidin At-lysolecithin complex. 
However, the decay parameters obtained in these 
solvents depended on the history of the samples 
(age, concentration). This is probably due to the 
complex equilibria between the various gramicidin 
peptides reported by Veatch and Blout [18]. 

Discussion 

The circular dichroism data show that 
gramicidin At undergoes conformational changes 
during the first 90 min of incubation with lysole- 
cithin and during this time, as shown in Fig. 1, 
more and more polypeptide becomes incorporated 
into the lipid structure. After this time, gramicidin 
A' attained a left-handed helical conformation 
which remained stable with time and can be asso- 
ciated with the active state of the channel [16]. It 
is therefore possible to associate the changes in 
quantum yield, fluorescence lifetimes and pre-ex- 
ponential factors observed in the first 90 min 
mainly to conformational changes of the poly- 
peptide, that is to say to intramolecular interac- 
tions. Any change in the spectroscopic properties 
of the Trp residues monitored afterwards should 
then be associated with intermolecular side-chain 
interactions taking place during the process of 
membrane assembly and cluster formation. 

While trying to rationalize the fluorescence data, 
one has to bear in mind two main facts. First, the 
channel assumes a triangular structure where Trp 
11 and Trp 13 each occupy different apexes and 
Trp 9 and Trp 15 share the remaining apex and 
are stacked [17,19,20]. Second, the polypeptide 
orientation in the lipid layer is one in which the 
formyl end is buried deeply within the bilayer and 
the ethanolamine end is exposed to the external 
environment [21]. 

The fluorescence results can safely be solely 
attributed to gramicidin A' which has been incor- 
porated into lysolecithin micelles. Gramicidin A' 
is totally insoluble in aqueous buffers and hence 
free gramicidin A' may be discounted as contrib- 

uting to the fluorescence decay heterogeneity. The 
gramicidin A'-lysolecithin system may consist of 
complexes having different quantities of gramici- 
din and the lifetime heterogeneity may be thought 
to be attributed to such a possibility. However, we 
do not consider that the quantity of gramicidin A' 
in the micelles significantly affects the results, 
since results at different dilutions were similar. 
Further studies are planned to clarify this point. 
For the present we interpret the results in terms of 
an ensemble average of the gramicidin A'-lysole- 
cithin system. 

The fluorescence decay behaviour is best de- 
scribed by triple exponential decay kinetics in 
every case. As shown in Fig. 6 the value of the 
decay times vary slightly with incubation time. 
Also, the decay time for a given incubation time 
varies with emission wavelength and indeed the 
fluorescence can be resolved into three distinct 
spectral components, with max 340, 330, 323 nm 
at 1.5 h of incubation and 335, 325, 320 nm at 24 
h of incubation. For this reason, one must be 
cautious in assigning a particular decay time to a 
specific tryptophan residue. In the subsequent ra- 
tionalization we favour an interpretation in which 
each decay and spectral component can be as- 
signed to different families of tryptophans. The 
one family has a decay time ranging from 6 to 8 
ns, depending on the emission wavelength; a sec- 
ond family with a decay time range of 1.8-3 ns; 
and a third family having values between 0.3 ns 
and 0.8 ns. The observation that during incuba- 
tion the integrated fluorescence of the long life- 
time class was reduced while that of the short and 
medium components increased, provides ad- 
ditional support for the above interpretation. 

The long lifetime component may be attributed 
to tryptophans deeply buried in the lipid, and the 
medium component to tryptophans experiencing 
an environment in which deactivation processes, 
such as those that would occur in a region near 
the membrane surface, would become more im- 
portant. The short lifetime component, on the 
other hand, could be due to the stacking interac- 
tions of two Trp residues, e.g., Trp 9 and Trp 15, 
at early times of incubation [17]. The decay time 
of the tryptophans in this stack may be shortened 
because of exciton interactions between the indole 
rings. Such an exciton interaction has been ob- 



served in circular dichroism studies [7]. Alterna- 
tively, it is generally accepted that the lowest 
singlet state of the indole ring of the tryptophan 
residue has considerable charge transfer character 
[22]. Interactions between the excited state dipole 
of this charge transfer state with the ground state 
dipole of a stacked neighbouring indole ring would 
result in enhanced excited state deactivation 
processes resulting in a shorter lifetime. 

Consistent with this latter view is the observa- 
tion that within each class there is a wavelength 
dependence of the decay time. This may result 
from dielectric relaxation induced by the excited 
state dipole of the tryptophan residues. At early 
incubation times such a relaxation would result 
from intramolecular interactions while at long in- 
cubation times there is the additional possibility 
of intermolecular interactions, such as may occur 
in the formation of cluster [17]. 

The increase in intermolecular interactions dur- 
ing incubation time is confirmed by several ob- 
servations. The fluorescence quantum yield de- 
creased, and the normalized pre-exponential fac- 
tors and the fractional fluorescence of each com- 
ponent varied with incubation time (Figs. 3, 7 and 
8). The increase of the pre-exponential factor of 
the short decay time component and the decrease 
of that of the long lifetime component indicate a 
conversion of the latter class into the former, at 
increasing incubation time. The pre-exponential 
factor for the medium lifetime component re- 
mained constant with time. A possible explanation 
for this observation is that for the assembly of the 
clusters and their organization in rows, Trp 11-Trp 
13 interactions from different dimers either by 
stacking or by close contact are required. This 
leads to an increase in the weight of the class of 
Trp residues whose decay time is centered at the 
shortest value. By integration of the areas of the 
time-resolved spectra of Fig. 9, it was possible to 
show that the ratio of the short-to-long lifetime 
components changed from 1.6 at 1.5 h to 3.4 at 24 
h. Concomitantly, there was an increase of the 
ratio of the medium to long lifetime components 
by a factor of 1.4 and a 1.5-fold increase of the 
ratio of short-to-medium lifetime components over 
the same time period. 

At the same time, the fluorescence emission 
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maxima of the three components shifted to higher 
energies explaining the blue shift of the total 
emission spectrum with incubation time shown in 
Fig. 2. 

It should be kept in mind that gramicidin A' is 
a mixture of 85% form A, with four tryptophan 
residues, 10% form B, substituted at residue 11 
with a phenylalanine residue, and 5% C, with a 
tyrosine at residue 11. Nevertheless, in conclusion, 
we think that the time-resolved fluorescence stud- 
ies reported in this paper give a reasonable picture 
of the dynamics involved in the assembly of the 
lipid system formed by the gramicidin A' channels 
and lysophosphatidylcholine reported earlier [12, 
13,17]. Two independent observations seem to in- 
dicate a particularly important role of tryptophan 
residues in the molecular mechanism of ion con- 
ductance and lipid channel assembly. It has been 
shown that the carbonyls of tryptophan residues 
11 and 13, with a minor participation of those of 
residues 9 and 15, constitute the binding site for 
the movement of the monovalent ions through the 
channel. Substitution of the tryptophan residues 
in the gramicidin A' molecule leads to the inability 
of the molecule to form bilayers with lysolecithin 
(Masotti et al., unpublished results). The results 
reported in this work further implicate the im- 
portant involvement of the tryptophan residues in 
lipid-channel and channel-channel interactions 
during the assembly of the active membranous 
system under the conditions of our experiments. 

Further studies, now in progress, with single 
molecular species of gramicidin and with lipo- 
somes from different phospholipids should pro- 
vide a better insight into the mechanisms of 
packaging of the channels and clarify the role of 
tryptophan in the process. 
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