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The effects of bee venom melittin on the order and dynamics of dimyristoylphosphatidylcholine unilamellar 
and multilamellar vesicles at a protein-to-lipid molar ratio of 1 : 60 have been investigated by employing the 
techniques of nanosecond emission anisotropy with 1,6-dipbenyl-l,3,5-bexatriene as the fluorescent probe, 
enhancement by polar groups of the weakly allowed 0-0 vibronic transition in the fluorescence spectrmn of 
pyrene, and Raman spectroscopy. The emission anisotropy results, which are found to be consistent with the 
wobble-in-cone model, show that the protein induces an increase in the order parameter, S, of the acyl 
chains of unilamellar vesicles below, at, and above their phase transition temperature, Tt, and it decreases 
strongly the diffusion rate, Dw, only below T r On the other hand, for multilamellar vesicles, the protein 
induces a decrease in S only at T t and does not affect D w. These effects are consistent with the observed 
changes in the degree of enhancement of the 0-0 vibronic transition of pyrene. Moreover, the protein 
broadens the thermal transition profile of multilamellar vesicles but sharpens dramatically that of unilameilar 
vesicles and fuses them without changing significantly the T t in either case. On the other hand, the Raman 
data detect a decrease in the inter- and intramolecular order of the acyl chains of multilamellar vesicles 
below T t and a decrease of only the former above T t. This disparity between the Raman and the nanosecond 
emission anisotropy data is discussed in terms of differences in the time scales of the two techniques and in 
the state of aggregation of the lipid-bound melittin. The data for the enhancement of the 0-0 vibronic 
transition of pyrene suggest that, for a melittin-to-lipid ratio of 1:60, the size or structure of channels 
formed in the bilayer by melittin does not allow the penetration of a neutral molecule the size of pyrene 
deeply into the bilayer. 

Abbreviations: DMPC, dimyristoylphosphatidylcholine; DPH, 
1,6-diphenyl-l,3,5-hexatriene; EDTA, ethylenediaminetetra- 
acetic acid; T t, phase transition temperature. 
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Introduction 

Melittin is a peptide that constitutes approx. 
50% of the dry weight of bee venom [1]. It has 
amphipathic character with amino acid residues 
1-20 being predominantly hydrophobic and re- 
sidues 21-26 being hydrophilic. The protein en- 
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hances the activity of phospholipase A 2 [2-5], 
lyses model and natural membranes at high con- 
centrations [6-8], enhances the permeability of 
membranes to ions and solutes [7,9-13] and alters 
their thermotropic properties [14-23]. It, there- 
fore, exerts profound effects on lipids whose 
origins at the molecular level have yet to be de- 
termined. 

From the variety of physical techniques em- 
ployed for studying the interaction between merit- 
tin and phosphoripid model membranes, that in- 
clude spectrofluorometry [17,24-27], NMR 
[28-30], ESR [31,32], Raman [15,16,18,20], CD 
[28,33-35], dielectric relaxation [36], and calorime- 
try [14,17,22,23], the nanosecond emission ani- 
sotropy is conspicuously absent. This is a very 
useful technique for obtaining structural and dy- 
namic information on lipid bilayers. The only 
such study for this system [19] was subsequently 
[23] shown to have used protein samples that had 
phospholipase A 2 activity. Here, we report the 
effects of melittin on (a) the order and (b) the 
motions of the acyl chains of dimyristoylphospha- 
tidylcholine (DMPC) unilamellar and multilamel- 
lar vesicles by using this technique as well as that 
of the enhancement of the 0-0 vibronic transition 
in the fluorescence spectrum of pyrene. Moreover, 
for the latter type of vesicles we carry out a study 
with Raman spectroscopy (time scale of approx. 
10-13 S) and compare the findings with those from 
our time-resolved and steady-state fluorometric 
studies (time scale of approx. 10 -8 s). 

Materials and Methods 

1,6-Diphenyl-l,3,5-hexatriene (DPH) and 
pyrene were scintillation grade products of K & K 
Laboratories and P. Pauric, Philadelphia, respec- 
tively. Tris and ethylenediaminetetraacetic acid 
(EDTA) were analytical reagents from Fisher. L- 
a-Dimyristoylphosphatidylcholine (DMPC) was 
obtained from Sigma or Avanti. The buffer used 
in all fluorometric measurements was 50 mM Tris, 
1 mM EDTA (pH 7) prepared in triply distilled 
water. 

Melittin from Sigma, ICN, or purified from bee 
venom in our laboratory was used in the fluoro- 
metric measurements with identical results. We 
found it necessary, however, to purify the protein 

for use in the Raman measurements, because at 
the much higher protein concentrations required, 
fluorescent impurities interfered with the relatively 
weak Raman signal. We carried out the purifica- 
tion by HPLC with treatment after each step with 
sodium sulfite in the presence of 10 mM EDTA 
and 10 mM EGTA [4,11,22,23]. 

For the preparation of small unilamellar vesicles 
for fluorometric measurements, to a solution of 5 
mg of DMPC in buffer was added 0.015 or 0.05 
ml of diphenylhexatriene or pyrene, respectively, 
from a 1 mM dioxane solution to a final volume 
of 5 ml; the mixture was stirred for 30 min at 
33°C. It was then sonicated for 30 min using a 
Laboratory Supplies Co. sonifier. Finally, it was 
centrifuged at 65 000 × g for 30 rain. A mixture of 
melittin and lipid, at a melittin-to-lipid molar 
ratio of 1:60, was incubated for at least 1 h at 
33°C. For the preparation of multilamellar 
vesicles, a lipid concentration of 0.1 mg/ml was 
used (with proportionally reduced amounts of the 
probe and melittin) to minimize light scattering 
from the sample. We confirmed that sonicated 
lipids at the concentration of 0.1 mg/ml in the 
presence of melittin at a protein-to-lipid molar 
ratio of 1 : 60 yield the same results as those at 1 
mg/ml. 

Emission anisotropy measurements were car- 
ried out with a nanosecond fluorometer that em- 
ploys a boxcar averager previously described [37]. 
A Corion interference filter was used for excita- 
tion at 334 nm. The emission was viewed through 
a 3-72 Coming filter. A 3M 105-UV-WRMR 
polarizer was placed in the excitation light path 
and a Polaroid NHP'B polarizer in the emission 
path. The data analysis was performed using a 
nonlinear least-squares computer program. The 
quality of the fit was judged by the form of the 
residuals and of the autocorrelation function of 
the residuals plotted vs. channel number. For 
vertically polarized exciting light, the emission 
anisotropy, r(t), is defined as 

Iv(t)--  CIH(t) 
r ( t )  = i v ( t ) +  2CiH(t ) 

where Iv(t)  and In(t  ) are the vertical and hori- 
zontal fluorescence components, respectively, and 
C is a correction factor calculated by combining 
nanosecond with steady-state emission anisotropy 



data [38]. The function Iv ( t  ) + 2CIH( t ) ,  which 
represents the total fluorescence decay, was first 
analyzed and then the obtained parameters were 
used for the analysis of the Iv ( t  ) - C I n ( t  ) data. 

Measurements of the enhancement of the 0 -0  
vibronic band in the fluorescence spectrum of 
pyrene were carried out with a spectrofluorometer 
previously described [39] and were corrected for 
the variation of the sensitivity of the photomulti- 
plier-monochromator combination with emission 
wavelength by employing a standard lamp. Excita- 
tion was at 334 nm and the emission bandwidth 
was 1.3 nm. The enhancement ratio, R, is the 
ratio of the 0 -0  band at approx. 376 nm to that at 
approx. 387 nm and is a measure of the effective 
polarity of the microenvironment of the fluo- 
rescent probe. At every temperature the emission 
monochromator was carefully reset successively at 
the two fluorescence spectral maxima in order to 
take into account very small temperature-induced 
spectral shifts. No excimer formation was detected 
at the low incorporated concentration of the probe. 
Temperature was measured with a copper-con- 
stantan thermocouple inserted directly into the 1 
cm light path cuvette. 

Steady-state and nanosecond fluorometric tech- 
niques did not detect any fluorescence from lipids 
in the absence or presence of melittin for excita- 
tion at 334 nm. 

The 0 -0  vibronic band in the fluorescence 
spectrum of pyrene and the fluorometric proper- 
ties of diphenylhexatriene in butanol showed no 
change in the presence of a melittin concentration 
equal to that used in the vesicles. This suggests 
that no interaction takes place between the fluo- 
rescent probes and the protein. Moreover, in the 
bilayer diphenylhexatriene does not appear to 
segregate in regions that are in close proximity to 
melittin [20] or to undergo a 'vertical '  motion 
[20,40]. 

Fusion of unilamellar vesicles induced by melit- 
tin was established using the method of energy 
transfer with chlorophyll b as the donor and 
chlorophyll a as the acceptor [41]. The total con- 
centration of the chlorophylls was about 2 tool% 
of that of the lipid (which was 1.5 mM) and the 
ratio of the concentration of chlorophyll a to that 
of chlorophyll b was 2. Vesicles labelled with the 
chlorophylls were mixed with nonlabelled vesicles 
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at a ratio of 1 : 10 and the resulting decrease in the 
efficiency of energy transfer was determined for 
excitation at 468 nm. 

For  Raman measurements, DMPC dispersions 
(of about 12% (w/v))  were employed. The buffer 
used was 50 mM Tris, 10 mM EDTA (pH 7) 
prepared in triply distilled water. For samples 
containing melittin, the appropriate amount of 
protein was added to obtain a melittin-to-lipid 
molar ratio of 1:60. After vortexing at 33°C, the 
sample was transferred to a 1 mm diameter 
capillary. The 514.5 nm line of a Spectra-Physics 
model 171 argon-ion laser, at a power of about 
200 mW at the sample, was used for excitation 
after being passed through a Spectrolab Laserspec 
III filter monochromator. An Instruments SA 
Ramanor 2000 M double monochromator was used 
for analyzing the scattered light and a thermoelec- 
trically cooled RCA C31034/76 photomultiplier 
for detecting it. The data were collected at a rate 
of 2 c m - 1 / s  and the spectral slit width was 4 
cm-1. Accurate control of the sample temperature 
was achieved by using a thermoelectric controller 
based on the design of Pezolet et al. [42]. The 
spectrometer was controlled through a Lab Datax 
computer from Data Translation. 

Results 

Nanosecond emission anisotropy measurements 
It has been established [43-47] that the fluo- 

rescent probe diphenylhexatriene undergoes re- 
stricted motion in bilayers with its emission ani- 
sotropy, r( t ) ,  well approximated by the following 
relation of the wobble-in-cone model 

r (  t ) = ( r o - r~)e  -'/~" + r~ (1) 

where r~ is the limiting anisotropy, r 0 is the 
initial anisotropy, and ~ is the rotational correla- 
tion time. The order parameter, S, which reflects 
the angular amplitude of the motion of the probe, 
is given by [48,49] 

S-~-(r°°l 1/2 (2) 
~ r o !  

According to this model, ~ alone does not ade- 
quately describe the 'fluidity' of the environment 
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TABLE 1 

F L U O R E S C E N C E  DECAY TIMES OF D I P H E N Y L H E X A T R I E N E  IN DMPC VESICLES 

Decay times "1 are in ns; the standard deviation in their values is typically +_0.05 ns. A 1 / A  2 is the ratio of the amplitudes of the two 
decay components.  These parameters were used for the analysis of the nanosecond emission anisotropy data (see Table II). 

Sample conditiones UnilameUar vesicles Multilamellar vesicles 

~'1 ,i 2 A l l / A 2  ( ' 1 )  a ,r I "12 A l l / A 2  ( ' 1 )  a 

16 ° C, no melittin 10.68 5.60 2.13 9.68 11.45 7.36 0.36 8.83 
16 ° C, (1 : 60) melittin 13.92 8.06 0.79 11.44 13.15 7.21 0.42 9.80 
Tt b, no melittin 13.79 8.17 0.24 9.80 12.40 6.64 0.44 9.24 
Tt b, (1:60) melittin 13.39 7.76 0.92 11.21 12.71 5.92 0.62 9.81 
33 ° C, no melittin 10.17 6.90 0.47 8.24 10.32 6.68 0.33 7.92 
33 ° C, (1:60) melittin 10.29 6.31 1.49 9.13 10.59 6.02 0.41 7.93 

a The average decay time ('1) was calculated from (~') = (A1"1 ~ + A2~-~)/(A1"11 + A2"12). 
b The measurements  were made at 20.5 ° C  and 2 3 ° C  for unilamellar and multilamellar vesicles, respectively, which are close to their 

transition temperatures in the absence of mefittin [58]. 

of the fluorescent probe; the magnitude of the 
angular amplitude of the wobbling motion should 
also be taken into account. A more appropriate 
parameter is the diffusion constant Dw given by 

Dw = ( o )  (3) 

where (o)  is a function of the order parameter S. 
A graphical presentation of (o )  vs. S was given in 
Ref. 43. Since the rod-like diphenylhexatriene 
molecule positions itself preferentially along the 

normal to the bilayer plane [50] and does not 
show preference for the gel or the liquid-crystal- 
line states of the bilayer [20,51], it reports rather 
faithfully on the structure and on the molecular 
motions of the bilayer. 

In the present study we have found the fluores- 
cence decay profiles of diphenylhexatriene to be 
best described by the sum of two exponential 
components for unilamellar and multilamellar 
vesicles both in the absence and in the presence of 
mehttin (Table I). A representative profile is shown 

TABLE II 

EFFECTS OF MELITTIN ON THE EMISSION ANISOTROPY PARAMETERS OF D I P H E N Y L H E X A T R I E N E  IN D M P C  
VESICLES 

S is the order parameter and ~ is the rotational correlation time. ( o ) ,  which is a function of S, is obtained from a graphical 
presentation given in Ref. 43. D W is the diffusion rate and r 0 is the initial anisotropy. 

Sample conditions Unilamellar vesicles Multilamellar vesicles 

S ~ ep(ns) ( o )  D .  b ( n s - l )  ro S a q(ns)  ( o )  Dw b (ns -1 )  ro 

16 o C, no melittin 0.85 2.2 0.059 0.027 0.333 0.93 2.6 0.026 0.010 0.316 
16 ° C, (1:60) melittin 0.93 2.2 0.028 0.013 0.328 0.92 2.7 0.032 0.012 0.340 
Tt c, no melittin 0.76 3.0 0.093 0.031 0.327 0.92 2.5 0.033 0.013 0.289 
T t c, (1:60) melittin 0.90 2.0 0.040 0.020 0.334 0.86 4.1 0.053 0.013 0.307 
33 ° C, no melittin 0.39 2.0 0.21 0.11 0.295 0.42 1.9 0.20 0.11 0.270 
33 o C, (1 : 60) melittin 0.46 2.1 0.19 0.090 0.271 0.41 2.1 0.21 0.10 0.278 

a The standard deviation in S is about + 2% for both types of vesicles. For unilamellar vesicles, the changes in S introduced by 
melittin are outside the experimental error for all three temperatures, whereas for multilamellar vesicles that is the case only at T t 
(for which the actual s tandard deviations are + 1% and + 2% in the absence and in the presence of mdit t in ,  respectively). 

b The s tandard deviation in D w is in the range of about + 10-20% for unilamellar vesicles; for multilamellar vesicles, the probable 
error is also in that range except at T t where it is about + 30%. 

c The measurements  were made at 20.5 ° C  and at 2 3 ° C  for unilamellar and multilamellar vesicles, respectively, which are close to 
their transition temperatures in the absence of melittin [58]. 
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Fig. 1. Nonlinear regression analysis of the total decay, Iv ( t  ) 
+2CIH(t), for diphenylhexatriene in DMPC unilamellar 
vesicles at 33°C that contained melittin at a protein-to-lipid 
molar ratio of 1:60. I v ( t  ) and IH(t)  are the vertical and 
horizontal fluorescence components, respectively, for vertically 
polarized exciting light and C is a correction factor close to 
unity. Curve 1 represents the exciting light pulse profile. Curve 
2 represents the plot of the experimental decay profile and 
coincides with the convoluted profile. Inset A: Deviations 
between experimental and convoluted data at each channel. 
Inset B: Autocorrelation function of the residuals. The lack of 
any specific trend in A and B implies a satisfactory fit of the 
experimental data. Channel width = 0.385 ns. The form of the 
decay is double exponential with decay times ~'1 = 10.29 ns and 
~'2 = 6.31 ns and ratio of amplitudes A1/A 2 = 1.49. A' and B' 
correspond to A and B but for a single-exponential analysis. 
Their forms imply a nonsatisfactory fit in that case. 
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Fig. 2. Nonlinear regression analysis of the nanosecond fluo- 
rescence polarization data for diphenylhexatriene in DMPC 
unilamellar vesicles at 33°C that contained melittin at a 
protein-to-lipid molar ratio of 1:60. Curve 1 represents the 
exciting light pulse profile. Curve 2 represents the plot of the 
experimental data for I v ( t ) - C I H ( t  ) and coincides with the 
convoluted profile. Inset A: Deviations between experimental 
and convoluted data at each channel. Inset B: autocorrelation 
function of the residuals. The lack of a specific trend in curves 
A and B implies a satisfactory fit of the experimental data. The 
function Iv(t)+2CIH(t), that represents the total fluores- 
cence decay, was first analyzed and found to be double ex- 
ponential (see Fig. 1). The parameters deduced from that 
analysis were then used for the analysis of the I v ( t ) -  CIH(t ) 
data. The emission anisotropy r(t) was found to be described 
satisfactorily by Eqn. 1 of the wobble-in-cone model with 
r 0 = 0.271, ro¢= 0.057, and ~ = 2.1 ns. Inset C: Emission ani- 
sotropy plot. Channel width = 0.385 ns. 

in Fig. 1. The origin of this behavior, which was 
previously reported [52,53] for unilamellar vesicles 
in the absence of the protein, is not known. It may 
originate from heterogeneity in the environment 
of the fluorescent probe or from more than one 
probe conformation. The latter mechanism, which 
involves rotation of the phenyl groups about the 
polyene chain [54-56], was invoked [57] for ex- 
plaining the observation that the values of the 
initial anisotropy r 0 in multi lamellar  di- 

palmitoylphosphatidylcholine vesicles are smaller 
than the theoretical maximum value of 0.4; that is 
also the case for the present study (see Table II). 

The decay time parameters were used in the 
analysis of the emission anisotropy data and the 
results are shown in Table II. Fig. 2 shows a 
representative profile. We have found for all cases 
that the data are described satisfactorily by the 
wobble-in-cone model. We first note that, in the 
absence of melittin, the order parameter S is lower 
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for unilamellar than for multilamellar vesicles 
which agrees with previous reports [47,59-61]. 
That was ascribed [59] to the large curvature of 
the unilamellar vesicles. We also note from Table 
II that the diffusion constant D w is lower for 
unilamellar vesicles except above T t where it is 
identical with that for multilamellar vesicles. 

It is seen from Table II that at all three temper- 
atures melittin affects the unilamellar vesicles to a 
much greater extent than the multilamellar vesicles. 
Their order parameter is increased to about the 
level of that of free multilamellar vesicles both 
below and in the vicinity of T t and to an even 
higher level above T t. On the other hand, the 
protein barely affects the order parameter of mul- 
tilamellar vesicles below and above their T~, 
whereas it reduces it somewhat at T t. The protein 
is also seen to decrease the diffusion rate strongly 
for unilamellar vesicles below Tt, moderately at T t, 
and virtually not to affect it above T t. In contrast, 
for all three temperatures the diffusion rate for 
multilamellar vesicles is not appreciably affected. 

Enhancement of the 0-0 oibronic transition in the 
fluorescence spectrum of pyrene 

We previously [62,63] showed that the enhance- 
ment of the weakly allowed 0 -0  vibronic transi- 
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tion in the fluorescence spectrum of pyrene in 
polar solvents [64] is the result of ground-state 
molecular complex formation between pyrene and 
polar groups which reduces its symmetry and ren- 
ders the transition more allowed. The enhance- 
ment ratio, R, is the ratio of the 0 -0  band at 
approx. 376 nm to that at approx. 387 nm. R is a 
measure of the effective polarity of the microen- 
vironment of the fluorescent probe. We attributed 
[65] the high values of R, for pyrene in egg 
phosphatidylcholine and dipalmitoylphosphati- 
dylcholine unilamellar vesicles in the absence of 
melittin (matching those in butanol and ethanol, 
respectively, at room temperature), to interaction 
of the fluorescent probe with polar groups of the 
glycerol backbone. That the probe is located in the 
vicinity of the glycerol backbone is also supported 
by its reported [66] fast transfer between lipids 
through the aqueous medium (in approx. 3 ms). 

Here, we report the results of such a study for 
the mel i t t in-DMPC interaction. Figs. 3 and 4 
show plots of R vs. temperature for unilamellar 
and multilamellar vesicles, respectively. In the 
presence of melittin, the transition profile for uni- 
lameUar vesicles is seen to exhibit a remarkable 
narrowing (Fig. 3). In contrast, it becomes broader 
for multilamellar vesicles (Fig. 4). For both types 
of vesicles, the protein does not induce a large 



change in the transition temperature T t. For the 
unilamellar vesicles, below T t the protein induces 
an increase in the enhancement ratio R. Above Tt, 
the profile is more complex: at first, R is below 
that in the absence of the protein, but for temper- 
atures greater than 30 °C  it is above it. For the 
multilamellar vesicles, the only significant changes 
are seen in the vicinity of T t where the protein 
induces a reduction in R. For all temperatures, 
the transition profiles for the latter vesicles are 
seen to be higher than those for the more dis- 
ordered former vesicles (compare Figs. 3 and 4). 

Fusion induced by mefittin 
We have found melittin to increase the turbid- 

ity of small unilamellar DMPC vesicles both visu- 
ally and spectrophotometrically. By using the fu- 
sion assay, described under Materials and Meth- 
ods, that distinguishes between aggregation and 
fusion, we found about 30% fusion of vesicles at 
33°C. Melittin-induced fusion was previously re- 
ported for large unilamellar zwitterionic vesicles 
[67] as well as for small acidic unilamellar vesicles 
[68]. We are currently studying with a stopped-flow 
fluorometer the kinetics of fusion of DMPC un- 
ilamellar vesicles by following the kinetics of ex- 
cimer formation of a pyrene-labelled lipid. The 
basis of the method is the fact that the ratio of the 
excimer intensity to that of the monomer is pro- 
portional to the concentration of the fluorescent 
probe; this allows the determination of the rate of 
lipid mixing, which results from the fusion of 
vesicles, in a straightforward manner. For a lipid 
concentration of 1.5 mM and a melittin-to-lipid 
molar ratio of 1:60,  our preliminary measure- 
ments show that the kinetics of fusion are complex 
and depend on the state of aggregation of melittin 
in solution. At 33°C and when melittin is mono- 
meric (in low salt), the effective half-life of fusion 
is about 9 rain, whereas when melittin is tetra- 
meric (in 2 M NaC1) it is dramatically reduced to 
about 20 s. A fuller account of these results will be 
given elsewhere. 

Raman spectroscopic measurements 
The C - H  and C - C  stretching modes of the 

acyl chains are known to be useful indicators of 
structural and dynamic changes in model mem- 
branes (see, for example, Refs. 20, 23, 61, 69). We 
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C-H stretching mode as a function of temperature for multi- 
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find that both modes of the acyl chains of multi- 
lamellar DMPC vesicles are affected by melittin 
for a protein-to-lipid molar ratio of 1 : 60. For the 
former mode, the ratio 12930/12880 of the peak 
intensities at about 2930 and 2880 cm-1 has con- 
tributions from both inter- and intramolecular 
disordering of the acyl chains. Fig. 5 shows that 
ratio as a function of temperature in the absence 
and in the presence of melittin. It is seen that the 
protein disorders the acyl chains both below and 
above the phase transition temperature. For the 
C -C  mode, the ratio 11090/11130 of the peak inten- 
sities at about 1090 and 1130 cm -1 is a measure 
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Fig. 6. Plot of the 11090/11130 ratio of peak intensities in the 
C-C  stretching mode as a function of temperature for multi- 
lamellar DMPC vesicles in the absence of melittin (©) and for 
a melittin-to-lipid molar ratio of 1 : 60 (e). 
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of the intramolecular disorder of the chains. A 
plot of this ratio, presented in Fig. 6, shows that 
melittin increases the number of gauche bonds in 
the crystalline state, decreases it for temperatures 
just above Tt, and does not affect it in the liquid- 
crystalline state. The trend observed in this figure, 
with the exception of the effect we observed just 
above T t, is similar to that reported by J~ihnig et 
al. [20] for a melittin-to-lipid molar ratio similar to 
the one used here. As is seen from Figs. 5 and 6, 
melittin broadens the thermal transition profiles, 
which implies a reduction in the cooperativity of 
the chains, but does not significantly affect the 
phase transition temperature. 

Discussion 

We find that melittin exerts its greatest effect 
on unilameUar vesicles for which it induces an 
increase in the order parameter S of the acyl 
chains below, at, and above T t (Table II). A rather 
large decrease in the diffusion rate D w is observed 
at and especially below T t (Table II). Changes are 
also observed in the degree of enhancement of the 
0-0  vibronic transition in the fluorescence spec- 
trum of pyrene (Fig. 3). The enhancement ratio R 
is a measure of the effective polarity of the en- 
vironment of the fluorescent probe. An increase in 
R implies exposure of the probe to a more hydro- 
philic environment. That process is controlled both 
by the inter- and intramolecular ordering of the 
chains. As is seen in Fig. 3, at 16, 20.5, and 33°C 
melittin increases R which is in accord with the 
nanosecond emission anisotropy data (Table II): 
pyrene penetrates into the bilayer to a lesser ex- 
tent as would be expected from the observed 
increase in the order parameter S and /o r  decrease 
in D w. For multilamellar vesicles, the largest de- 
crease in R is observed in the vicinity of T t (Fig. 
4). This correlates with the observation that the 
only decrease in S is at about T t (Table II) and 
implies that the penetration of pyrene into the 
bilayer is facilitated. It should be noted, however, 
that even so, the probe penetrates only to a limited 
extent, as the R value of about 1.2 at 33°C (Fig. 
4) is much higher than that of about 0.6 which we 
reported for heptane [70]. In fact, we find that a 
value of R = 1.2 is obtained in propanol which 

implies that the probe is still located in the vicin- 
ity of the glycerol backbone; for comparison, the 
value of R -- 1.35 at 5 °C is very close to that in 
95% ethanol. We note in this respect that the 
protein was shown to induce a voltage-dependent 
conductance increase in planar bilayers which was 
interpreted as stemming either from the formation 
of channels [10,13] or from perturbations of the 
lipid structure [12]. The present results suggest 
that the size or structure of any such channels 
being formed in the presence of the protein at this 
protein-to-lipid molar ratio does not allow the 
penetration of a neutral molecule the size of pyrene 
deeply into the bilayer. 

It is seen from Fig. 4 that melittin broadens the 
phase transition profile of multilamellar vesicles 
(also reported by other techniques [14,20,23]). This 
implies that there has been a reduction in inter- 
chain interactions, which is consistent with the 
observed reduction in S in the vicinity of T t 
(Table II). For unilamellar vesicles, however, the 
protein is seen to induce a dramatic sharpening in 
the phase transition profile (Fig. 3), which implies 
that the cooperativity of the chains has been in- 
creased as would be expected from the observed 
increase in S (Table II). This structural rearrange- 
ment appears to be the result of a reduction in the 
number a n d / o r  extent of structural defects caused 
by the formation of larger vesicles through fusion 
of smaller ones which we observed in the present 
study. As is clearly seen from a comparison of Fig. 
3 with Fig. 4, the new vesicles exhibit quite differ- 
ent properties from those of multilamellar vesicles. 
Interestingly, however, they are as structured as 
the latter in the absence of the protein (Table II). 

Turning now to the Raman findings for multi- 
lamellar vesicles, we recall that the C - H  spectral 
region reflects both inter- and intramolecular order 
effects. In the liquid-crystalline phase, however, 
we can separate these effects because in that case 
we find that the protein does not affect the in- 
tramolecular order, which is reflected by the C - C  
region (Fig. 6). Thus, the disordering induced by 
melittin above T~ in the C - H  region (Fig. 5) can 
be attributed solely to a reduction in the inter- 
molecular order of the chains. The nanosecond 
emission anisotropy data (Table II) do not report 
this effect or the intramolecular disordering ob- 
served below T t by the Raman technique (Fig. 6). 



This disparity may have its origin in differences in 
the time scales of the two techniques (approx. 
10 -13 s for Raman vs. approx. 10 -s s for the 
emission anisotropy). The state of aggregation of 
the protein in the bilayer may also be of relevance 
here, as the Raman measurements necessitate the 
use of very high protein concentrations relative to 
those used in the fluorometric measurements for 
the same protein-to-lipid molar ratio. It should be 
noted in this respect that the protein is known to 
form tetramers in solution at high concentrations 
or high ionic strengths [25], but the state of aggre- 
gation of lipid-bound melittin is still being de- 
bated. Two very recent studies have used the 
technique of electronic energy transfer and re- 
ported very different findings for DMPC uni- 
lamellar vesicles: one concluded that it binds as a 
monomer [71], whereas the other concluded that it 
binds as a tetramer [72]. Our earlier studies [26,73] 
are consistent with the latter inference. Studies 
that employ high ionic strength solutions will help 
differentiate between the two possible origins of 
the disparity between the Raman and the nanose- 
cond emission anisotropy data discussed above, 
and are currently in progress in our laboratory. 

Interestingly, a very recent NMR study [74] 
reports effects of melittin for low melittin-to-lipid 
molar ratios that are similar to those we report 
here with the Raman technique. In view of the 
facts that these techniques have very different 
time scales (approx. 10 -3  S vs. approx. 10 -13 S, 

respectively) but both employ very high protein 
concentrations, this similarity tends to point to 
differences in the state of aggregation of the 
lipid-bound protein as being the most probable 
origin of the aforementioned disparity between 
the Raman and the nanosecond fluorometric data. 

It should be pointed out that the effects of 
melittin, which we report here, pertain to the acyl 
chains of the new morphological structures formed 
under the action of the protein. Unilamellar 
vesicles form larger lipid assemblies because of 
fusion (present study and Refs. 67, 68, 75), whereas 
multilamellar vesicles form smaller vesicles [75,76]. 
Before we reach an understanding of the physio- 
logical effects of the protein at the molecular level, 
other aspects of the protein-lipid interaction need 
to be elucidated as well. Foremost among these is 
the location of the protein in the bilayer, for 
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which several models have been suggested 
[74,75,77-79]. 
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