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An efficient excitation energy transfer from tryptophan residues of intrinsic membrane proteins to an 
extrinsic fluorescent probe (diphenylhexatriene) has been demonstrated in rat erythrocyte ghosts. To 
correlate this transfer with the localization of the probe, a model system has been investigated. It consists of 
peptides containing lysine and tryptophan residues bound to negatively charged phosphatidylserine vesicles. 
Absorption and fluorescence spectroscopies were used to follow peptide binding and diphenylhexatriene 
incorporation. Peptide binding is accompanied by a blue shift of the tryptophan fluorescence together with an 
increase of the quantum yield and of the fluorescence decay time. An experimental F~ster critical distance 
value of 4.0 nm was found for energy transfer from tryptophan residues of peptides to diphenylhexatriene 
which approaches the range of calculated values (3.1-3.7 nm) using a two-dimensional model. These results 
demonstrate that efficient energy transfer can occur from tryptophan residues of intrinsic proteins to 
diphenylhexatriene without any interaction between diphenylhexatriene and proteins in biological mem- 
branes. 

Introduction 

In a recent study, we have investigated mem- 
brane alterations linked to hypertension in sponta- 
neously hypertensive rats [1-3]. Diphenyl- 
hexatriene fluorescence polarization was used to 
monitor these alterations. In the course of these 
studies we observed an efficient energy transfer 
from the tryptophan residues of intrinsic proteins 
to 1,6-diphenyl-l,3,5-hexatriene. This raised the 
question of whether diphenylhexatriene was bound 
to the hydrophobic core of membrane proteins or 
located along the phospholipid chains in the mid- 
dle of the bilayer. 

* To whom correspondence should be addressed. 

Theoretical and experimental studies of energy 
transfer between randomly and non-randomly dis- 
tributed donors and acceptors in bidimensional 
structures have been carried out [4-10]. Protein- 
phospholipid interactions in membranes have been 
investigated using energy transfer to fluorescent 
probes such as n-anthroyloxy stearic acids [4,11], 
parinaric acid isomers [12] and trinitrophenyl or 
dansyl groups attached to phospholipids [13]. 

In the present paper we have investigated (i) 
energy transfer from tryptophan residues of intrin- 
sic membrane proteins to diphenylhexatriene in 
erythrocyte ghosts, (ii) the binding of oligopep- 
tides containing lysine and tryptophan residues to 
negatively charged phosphatidylserine vesicles and 
(iii) energy transfer processes between tryptophan 
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residues of peptides and diphenylhexatriene. The 
F6ster critical distance derived from experimental 
measurements (4.0 nm) was found to be close to 
the calculated value (3.4 rim). These results are 
discussed in relation to the localization of diphen- 
ylhexatriene with respect to membrane proteins. 

Materials and Methods 

Materials. Lysyl- tryptophanyl-methyl  ester 
(Lys-Trp-OMe) was a gift of Dr. Mayer (Centre de 
Biophysique Mol6culaire, Orl6ans); lysyl-tryp- 
tophanyl-lysine acetate (Lys-Trp-Lys), lysyl-tryp- 
tophanyl-glycyl-lysyl-tertiobutyl ester (Lys-Trp- 
Gly-Lys-OtBu),  lysyl-glycyl-tryptophanyl-lysyl- 
tertiobutyl ester (Lys-Gly-Trp-Lys-OtBu) were 
purchased from Bachem, 1,6-diphenyl-l,3,5- 
hexatriene was obtained from Aldrich and phos- 
phatidylserine (PS) from Lipid Products, Nutfield 
(U.K.). All solutions were prepared in a degased 
standard buffer: 1 mM NaC1/1 mM sodium 
cacodylate/0.2 mM EDTA, pH 7.0. Stock solu- 
tions of peptides were made with the above buffer; 
diphenylhexatriene was dissolved in tetrahydro- 
furan (Merck spectroscopic grade). 

Preparation of membranes and vesicles. PS 
vesicles were prepared under nitrogen flow by 
sonication of suspensions of phospholipids in the 
above buffer. The sonication was performed in a 
glass tube surrounded by a water bath maintained 
at 20°C for 20 rain [10 times (1 min sonication + ] 
min stand-by)] to avoid local overheating. After 
sonication, the vesicle solution was centrifuged at 
10000 x g for 30 min at 20°C. Using a 3H-radio- 
labelled phosphatidylcholine, the total phospholi- 
pid loss in this vesicle preparation was found to be 
less than 10%. Erythrocyte ghosts from Wistar rats 
were prepared as previously reported in a 5 mM 
phosphate buffer, pH 8, following the method of 
Steck and Kant [14]. Diphenylhexatriene was dis- 
solved in tetrahydrofuran (2 .10  3 M) and then 
mixed with buffer to obtain a final concentration 
of 2 -10  -6 M. Diphenylhexatriene labelling was 
obtained by mixing an equal volume of the 2 . 1 0  - 6  

M dispersion in buffer with a suspension of plasma 
membranes (7 .10 -8  mg protein/ml) .  

Absorption and fluorescence measurements. Ab- 
sorption spectra were recorded with an Uvikon 
820 spectrophotometer (Kontron). Fluorescence 

spectra were recorded on a FICA 55 differential 
spectrofluorimeter or an Aminco SPF 500 spectro- 
fluorimeter. Sample bleaching was avoided by 
using narrow excitation slits (1 nm). Solution ab- 
sorbance was maintained below 0.05 for ) ~  = 280 
nm to minimise the inner filter effect. All spectro- 
scopic measurements were carried out at 20°C. 
Fluorescence polarization was obtained with an 
Elscint fluoropolarimeter model MV-la. 

Fluorescence decays were measured at 20°C 
using a single-photon counting nanosecond spec- 
trofluorometer, model 199 M (Edinburgh Instru- 
ments). The excitation flash lamp was filled with 
hydrogen (0.5 B) and run at 8 kV and 50 kHz. Full 
width at half maximum was 1.2 ns. Excitation and 
emission wavelengths were 280 and 340 nm (band 
width: 11 nm). 

Energy transfer measurements. Typical energy 
transfer experiments were carried out in a 1 × 1 
cm fluorescence cuvette containing 2 ml buffer 
solution and a glass coated magnet stirring bar. 
The solution contained appropriate concentrations 
of vesicles and peptide (see Fig. 9 for details). The 
lipid to peptide ratio R~ (R~ = moles of PS (on the 
basis of an average molecular weight of 811 per 
phospholipid)/mole of peptide) was kept constant 
and equal to 20. Diphenylhexatriene in tetrahydro- 
furan solution was added with a 2-/~1 glass micro- 
pipet under stirring to favour maximum contact of 
diphenylhexatriene molecules and vesicles. Spec- 
troscopic measurements were then performed after 
5 min equilibration. Final concentrations of tetra- 
hydrofuran were kept below 0.5% (v/v).  Fluores- 
cence decays of the peptide bound to vesicles 
(R i = 50) were recorded in the absence and in the 
presence of increasing amounts of diphenyl- 
hexatriene. In each" case, counting was stopped 
when 10 000 counts were accumulated at the maxi- 
mum channel. After each experiment, the emission 
decay from vesicles labelled with the same amount 
of diphenylhexatriene but without peptide was 
recorded under identical conditions for the same 
time duration as in the presence of peptide. The 
decays were then subtracted to correct for the 
con t r ibu t ion  of d iphenylhexat r iene- label led  
vesicles to the peptide decay. 

Experimental data were exploited following the 
formalism proposed by Fung and Stryer [5] for the 
two-dimensional FOrster's theory of fluorescence 



energy transfer. The distance R 0 (in m) at which 
the rate of excitation energy transfer between the 
donor and acceptor is equal to the sum of the rates 
of all other modes of deactivation is given by Eqn. 
1: 

R o ( m  ) = 9.79.10-6(jK2Qon-4)'/6 (1)  

where J is the spectral overlap integral in M -  1 m 3, 
K 2 the dipole-dipole orientation factor, Q0 the 
quantum yield of the donor in the absence of the 
acceptor and n the refractive index of the interven- 
ing medium. Energy transfer efficiency (ET) was 
calculated from the reduction of the donor emis- 
sion according to Eqn. 2 

ET = 1  -(QA/Qo) = 1  - (~'A/Zo) (2)  

where Q A  and ~'k are the quantum yield and the 
fluorescence lifetime of the donor in the presence 
of the acceptor, respectively, and % the fluores- 
cence lifetime of the donor in the absence of the 
acceptor. 

Plotting ET versus the acceptor surface density 
o expressed as moles of acceptor per mole of 
phospholipid, makes it possible to determine an 
experimental value of R 0 using theoretical curves 
calculated by Fung and Stryer [5]. 

Results 

1. Energy transfer from tryptophan residues of in- 
trinsic membrane proteins to diphenylhexatriene in 
rat erythrocyte ghosts 

Adding diphenylhexatriene to erythrocyte 
ghosts leads to a partial quenching of the tryp- 
tophan fluorescence of intrinsic proteins excited at 
280 nm. The fluorescence from incorporated di- 
phenylhexatriene is observed at wavelengths longer 
than tryptophan fluorescence. Only diphenyl- 
hexatriene incorporated in the membrane emits 
fluorescence; diphenylhexatriene remaining in the 
buffer does not fluoresce appreciably. At 20°C the 
fluorescence lifetimes for diphenylhexatriene in te- 
trahydrofuran solution and in the erythrocyte 
ghosts are 8.8 ns and 10.4 ns, respectively (data 
not shown). Assuming that the ratio of fluo- 
rescence quantum yields and lifetimes are identical 
in these two environments, the effective concentra- 
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tion of diphenylhexatriene incorporated in the 
membrane can be evaluated from a comparison of 
fluorescence intensities of diphenylhexatriene- 
labelled membranes excited at 365 nm with tetra- 
hydrofuran solutions of known diphenylhexatriene 
concentration. Thus in the experiment reported in 
Fig. 1 we determined that a concentration of 4.  
10 -9 M diphenylhexatriene was incorporated in 
the membrane. 

To determine whether energy transfer was tak- 
ing place from tryptophan residues to diphenyl- 
hexatriene the fluorescence excitation spectrum of 
diphenylhexatriene-labelled erythrocyte ghosts was 
compared with that of a 4 . 1 0  -9 M diphenyl- 
hexatriene solution in tetrahydrofuran for an emis- 
sion wavelength of 430 nm. At this wavelength, the 
more emissive species is diphenylhexatriene but 
tryptophan residues still contribute to the fluo- 
rescence emission (Fig. la). As demonstrated on 
excitation spectra (Fig. lc ')  a marked contribution 
of tryptophan excitation to diphenylhexatriene 
emission measured at 430 nm was observed even 
when the tryptophan contribution of intrinsic pro- 
teins was subtracted. It is then possible to estimate 
an equivalent diphenylhexatriene concentration in 
tetrahydrofuran which would be required to give 
the same fluorescence intensity measured at 430 
nm under excitation at 280 nm: a 5 • 10 -8 M value 
was found. The excitation coefficients of diphenyl- 
hexatriene and tryptophan at 280 nm are 3000 and 
5500, respectively. Therefore the ghost system be- 
haves as if an equivalent tryptophan concentration 
(CT~p) of about 2.5 • 10 -8 M hadcompletely trans- 
ferred its excitation energy to diphenylhexatriene 

280 CT w _280 . CDp,). This leads to a rough ~Trp " ~ EDPH 
estimate (2.5 • 1 0 -8 /4  • 10 -9) of 6. to 7 tryptophans 
totally transferring their energy to one diphenyl- 
hexatriene molecule. 

2. Energy transfer in model systems 
Binding of peptides to phosphatidyl vesicles. Bi- 

nding of several peptides containing lysine and 
tryptophan residues to PS vesicles was studied by 
absorption and emission spectroscopy. At pH 7.0 
adding negatively charged PS vesicles to a solution 
of peptides resulted in a shift of the absorption 
spectrum to longer wavelengths together with a 
shift to shorter wavelengths of the emission spec- 
trum. The tryptophan fluorescence quantum yield 
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Fig. 1. Right side: Emission spectra recorded with an excitation wavelength of 280 nm at 20°C. (a) Spectrum from rat erythrocyte 
ghosts (2 .10-s  mg protein/ml).  (b) Spectrum from rat erythrocyte ghosts (7-10-8 mg protein/ml)  labelled with diphenylhexatriene 
(10 -6 M in buffer). (c) Difference emission spectrum recorded under the same conditions as (b) with erythrocyte ghosts in the 
reference beam. Left side: Excitation spectra recorded at an emission wavelength of 430 nm. (a') Spectrum from tryptophan residues 
of intrinsic proteins in rat erythrocyte ghosts. (b') Spectrum from a 4-10 -9 M diphenylhexatriene solution in tetrahydrofuran. (c') 
Spectrum from diphenylhexatriene-labelled erythrocyte ghosts with unlabelled erythrocyte ghosts in the reference beam at the same 
concentration. The tryptophan contribution at 430 nm was thus directly subtracted. 

Fig. 2. Uncorrected emission spectra of Lys-Gly-Trp-Lys-OtBu in the absence (Ri = 0) and in the presence ( Ri > 0) of increasing 
concentrations of PS vesicles in standard buffer pH 7. The peptide concentration was kept constant (7.6-10 -6 M). Vesicles were 
added to the peptide solution and the mixture incubated at 20°C for 1 h before recording the spectra. Excitation conditions: ~, = 280 
nm: slit width = 1 nm. Scattering of the solutions at 280 nm was also recorded using a 40-times lower sensitivity of the recorder. 

was found to be enhanced upon binding of the 
peptides to vesicles as shown on Fig. 2. Light 
scattering at the excitation wavelength increased 
linearly with vesicle concentration. In Fig. 3 are 
presented the binding curves for several peptides 
as a function of increasing vesicle concentration 
expressed as R i, the ratio of phospholipid to 
peptide concentrations. The fluorescence intensity 
measured at a fixed wavelength (340 nm) increased 
linearly up to an R i of approx. 5 and then reached 
a plateau. Extrapolation of the linear part of the 
binding curve (low R i) allowed us to determine 
that the minimum number of lipids required for 
each bound peptide molecules was between 5 and 
6. The fluorescence quantum yield enhancement 
was determined by comparison of the area of the 
fluorescence spectrum of the free peptides (Sf) 
with that of the bound peptide (Sb) at saturation 
i.e. in the plateau region ( R  i > 6 )  taking into 
account the absorbance differences observed in 

absorption spectra (see below and Fig. 4). Differ- 
ent S b / S  f values were found depending on the 
nature of the peptides. The highest quantum yield 
enhancement was found for Lys-Trp-OMe (2.36) 
whereas comparable values were found from Lys- 
Gly-Trp-Lys-OtBu (1.41), Lys-Trp-Gly-Lys-OtBu 
(1.50) and Lys-Trp-Lys (1.24). In the case of Lys- 
Gly-Trp-Lys-OtBu fluorescence lifetime measure- 
ments confirmed the quantum yield enhancement 
calculated above; the ratio of the lifetimes of the 
free and bound peptides was found to be 1.6. 

Difference absorption spectra have been 
recorded for free and bound peptides (Fig. 4) 
showing a shift of 2 nm toward longer wavelengths 
for Lys-Gly-Trp-Lys-OtBu, Lys-Trp-Gly-Lys- 
OtBu and Lys-Trp-Lys and of 4 nm in the particu- 
lar case of Lys-Trp-OMe. Consequently, a hyper- 
chromism was observed in the 270-305 nm region 
for all bound peptides. 

Adding KC1 to the complexes formed at low 
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Fig. 3. Relative fluorescence intensity (I/lo) at 20°C of several peptides measured at fixed wavelength (X = 337 nm) versus Ri; 1 o is 
the fluorescence intensity of the peptide in the absence of vesicles and I that of the peptide in the presence of vesicles. Experimental 
points represent results of three independent measurements. 1, Lys-Trp-OMe; 2, Lys-Gly-Trp-Lys-OtBu; 3, Lys-Trp-Gly-Lys-OtBu; 
4, Lys-Trp-Lys. 

Fig. 4. Absorption spectra of (a) 5.7.10- 5 M Lys-Gly-Trp-Lys-OtBu and (b) 4.8-10- 5 M Lys-Trp-Lys in the presence ( . . . . . .  ) and in 
the absence ( . . . . .  ) of PS vesicles (R i = 20). Difference spectra ( ) are also shown in each case (scale multiplied by 2.5). 

salt concentration shifted the fluorescence maxi- 
mum to higher wavelengths, and decreased the 
fluorescence intensities showing that electrostatic 
interactions were involved in the binding process 
(results not shown). For Lys-Gly-Trp-Lys-OtBu 
we observed that half-dissociation occurred at 0.15 
M KC1 (pH 7.5) while Dufourcq et al. [15] have 
observed half dissociation at 0.3 M KC1 in the 
same conditions for Lys-Trp-OMe. It should be 
noted that vesicles tend to aggregate upon adding 
monovalent ions. This process has been kinetically 
studied by Day et al. [16]. We followed vesicle 
aggregation by measuring the scattering peak in- 
tensity as a function of KC1 concentration. The 
fluorescence decrease was measured in parallel 
and it was found that the fluorescence intensity 
reached a plateau which was higher than that 
expected for the free peptide (corresponding to a 
complete dissociation). These results seem to indi- 
cate that part of the peptide remained embedded 
in vesicle aggregates and was not accessible to 
potassium ions. 

Incorporation of diphenylhexatriene in phos- 
phatidylserine vesicles. An accurate determination 
of energy transfer parameters requires a precise 
knowledge of the surface density of diphenyl- 
hexatriene in the phospholipid vesicles. The con- 
centration of diphenylhexatriene effectively incor- 
porated into vesicles was determined from absorp- 
tion and fluorescence spectra recorded at different 
diphenylhexatriene concentrations in solutions 
containing peptide-bound vesicles as shown in Figs. 
5 and 6. 

Absorption spectra for increasing concentra- 
tions of diphenylhexatriene added to vesicle solu- 
tions are shown in Fig. 5. Structured spectra were 
characterized by peak maxima at 340, 358 and 377 
nm. Shifts of the peak maxima observed in differ- 
ent media are presented in Table I. 

Molar extinction coefficients (eM) of diphenyl- 
hexatriene were found to be identical in tetrahy- 
drofuran and in hexane. Except for the slight 
shifts observed for the peak positions, absorption 
spectra of diphenylhexatriene in tetrahydrofuran 
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Fig. 5. Absorption spectra of dephenylhexatriene in the pres- 
ence of Lys-Gly-Trp-Lys-OtBu-bound vesicles ([Lys-Gly-Trp- 
Lys-OtBu] = 7.6.10 6 M, [PS] =1 .52 .10  4 M). A cuvette con- 
taining the same amounts  of peptide bound to vesicles is used 
as reference to cancel out the peptide and vesicle absorptions. 
Volumes of 2-#1 aliquots of diphenylhexatriene in tetrahydro- 
furan solution (4.6.10 4 M) were added to the peptide-vesicles 
solution (2 ml) under stirring. The dotted line represents the 
diphenylhexatriene absorption spectrum in the buffer, for an 
added concentration of 2.3.10 6 M. 

and in hexane were very similar to those observed 
in PS vesicles (see Table I). Electronic transitions 
occurring during the absorption process were then 

TABLE I 

ABSORPTION SPECTRAL DAT A FOR DIPHENYL-  
H E X A T R I E N E  IN O R G A N I C  SOLVENTS A N D  IN PS 
VESICLES 

q ,  e 2 and e 3 are the extinction coefficients at the wavelengths of 
the three peaks. THF,  tetrahydrofuran. 

Medium Absorption maxima (nm) Relative absorbance 

~ X2 X~ e] /e2  e3/e2 

Hexane 369.5 350.5 334.0 0.73 0.76 
T H F  374.5 355.0 338.5 0.75 0.74 
PS vesicles 377 358 340 0.75 0.76 

assumed to be similar in organic solvents and in 
the PS bilayer, and a value of 80000 M ~. cm 
was taken for eM at the absorption maximum (358 
nm) of diphenylhexatriene spectrum in the pres- 
ence of vesicles. The absorption spectrum of 
diphenylhexatriene in the buffer is also presented 
on Fig. 5 (dotted line). A well-defined maximum 
was observed at 305 nm, with less defined peaks in 
the 350-410 nm region. A long wavelength maxi- 
mum is observed around 400 nm which is not 
present in the spectra obtained in organic solvents. 
Increasing the diphenylhexatriene concentration 
increased the absorption peak at 305 nm as well as 
the solution scattering. The scattered intensity of 
diphenylhexatriene in water was found to be 30- 
times greater than in tetrahydrofuran for the same 
diphenylhexatriene concentration (about 2-10  6 
M). Adding tetrahydrofuran to the aqueous solu- 
tion converted instantaneously the 'aqueous' 
diphenylhexatriene spectrum to the 'organic' 
diphenylhexatriene spectrum (that found in pure 
tetrahydrofuran solution) and decreased simulta- 
neously the scattering intensity. These results are 
likely due to the formation of aggregates by the 
hydrophobic diphenylhexatriene molecules in 
water. The same phenomenon was observed by 
Bolard et al. [17] with the polyene antibiotic 
amphotericin B in phospholipid vesicles. 

However, the diphenylhexatriene concentra- 
tions measured from absorption spectra (Fig. 6a) 
were found to be less than those expected from the 
known concentration of the diphenylhexatriene 
solution added to the vesicle suspension. This is 
very likely due to a third form of diphenyl- 
hexatriene, that we called 'adsorbed' diphenyl- 
hexatriene, which was detected by emptying the 
cuvette and then washing the cell with the same 
volume (2 ml) of tetrahydrofuran. The amount of 
diphenylhexatriene adsorbed on the quartz walls 
at saturation was estimated to be around 10 -v 
m o l / c m  2 of wall when the aqueous concentration 
of diphenylhexatriene varied from 1.5 to 5.5 ~M. 
This corresponds approximately to the quantity of 
diphenylhexatriene outside the vesicles for added 
diphenylhexatriene concentration higher than 2. 
10  - 6  M and a vesicle concentration of 1 .52 .10-4  
M. 

Fluorescence spectra were recorded for each 
diphenylhexatriene addition using an excitation 
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Fig. 6. Incorporation of diphenylhexatriene (DPH) in vesicles 
containing Lys-Gly-Trp-Lys-OtBu. Same conditions as in Fig. 
5. (a) Curve 1: total diphenylhexatriene concentration in the 
vesicles solution; curve 2: incorporated diphenylhexatriene in 
vesicles as derived from absorption spectra (Fig. 5, using 358 _ E M - -  

80 000 M -  1. c m -  l ); curve 3: corresponding fluorescence inten- 
sities measured at 430 nm (hex c = 390 nm) versus added volumes 
of diphenylhexatriene solution in tetrahydrofuran. (b) Con- 
centration of diphenylhexatriene incorporated into vesicles 
(from absorption spectra) versus diphenylhexatriene fluores- 
cence intensity. The slope of the linear part of the calibration 
curve was used to calculate the true incorporated diphenyl- 
hexatriene concentration. For more details see text. 

wavelength of 390 nm in order to selectively excite 
diphenylhexatriene and to avoid inner filter effects 
(the absorbance at this wavelength was less than 
0.01). No detectable shift was observed in the 
fluorescence spectrum of diphenylhexatriene in the 
vesicles compared with that observed in tetrahy- 
drofuran or hexane solutions. The relative intensi- 
ties of the vibronic bands in the fluorescence spec- 
trum slightly changed with the solvent. The fluo- 
rescence of diphenylhexatriene in water (excitation 
wavelength 305 nm) is rather weak, about 10 +3 
times lower than that of diphenylhexatriene in 
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tetrahydrofuran. Therefore the fluorescence ob- 
served in mixtures of diphenylhexatriene and 
vesicles should correspond only to the diphenyl- 
hexatriene species incorporated into the vesicle 
bilayer. Fluorescence intensities were then plotted 
versus the added diphenylhexatriene concentra- 
tions (Fig. 6a, curve 3). As expected from what we 
observed in absorption measurements, the diphen- 
ylhexatriene fluorescence did not increase linearly 
with the added diphenylhexatriene concentration. 
Plotting fluorescence intensities versus diphenyl- 
hexatriene concentrations determined from ab- 
sorption spectra showed that the fluorescence in- 
tensity of diphenylhexatriene varied linearly with 
'inside' diphenylhexatriene concentration up to 
approx. 10-6 M (Fig. 6b). The curve deviates from 
linearity for higher concentrations. This result con- 
firms that, for high diphenylhexatriene concentra- 
tions, the solution contains increasing amounts of 
non-incorporated diphenylhexatriene which con- 
tribute to the absorbance measured at 358 nm, but 
not to the fluorescence. The linear part of this 
calibration curve can be used to determine the 
concentration of incorporated diphenylhexatriene 
through fluorescence and absorption measure- 
ments. 

Energy transfer measurements. Increasing di- 
phenylhexatriene amounts were added to a cuvette 
containing a fixed concentrations of the peptide 
Lys-Gly-Trp-Lys-OtBu and of PS vesicles (R i = 
20). Incorporated diphenylhexatriene was de- 
termined as described above. Energy transfer from 
tryptophan to diphenylhexatriene was demon- 
strated by the quenching of tryptophan fluores- 
cence and the sensitization of diphenylhexatriene 
fluorescence (about 5 times) upon excitation at 
280 nm (Fig. 7). Further evidence for energy trans- 
fer was provided by the appearance of the donor 
(tryptophan) contribution in the acceptor (diphen- 
ylhexatriene) excitation spectrum recorded at the 
acceptor emission maximum (430 nm) as shown 
on Fig. 8. Emission spectra (~,exc = 280 nm) for 
different amounts of added diphenylhexatriene are 
presented in Fig. 9. An isoemissive point was 
observed at 385 nm. Diphenylhexatriene fluores- 
cence spectra as displayed on Fig. 9 were found to 
be very close to those observed in tetrahydrofuran 
solution (see above). The emission spectra also 
show that the presence of diphenylhexatriene dis- 
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Fig. 7. Sensitized fluorescence at 430 nm of diphenylhexatriene 
(DPH) versus diphenylhexatriene concentrations in PS vesicles. 
Curve (1) represents the fluorescence of diphenylhexatriene 
excited at 280 nm when added to vesicles which did not contain 
the peptide. Curve (2) corresponds to the fluorescence of 
diphenylhexatriene upon excitation at 280 nm of both diphen- 
ylhexatriene and the peptide ([Lys-Gly-Trp-Lys-OtBu]= 7.6- 
10 6 M; R i = 20). The ratio of the slopes of the two straight 
lines is about 5 indicating an efficient energy transfer from 
tryptophan to diphenylhexatriene. 
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Fig. 9. Emission spectra showing energy transfer from Lys-Gly- 
Trp-Lys-OtBu to diphenylhexatriene (DPH) in PS vesicles as a 
function of incorporated diphenylhexatriene concentration into 
vesicles. Experimental conditions were: [PSI = 1.52.10 -4 M, 
R i = 2 0 ,  D P H / P S  as follows 0 = n o  DPH; 1=0.0021; 2 =  
0.0041; 3 = 0.0059; 4 = 0.007; 5 = 0.0078; 6 = 0.010. Samples 
were excited at ~ = 280 nm, slit width = 1 nm at 20°C. Isoemis- 
sive point = 385 nm. 
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Fig. 8. Excitation spectra (~'em = 430 nm) of solutions at 20°C 
in standard buffer of: (a) PS vesicles (PS stands for a con- 
centration of 10 -4 M in phospholipid); (b) PS+ Lys-Gly-Trp- 
Lys-OtBu (5-10 -6 M); (c) PS+diphenylhexatriene (5-10 7 
M); (d) P S +  Lys-Gly-Trp-Lys-OtBu ( 5 . 1 0  -6 M ) +  
diphenylhexatriene (5 .10-  7 M). 

solved in the bilayer did not alter peptide binding 
as the fluorescence maximum (340 nm) was not 
shifted upon increasing diphenylhexatriene con- 
centration (in the buffer the fluorescence maxi- 
mum of the free peptide was observed at 355 nm). 

Fluorescence decays were measured on solu- 
tions containing a ratio of phospholipid to peptide 
(Lys-Gly-Trp-Lys-OtBu) equal to 50 as a function 
of diphenylhexatriene concentration. As shown on 
Table II, all fluorescence decays can be accounted 
for the the superposition of two exponential func- 
tions. Binding of the peptide to phosphatidylserine 
vesicles increases the average lifetime by a factor 
1.6 in agreement with the fluorescence quantum 
yield enhancement. Adding diphenylhexatriene to 
the peptide-vesicle complex leads to a shortening 
of both components of the tryptophan fluores- 
cence decay. Within experimental errors, the re- 



267 

TABLE II 

FLUORESCENCE LIFETIMES OF Lys-Gly-Trp-Lys-OtBu (1.5.10 -6  M) FREE OR B O U N D  TO PS VESICLES (R i = 50) IN 
T H E  ABSENCE A N D  IN THE PRESENCE OF D I F F E R E N T  CONCENTRATIONS OF D I P H E N Y L H E X A T R I E N E  (a = 
[DPH]APS]) AT 20°C IN S T A N D A R D  BUFFER pH 7 

The fluorescence decays were analyzed as l ( t )  = a I e x p ( -  t / T 1 ) +  a 2 e x p ( -  t /~2) .  The average lifetime (~') is defined as ( ' r )  = (al~- 1 
+ a 2~'2 ) / ( a  I + a 2), X is the sum of the squares of the weighted residuals. Energy transfer efficiencies (ET) were calculated as described 
in Materials and Methods. 

Sample o rl al ~2 a 2 ( ~" ) X 2 ET 
( X 103) (ns) (ns) (ns) 

Free peptide - 0.94 0,55 2.51 0.45 1.65 1.00 

Peptide bound 
to PS vesucles 0 1.88 0.68 4.52 0.32 2.72 1.25 0 

2.3 1.59 0.64 4.19 0.36 2.53 1.65 7.0 
4.6 1.21 0.71 3.57 0.29 1.89 1.96 30.5 
6.9 1.06 0.70 3.15 0.30 1.69 1.64 37.9 
8.2 0.98 0.70 2.92 0.30 1.56 1.94 42.6 
9.8 1.04 0.75 2.96 0.25 1.52 1.95 44.1 

spective contributions of the two components re- 
main constant. The decrease of the average life- 
time is nearly identical to the decrease of the 
tryptophan fluorescence quantum yield measured 
under steady-state conditions (see above). Transfer 
efficiency (ET) was calculated as indicated under 
Materials and Methods from the quenching of the 
peptide fluorescence and plotted versus the surface 
density of acceptor o = [DPH]/[PS]. The theoreti- 
cal curves published by Fung and Stryer [5] were 
replotted as ET versus R 0 for different o values. 
This made it possible to determine R 0 values from 
our experimental results as indicated on Fig. 10 
and Table III. 

A theoretical value of R 0 may be computed 
through Eqn. 1. From the corrected and normal- 
ised emission spectrum of the peptide bound to 
vesicles and the absorption spectrum of incorpo- 
rated diphenylhexatriene the overlap integral was 
calculated to be J = 7.4.10 -2o M -1 • m 3. The fluo- 
rescence quantum yield Qf of the free peptide 
(Lys-Gly-Trp-Lys-OtBu) at 20°C was calculated 
by comparison with tryptophan as follows: Q f  = 

( ' I ' f )QT/(" / 'T)  ; (q'f) and (q'T) are  the peptide and 
tryptophan average lifetimes in water, respectively, 
and QT is the tryptophan fluorescence quantum 
yield in water. ( ~ T ) = 3  ns at pH 7, 20°C as 
determined by Gudgin et al. [19], QT = 0.13, value 
found by Chen [20] and ( r f ) =  1.65 ns, value 
measured by us for the free peptide in the absence 

0.50 $ 4 nrTn 

3 n m  

0.25 

o" 
i I 

0.005 O.O'lO 

Fig. 10. Energy transfer efficiency E T = I - ( Q A / Q o  ) as a 
function of o the surface density of energy acceptor. Lines 
correspond to calculated curves for R o = 3, 4, and 5 nm 
according to Fung and Stryer (1978). These calculations as- 
sumed that the closest distance of donor-acceptor approach 
was 0.84 nm. In our system the distance of closest approach 
between the tryptophan residue of the peptide and the diphen- 
ylhexatriene molecule is not likely to be shorter than the value 
used in the theoretical calculations. 

TABLE III 

R 0 VALUES D E T E R M I N E D  F R O M  PLOTS OF ET 
VERSUS R o FOR D I F F E R E N T  a VALUES (see text) 

[DPH] (M)  (×  103) R 0 (nm) 
o [PS](M) 

2 3.6-3.8 
4 3.8-4.0 
6 3.9-4.1 
8 3.9-4.1 
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of vesicles at 20°C in standard buffer, pH 7 (see 
Table II). Qf was then calculated to be 0.072. The 
refractive index n was determined according to 
Sklar et al. [21] and found to be equal to 1,45. The 
fluorescence quantum yield of the bound peptide 
Qb was then derived considering that Qb = Qf" 
(%/'rf).('qr/'r[,) where ~.r are the radiative life- 
times and subscripts f and b refer to the free and 
bound states of the peptide. As the peptide ab- 
sorbance increases (approx. 10%) upon binding to 
vesicles as does the refractive index (1.45 in the 
lipidic phase instead of 1.33 in water) the ratio 
~-fr/~'~ was calculated to be equal to 1.32. As pre- 
sented in Table II, the value of T b is 2.72 ns. This 
allowed us te compute a value of 0.16 for Qb. 
Through Eqn. 1 a value of 3.4 nm was calculated 
for R 0. In this calculation the value of (K  2) was 
assumed to be equal to 2/3.  The variation of 
{K 2) due to the restricted motion of the donor 
and acceptor during the donor lifetime has already 
been studied [18]. These calculations define the 
limits of variation of {K 2) compatible with 
polarization data of the donor and acceptor. Mea- 
sured values of peptide and diphenylhexatriene 
polarizations in vesicles were equal to 0.20 (X~x~, = 
280 nm; ?tern = 342 rim) and 0.125 (~'e~ = 356 nm; 
)kern = 430 nm) at 20°C, respectively. The maxi- 
mum error limit in the evaluated distance between 
the two chromophores was thus estimated to be 
around 10% when ~K 2) was chosen as 2/3.  This 
defines the actual range of variation of calculated 
R 0 values as 3.1-3.7 nm. 

Fluorescence quenching of the donor in the 
presence of acceptor is presented on Fig. 10. The 
best fit of experimental data was obtained for a 
value of R 0 equal to 4.0 nm. The latter value is 
reasonably close to the above calculated R 0 values. 

Discussion 

The peptides used in this work were purposedly 
chosen for studies of electrostatic and hydro- 
phobic interactions with the phospholipid bilayer. 
The carboxylic end of the peptide was blocked 
thus conferring a maximum number of positive 
charges. In the case of Lys-Gly-Trp-Lys-OtBu for 
example the presence of a tryptophan residue to- 
gether with the glycine residue and the terminal 
tertiobutyl group confer hydrophobic properties to 

the peptide. Hydrophobic interactions involving 
tryptophan were evidenced by a shift to shorter 
wavelengths of the fluorescence maximum and an 
increase of the fluorescence quantum yield upon 
binding. In the case of phosphatidylserine vesicles, 
it was found that the quantum yield of the bound 
peptide was 1.6-times higher than that of the free 
peptide. The fluorescence shift was about 15 nm 
and the binding stoichiometry of six lipids per 
bound peptide. The observed fluorescence changes 
are consistent with a partially buried location of 
the tryptophan residue within the hydrophobic 
part of the phospholipid bilayer, Dufourcq et al. 
[15] have found that for the peptide Lys-Trp-Lys 
at pH 3.0 when the terminal carboxylic group is 
protonated (net charge 3 + ) or the peptide Lys- 
Trp-OMe at pH 7.5 (net charge 2 + ), the fluores- 
cence shift was about 15 nm and the stoichiometry 
of four lipids per bound peptide using either phos- 
phatidylserine or phosphatidylinositol vesicles. The 
association constant was estimated in either case 
to be at least of the order of 107 M -1. The peptide 
Lys-Gly-Trp-Lys-OtBu used in this work bears 
three positive charges and exhibits very similar 
binding characteristics as compared with the 
peptides used by Dufourcq et al. [15]. The 
peptide-phospholipid complexes were dissociated 
by increasing the ionic strength. In view of the 
present results it can be concluded that positively 
charged peptides bind strongly to negatively 
charged vesicles and that these electrostatic inter- 
actions allow the aromatic ring of tryptophan to 
insert in a more hydrophobic environment. 

Adding an extrinsic fluorescent molecule such 
as diphenylhexatriene does not alter the complexes 
as judged from the stability of the scattered light 
intensity (no vesicle alteration) and that of the 
fluorescence maximum of the peptide. Incorpora- 
tion of diphenylhexatriene into the phospholipid 
bilayer was demonstrated by absorption and fluo- 
rescence measurements.  Absorpt ion spectra 
showed that diphenylhexatriene was randomly dis- 
persed in the hydrophobic part of PS vesicles as its 
spectrum was very similar to that observed in 
organic solvents. The slight absorption shift ob- 
served in the presence of a phospholipid bilayer 
may be related to the polarizability of the medium 
as observed by Sklar et al. [21] with diphenylpoly- 
enes in various solvents. 



The fluorescence of diphenylhexatriene was 
found to be less dependent on the medium; we did 
not observe any fluorescence shift in the emission 
spectra of diphenylhexatriene in hexane, tetra- 
hydrofuran or in PS vesicles. Sklar et al. [21] also 
observed that the emission characteristics of cis- 
and trans-parinaric acids were not dependent on 
the medium. Both parinaric acids and diphenyl- 
hexatriene fluorescence were found to be negligi- 
ble in water medium. This result allowed accurate 
determinations of the diphenylhexatriene con- 
centrations inside the vesicles as already discussed 
in Results. 

In addition, fluorescence polarization measure- 
ments of diphenylhexatriene in peptide-bound 
vesicles have shown that the diphenylhexatriene 
polarization upon excitation at 356 nm does not 
vary with the peptide/phospholipid ratio. This 
result shows that under our experimental condi- 
tions peptide binding to, and diphenylhexatriene 
incorporation in the phosphatidylserine bilayer do 
not significantly perturb its structure. 

Since there exists a good overlap of the tryp- 
tophan emission spectrum and the diphenyl- 
hexatriene absorption spectrum, one should expect 
energy transfer to occur between the two fluoro- 
phors. Results presented on Fig. 9 show that upon 
adding diphenylhexatriene to peptide-bound 
vesicles, the diphenylhexatriene fluorescence in- 
creased in parallel to the fluorescence decrease of 
the peptide. The presence of an isoemissive point 
at 385 nm indicates that the presence of either 
compound in the vesicle bilayer does not perturb 
the shape of the emission spectrum of the other. 

The model of Frster  transfer in a three-dimen- 
sional space can be applied to fluorescent donors 
and acceptors randomly distributed in a plane 
provided the following conditions are met [5,8]. (i) 
There is no transfer between energy donors: at the 
rather high l ipid/pept ide ratio value used in our 
transfer experiments ( R  i ---20) the mean distance 
between tryptophan residues is of the order of 6 
nm which is much larger than the F/Sster distance 
for Trp-Trp energy transfer (0.6 nm) [22]. (ii) The 
number of acceptors in the excited state is small 
compared with the number in the ground state: a 
low excitation energy has always been used in all 
our experiments (~exc=280 nm, slit wid th=  1 
nm); therefore the above condition is certainly 
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fulfilled. (iii) The distance between donors and 
acceptors does not change during the excited state 
lifetime of the donor: during the average donor 
lifetime ( ( z )  = 2.72 ns), one donor molecule dif- 
fuses over a distance of (4D (1-)) 1/2=0.10 nm 
(assuming the donor diffusion coefficient D to be 
of the order of 10 -12 m2/s) which is small com- 
pared with the average distance between donor 
and acceptor molecules (approx. 4 nm under our 
experimental conditions). (iv) The critical distance 
R 0 is the same for all donor-acceptor pairs: this 
condition requires a single population of donors 
and acceptors. As a first approximation it seems 
reasonable to assume that all peptide molecules 
have the same environment fo r  their tryptophan 
residues as demonstrated by their fluorescence 
spectrum. The observation that fluorescence 
quenching of the peptide by transfer to diphenyl- 
hexatriene is not accompanied by any shift of the 
fluorescence spectrum points to the involvement of 
only one donor species. As shown on Table II, the 
fluorescence decay of the peptide (Lys-Gly-Trp- 
Lys-OtBu) in the presence of the energy acceptor 
(diphenylhexatriene) can always be represented by 
a superposition of two exponentials the respective 
contributions of which do not change with accep- 
tor concentration eventhough the average lifetime 
may be reduced by as much as 50%. The origin of 
the two components in the fluorescence decay has 
not been elucidated yet. They exist for the free 
peptide in aqueous solutions and might represent 
two conformers of the peptide [23]. The fact that 
both lifetimes are increased upon binding to phos- 
pholipid vesicles seems to indicate that the tryp- 
tophan residue has a similar environment in the 
hydrophobic area of the phospholipids for both 
conformers of the bound peptide. The equilibrium 
between the two conformers appears to be slightly 
shifted as revealed by the change in the contribu- 
tions of the two decay components (Table II). A 
similar shortening of the two lifetimes is observed 
upon energy transfer to diphenylhexatriene. The 
two conformers thus appear to transfer with simi- 
lar efficiency to diphenylhexatriene. 

An average value of 4.0 nm for the critical 
F/Srster distance R 0 was determined by the 
quenching of the donor fluorescence to be com- 
pared with the calculated value of 3.4 nm. Kimel- 
man et al. [12] also found R 0 values in this range 
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(3.6-4.3 nm) for energy transfer from tryptophan 
residues of the M 13 coat protein to isomers of 
parinaric acids in synthetic vesicles. The overlap 
integral for this system is smaller than in our case 
and corresponds to a theoretical R 0 value of 3.1 
nm. The agreement of experimental and theoreti- 
cal values of R 0 found in our system testifies to 
the validity of the method we worked out for 
accurate determination of the surface density of 
the acceptor. 

The results obtained with erythrocyte ghosts 
demonstrate that tryptophan residues of intrinsic 
membrane proteins efficiently transfer their excita- 
tion energy to diphenylhexatriene incorporated in 
the biological membrane. This observation could 
have been taken as evidence for direct binding of 
diphenylhexatriene to proteins. However, the re- 
sults obtained with the model system pept ide /  
vesicle/diphenylhexatriene demonstrates that an 
efficient energy transfer takes place over rather 
long distances without any close interaction be- 
tween donor and acceptor. The experimental criti- 
cal distance determined in the model system is 4.0 
nm. The average distance between protein centers 
assumed to be randomly distributed in the mem- 
brane bilayer can be estimated to be about 7 nm 
for rat erythrocyte ghosts. Therefore diphenyl- 
hexatriene randomly distributed in the membrane 
phospholipids is certainly close enough to tryp- 
tophan residues of proteins to act as an efficient 
energy acceptor. The energy transfer process obvi- 
ously does not require binding of diphenyl- 
hexatriene to proteins. 
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