Biochemistryl997,36, 14291-14305 14291

Articles

Modulation of Tryptophan Environment in Membrane-Bound Melittin by
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ABSTRACT: Melittin is a cationic hemolytic peptide isolated from the European honeyAms mellifera

Since the association of the peptide in the membrane is linked with its physiological effects, a detailed
understanding of the interaction of melittin with membranes is crucial. We have investigated the interaction
of melittin with membranes of varying surface charge in the context of recent studies which show that the
presence of negatively charged lipids in the membrane inhibits membrane lysis by melittin. The sole
tryptophan residue in melittin has previously been shown to be critical for its hemolytic activity. The
organization and dynamics of the tryptophan residue thus become important to understand the peptide
activity in membranes of different charge types. Wavelength-selective fluorescence was utilized to monitor
the tryptophan environment of membrane-bound melittin. Melittin exhibits a red edge excitation shift
(REES) of 5 nm when bound to zwitterionic membranes while in negatively charged membranes, the
maghnitude of REES is reduced te-2 nm. Further, wavelength dependence of fluorescence polarization
and near-UV circular dichroism spectra reveal characteristic differences in the tryptophan environment
for melittin bound to zwitterionic and anionic membranes. These studies are supported by time-resolved
fluorescence measurements of membrane-bound melittin.  Tryptophan penetration depths for melittin bound
to zwitterionic and anionic membranes were analyzed by the parallax method [Chattopadhyay, A., and
London, E. (1987Biochemistry 2639—45] utilizing differential fluorescence quenching obtained with
phospholipids spin-labeled at two different depths. Our results provide further insight into molecular
details of membrane lysis by melittin and the modulation of Iytic activity by negatively charged lipids.

Melittin, the principle toxic component in the venom of
the European honey beépis mellifera is a small linear
peptide (NH-GIGAVLKVLTTGLPALISWIKRKRQQ-

channels across planer lipid bilayers and causes bilayer
micellization and membrane fusio8-5, 9).

The conformation of melittin is known to be largely

CONH,) composed of 26 amino acids and is known to have yandom coil when present as free monomer in solut@n (

a powerful hemolytic activity, 2). Itis a cationic peptide
with a large hydrophobic region (residues20) and a stretch

of predominantly hydrophilic amino acids (residues-256)

at the carboxy-terminal end of the molecule which give rise
to its amphiphilic character. This amphiphilic property of
melittin makes it water soluble and yet it spontaneously

associates with natural and artificial membranes (for reviews,
see refs 37). Such a sequence of amino acids, together hound form is not known.

with the amphiphilic nature, is characteristic of many

10). However, it self associates to form am-helical
tetrameric structure driven by the formation of a hydrophobic
core at high ionic strength, pH, or melittin concentratién (
10). The peptide adopts am-helical conformation when
bound to membranes or micelle§, (1-13). The X-ray
crystal structure of the aqueous tetramer is known with high
(2 A) resolution {4), although the structure of the membrane-
Interaction of melittin with
membranes has attracted considerable attention since the

membrane-bound peptides and putative transmembraneassociation of the peptide in the membrane is linked with

helices of membrane proteing, 6, 8). This has resulted in
melittin being used as a simple model to study lipptotein
interactions in membrane8<7). In addition to its strong
hemolytic activty, melittin induces voltage-dependent ion
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its physiological effects4, 5). These studies assume broader
significance from the fact that the amphiphilichelical
conformation of this cytolytic toxin in membranes resembles
those of apolipoproteins and peptide hormongs—17),
signal peptides](1, 18, 19), the envelope glycoprotein gp41
from the human immunodeficiency virus (HIV2@, 21), the
pore-forming peptide of pathogeniEntamoeba histolytica
(22, 23), and the 25-residue presequence (p25) for subunit
IV of yeast cytochrome oxidas@4). The state of aggrega-
tion of melittin when bound to membraneb(-28), its depth

of penetration into the membrang2%-31), its orientation

S0006-2960(97)01933-8 CCC: $14.00 © 1997 American Chemical Society



14292 Biochemistry, Vol. 36, No. 47, 1997 Ghosh et al.

relative to the plane of the bilayerl 32), and the probe the mobility parameters of the environment itself
dependence of its membrane interaction on factors such agwhich is represented by the relaxing solvent molecules)
the physical state of the membrane as well as the length ofusing the fluorophore merely as a reporter group. Further,
the fatty acyl chains33) have been the subjects of consider- since the ubiquitous solvent for biological systems is water,
able research. In spite of the number of studies, however,the information obtained in such cases will come from the
there appears to be no consensus regarding the orientationptherwise “optically silent” water molecules although the
depth of penetration into the membrane, or aggregation stateénvolvement of polar moieties such as lipid carbonyl groups
of membrane-bound melittirb). cannot be ruled out. This makes REES and related tech-

Melittin has a single fluorescent residue, Trp-19, and has hiques extremely useful in biology since hydration plays a
no other aromatic amino acid residue. This makes the crucial modulatory role in a large number of important
tryptophan a sensitive probe to study the interaction of cellular events0), including lipid—protein interactionsy1)
melittin with membranes2@—31, 33—38). The importance ~ a@nd ion transport§2—54). We have previously shown that
of the sole tryptophan residue of melittin in its hemolytic REES and related techniques (wavelength-selective fluores-
activity has been demonstrated by the remarkable decreas€ence approach) serve as a powerful tool to monitor
in activity observed upon photooxidation of the tryptophan Organization and dynamics of probes and peptides bound to
(39) and upon substitution of Trp-19 by leucingdf. This membranes or micelle$%—61).
is further supported by studies with individual amino acid ~ Melittin is known to interact selectively with negatively
omission analogues of melittid{) and the introduction of ~ charged lipids §, 34, 62—64). The affinity of melittin for
a second tryptophan residue in melittin sequed& (These membranes composed of negatively charged lipids has been
studies point out the crucial role played by the uniquely Shown to be about 100-fold greater than for zwitterionic
positioned tryptophan in maintaining the structu48, (44) lipids (65). Melittin is also known to modulate lipid
and hemolytic activity41, 42) of membrane-bound melittin. ~ Organization in membranes depending on the nature of the
In addition, fluorescence quenching and molecular modelling lipid component 81, 66—-68). The functional significance
studies point out the involvement of Trp-19 in the interaction Of interaction of melittin with negatively charged lipids is
of melittin with its specific inhibitors45). The organization ~ brought out by recent studie9-71) which show that the
and dynamics of the immediate environment around the Presence of negatively charged lipids in the membrane
tryptophan thus become important for the activity of the inhibits the Iytic power of melittin and that the inhibition is
peptide. We have previously monitored the microenviron- enhanced with increasing surface charge density.
ment experienced by the sole tryptophan in melittin bound  In this paper, we report the effects of red edge excitation
to membranes composed of zwitterionic lipids (DOPC) on the fluorescence characteristics of the sole tryptophan in
utilizing wavelength-selective fluorescence approag#).( melittin, when bound to membranes containing anionic lipids
Our results indicated that the tryptophan residue is located (POPG and DOPA), and the zwitterionic lipid DOPC. We
in a motionally restricted region in the membrane which may have previously shown from wavelength-selective fluores-
have important functional consequences. cence studies that the tryptophan in melittin, when bound to

Wavelength-selective fluorescence comprises a set of MembPranes composed of DOPC, is located in a motionally

approaches based on the red edge effect in fluorescencéesmCtecj region of the membrangg. Since biological
spectroscopy which can be used to directly monitor the membranes in general, and red blood cell membranes (the

environment and dynamics around a fluorophore in a site o_f hemolytic ac';io_n of melitti_n) i_n particular, con_tain
complex biological systen¥g). A shift in the wavelength negatively charged lipids (often d|_str|b_uted as_ymmetrlc_al_ly
of maximum fluorescence emission toward higher wave- among the two leaflets), the sglecn_ve Interaction of meI|tt|.n
lengths, caused by a shift in the excitation wavelength toward with these lipids assume physiological S|gn|f|canc.e. In this
the red edge of absorption band, is termed the red edgepaper, we have thus extended wavelength-sele(;tlve fluores-
excitation shift (REES). This effect is mostly observed with CE"Ce studies to membranes composed of negatively charged

polar fluorophores in motionally restricted media such as lipids. I addl_tlon, to gain a better u_nderstz_;mdlng of the
very viscous solutions or condensed phagdés-49). This molecular details of melittihmembrane interaction, we have

phenomenon arises from the slow rates of solvent relaxation?etetrm'hned the_g)rec!se membfr angt?enetratlon ddepthst.of lthe
(reorientation) around an excited state fluorophore, which fyptophan residué in case of zwitterionic and negatively
is a function of the motional restriction imposed on the charged membr.ane's. This was don'e by utilizing the parallax
solvent molecules in the immediate vicinity of the fluoro- method ¢2), which involved _quenchmg of the flu_or_escence
phore. By utilizing this approach, it becomes possible to of the s_ole tryptophan_ by spin-labeled phospholipids, w_here
' the spin-label (nitroxide group) was attached to various
positions of the fatty acyl chain. Our results indicate an
! Abbreviations: 2-AS, 2-(9-anthroyloxy)stearic acid; 12-AS, 12- interfacial localization of the melittin tryptophan in its

(9-anthroyloxy)stearic acid; CD, circular dichroism; CF, carboxyfluo- _ g . .
rescein; DMPC, dimyristoysnglycero-3-phosphocholine; DOPA, membrane-bound form. This is consistent with the general

dioleoylsn-glycero-3-phosphatidic acid; DOPC, dioleayglycero- finding that tryptophan residues in membrane proteins and
3-phosphocholine; DOPG, dioleoghglycero-3-phosphatidylglycerol;  peptides are predominantly localized in the membrane
EDTA, ethylenediaminetetraacetic acid; ESR, electron spin resonance;jnterface 67, 60, also see Results). Further, we have

MARCKS, myristoylated alanine-rich protefhkinase substrate; MLV, - S
multilamellar vesicle; MOPS, 3\-morpholino)propanesulfonic acid,; analyzed the environment and organization of the membrane-

NBD, 7-nitrobenz-2-oxa-1,3-diazol-4-yl; NBD-PHE-(7-nitrobenz-2- bound tryptophan as well as the peptide backbone by circular
oxa-1,3-diazol-4-yl)-1,2-dipalmitoy$n-glycero-3-phosphoethanola-  dichroism spectroscopy.
mine; 5-PC, 1-palmitoyl-2-(5-doxyl)stearogitglycero-3-phosphocho- These results show that wavelength-selective fluorescence,

line; 12-PC, 1-palmitoyl-2-(12-doxyl)stearogh-glycero-3-phospho- . S . .
choline; REES, red edge excitation shif; SUV, small unilamellar When used in combination with membrane depth analysis,

vesicle; TLC, thin-layer chromatography. promises to be a powerful tool to monitor lipighrotein
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interactions, especially involving electrostatic component as without AS probes gave negligible fluorescence (much less
in melittin—membrane interaction. Furthermore, we show than 1%) and were subtracted from the sample fluorescence.
that careful analysis of fluorescence polarization as a function The ratio of spins per molecule was found to be 0.74 and
of emission wavelength brings out important differences in 0.76 for 5-PC and 12-PC, respectively.
the microenvironment experienced by the tryptophan of Sample Preparations Three types of small unilamellar
melittin bound to membranes of different charge types. vesicles (SUVs) were made each containing 2% (mol/mol)
Near-UV CD spectra of the membrane-bound peptide in melittin and having the following lipid compositions: (a)
these two cases also bring out such differences. Our resultdDOPC, (b) 40% DOPC/60% DOPG (mol/mol), and (c) 50%
provide a mechanistic framework for the differential lytic DOPC/50% DOPA (mol/mol). These vesicles were prepared
activity of the peptide in membranes with different surface by drying 640 nmol (2560 nmol for CD measurements) of
charges. total lipid (DOPC, DOPC/DOPG, or DOPC/DOPA in the
above proportions) under a stream of nitrogen while being
EXPERIMENTAL PROCEDURES warmed gently (38C) and then under a high vacuum for at
Materials Melittin of the highest available purity, DMPC, least 3 h. The lipids were swollen by adding 1.5 mL of 10
and carboxyfluorescein were obtained from Sigma Chemical mM MOPS, 150 mM NacCl, pH 7.0 buffer containing 5 mM
Co. (St. Louis, MO). DOPC, DOPG, DOPA, and the spin- EDTA, and vortexed for 3 min to disperse the lipid. The
labeled phospholipids (5- and 12 PC) were purchased fromlipid dispersions were then sonicated until they were clear
Avanti Polar Lipids (Birmingham, AL). The 2- and 12-AS (7—20 min, in bursts of 2 min, while being cooled in ice)
were from Molecular Probes (Eugene, OR). Lipids were using a Branson model 250 sonifier fitted with a microtip.
checked for purity by TLC on silica gel precoated plates The sonicated samples were centrifuged at 15 000 rpm for
(Sigma) in chloroform/methanol/water (65:35:5, v/v/v) and 20 min to remove any titanium particle shed from the
were found to give only one spot in all cases with a microtip during sonication. To incorporate melittin into
phosphate-sensitive spray and on subsequent cha@g ( membranes, a small aliquot containing 12.8 nmol (51.2 nmol
The concentrations of the phospholipids were determined byfor CD measurements) of melittin was added from a stock
phosphate assay subsequent to total digestion by perchloricsolution in water to the preformed vesicles and mixed well.
acid (74). DMPC was used as a standard to assess lipid Samples were kept in the dark for 12 h before measuring
digestion. The concentration of melittin in aqueous solution fluorescence. Background samples were prepared in the
was calculated from its molar extinction coefficient of 5570 same way except that melittin was not added to them. All
M~tcm ! at 280 nm 75). To check for phospholipase,A  experiments were done at room temperature°@p
contamination in melittin, phospholipase activity was assayed For depth measurements using the parallax method,
using*‘C-labeled DOPC obtained from Amersham Interna- liposomes were made by the ethanol injection mett& (
tional (76). All other chemicals used were of the highest 81). These samples were made by drying 640 nmol of total
purity available. Solvents used were of spectroscopic grade.lipid (DOPC or DOPC/DOPG) containing 15 mol% spin-
Water was purified through a Millipore (Bedford, MA) labeled phospholipid (5- or 12-PC) under a stream of nitrogen
Milli-Q system and used throughout. while being warmed gently (35C) and then under a high
Assay of Actual Spin Content in Spin-Labeled Lipids by vacuum for at least 3 h. The dried lipids were then dissolved
Fluorescence Quenchingl'he actual spin (nitroxide) content  in ethanol to give a final concentration of 40 mM. The
of the spin-labeled phospholipids was assaygf) (ising ethanolic lipid solution was then injected into 10 mM MOPS,
fluorescence quenching of anthroyloxy-labeled fatty acids 150 mM NacCl, pH 7.0 buffer containing 5 mM EDTA, while
(2- and 12-AS) by determining the percent of uncalibrated vortexing to give a final concentration of 0.43 mM total lipid
spin-labeled phospholipid that had to be incorporated into in the buffer. Melittin was incorporated into membranes by
MLVs of DOPC to give the same quenching as an ESR- adding a small aliquot containing 12.8 nmol of melittin from
calibrated sample with 15% spin-labeled phospholiig) ( a stock solution in water to the pre-formed vesicles and
For this, samples were made with a total lipid concentration mixed well to give membranes containing 2% melittin. In
of 125uM (78). MLVs were prepared containing 5 (or 12)- terms of phospholipids, these samples contained either DOPC
PC and DOPC (a total of 160 nmol of these two lipids as (85%) and 5 (or 12)-PC (15%) or DOPC (25%), 5 (or 12)-
per phosphate assay done prior to this) and 1.37 nmol of 2PC (15%), and DOPG (60%). Duplicate samples were
(or 12)-AS by drying the lipid mixture under a stream of prepared in each case except for samples lacking the
nitrogen and then under a high vacuum for at least 3 h, quencher (5- or 12-PC) for which triplicates were prepared.
followed by addition of 1.28 mL buffer (10 mM acetate, Background samples lacking the fluorophore (melittin) were
150 mM NacCl, pH 5.0) and vigorous vortexing for 2 min. prepared in all experiments, and their fluorescence intensity
This particular pH was chosen to avoid ground state was subtracted from the respective sample fluorescence
heterogeneity of AS probes due to carboxyl ionization state intensity. Samples were kept in the dark for 12 h before
(79). The final concentration of the fluorophore (2- or 12- measuring fluorescence.
AS) was 1.07:M giving rise to a lipid/fluorophore ratio of Steady State Fluorescence Measuremer8teady state
117:1 (mol/mol). Triplicates were made for each sample. fluorescence measurements were performed with a Hitachi
Fluorescence intensity was measured with an excitation F-4010 spectrofluorometer using 1 cm path length quartz
wavelength of 365 nm and an emission wavelength of 461 cuvettes. Excitation and emission slits with a nominal band-
nm. Excitation and emission slits corresponding to band- pass of 5 nm were used for all measurements. All spectra
pass of 5 and 10 nm, respectively, were used. Fluorescenceavere recorded using the correct spectrum mode. Background
intensity was obtained from the average obtws readings.  intensities of samples in which melittin was omitted were
Samples were kept in the dark for 30 s between two readingssubtracted from each sample spectrum to cancel out any
and stirred with a magnetic stirrer. Background samples contribution due to the solvent Raman peak and other
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scattering artifacts. Fluorescence polarization measurementgollowing equation 87):
were performed using a Hitachi polarization accessory.

izati 2 2
Polarization values were calculated from eq82)( e ouT,” + oL, -
lyw — Glyy 07y + 05T,
P=——F7—+— (1)
Iy + Glyy

Global Analysis of Lifetimes The primary goal of the

wherelyy andlyy are the measured fluorescence intensities Nonlinear least-squares (discrete) analysis of fluorescence
with the excitation polarizer vertically oriented and emission intensity decays discussed above is to obtain an accurate and
polarizer vertically and horizontally oriented, respectively. Unbiased representation of a single fluorescence decay curve
G is the grating correction factor and is equal /4. All in terms of a set of parameterise(, o, 7:). However, this
experiments were done with multiple sets of samples and method of analysis does not take advantage of the intrinsic
average values of polarization are shown in the figures. The relations that may exist between the individual decay curves
spectral shifts obtained with different sets of samples were Obtained under different conditions. A condition in this
identical in most cases. In other cases, the values wereContextrefers to temperature, pressure, solvent composition,
within =1 nm of the ones reported. ionic strength, pH, excitation/emission wavelength, or any
For depth measurements, samples were excited at 280 nnPther independent variable which can be experimentally
and emission was collected at 334 nm. Excitation and Manipulated. This advantage can be derived if multiple
emission slits with a nominal band-pass of 5 nm were used. fluorescence decay curves, acquired under different condi-
Fluorescence was measured at room temperature and aveions, are simultaneously analyzed. This is known as the
aged over two 5-second readings. Intensities were found toglobal analysis in which the simultaneous analyses of
be stable over time. In all cases, the intensity from Multiple decay curves are carried out in terms of internally
background samples without fluorophore was subtracted. consistent sets of fitting paramete&8{-91). Global analysis
Membrane penetration depths were calculated using eq 5 (seéus turns out to be very useful for the prediction of the
Results). manner in which the parameters recovered from a set of
Time-Resaled Fluorescence Measuremenfuorescence ~ Separate fluorescence decays vary as a function of an
lifetimes were calculated from time-resolved fluorescence independent variable, and helps distinguish between models
intensity decays using a Photon Technology International Proposed to describe a system.
(London, Western Ontario, Canada) LS-100 luminescence In this paper, we have obtained fluorescence decays as a
spectrophotometer in the time-correlated single photon function of excitation and emission wavelengths. The global
counting mode. This machine uses a thyratron-gated nano-analysis, in this case, assumes that the lifetimes are linked
second flash lamp filled with nitrogen as the plasma gas (16 among the data filesi.e., the lifetimes for any given
+ 1 in. of mercury vacuum) and is run at225 kHz. Lamp ~ component are the same for all decays), but that the
profiles were measured at the excitation wavelength using corresponding pre-exponentials are free to vary. This is
Ludox as the scatterer. To optimize the signal to noise ratio, accomplished by using a matrix mapping of the fitting
5000 photon counts were collected in the peak channel. All parameters in which the pre-exponentials are unique for each
experiments were performed using slits with a nominal band- decay curve while the lifetimes are mapped out to the same
pass of 4 nm or less. The sample and the scatterer werevalue for each decay. All data files are simultaneously
alternated after every 10% acquisition to ensure compensa-2nalyzed by the least squares data analysis method using the
tion for shape and timing drifts occurring during the period Marquardt algorithm (as described above) utilizing the map
of data collection. The data stored in a multichannel analyzer to substitute parameters appropriately while minimizing the
was routinely transferred to an IBM PC for analysis. globaly? The normalized globa}? values obtained were
Intensity decay curves so obtained were fitted as a sum ofin the range of 1.+1.7. The software used for the global

exponential terms: analysis was obtained from Photon Technology International
(London, Western Ontario, Canada).
F(t) = ZOLi expt/t,) (2) Circular Dichroism (CD) MeasurementsCD measure-

ments were carried out at room temperature {€% on a
whereaq, is a pre-exponential factor representing the frac- JASCO J-715 spectropolarimeter which was calibrated with
tional contribution to the time-resolved decay of the com- (+)-10-camphorsulfonic aci®@). The spectra were scanned
ponent with a lifetimer;. The decay parameters were in a quartz optical cell with a path length of 0.1 cm (for
recovered using a nonlinear least squares iterative fitting far-UV spectra) or 1 cm (for near-UV spectra). All spectra
procedure based on the Marquardt algorith®3)( The were recorded in 0.2 nm wavelength increment$it4d s
program also includes statistical and plotting subroutine response and a band width of 1 nm. For monitoring changes
packages84). The goodness of the fit of a given set of in secondary structure, spectra were scanned in the far-Uv
observed data and the chosen function was evaluated by theange from 205 to 250 nm at a scan rate of 50 nm/min. Each
reduced y? ratio, the weighted residuals8%), and the spectrum is the average of 5 scans with a full scale sensitivity
autocorrelation function of the weighted residud@$)( A of 50 mdeg. Tertiary structural changes were followed by
fit was considered acceptable when plots of the weighted scanning the spectra in the near-UV range from 260 to 315
residuals and the autocorrelation function showed randomnm at a scan rate of 100 nm/min. In this case, the full scale
deviation about zero with a minimur? value (generally sensitivity was set at 5 mdeg and each spectrum is the
not more than 1.5). Mean (average) lifetimes> for average of 20 scans. All spectra were corrected for
biexponential decays of fluorescence were calculated from background by subtraction of appropriate blanks and were
the decay times and pre-exponential factors using the smoothed making sure that the overall shape of the spectrum
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I aliguot of melittin solution in water was then added and
100 mixed properly to obtain the desired peptide to lipid ratio.
Release of CF caused by addition of melittin led to the
dilution of the dye into the medium and could therefore be
Ig monitored by an enhancement of fluorescence intenkity (

' This enhancement of fluorescence is a measure of the extent
! of vesicle permeabilization. Fluorescence was continuously
: monitored after the addition of melittin to the vesicles. The

i experiments were normalized relative to the total fluorescence
: intensity (1) corresponding to the complete release of CF
!

i

i

]

]

|

50— B after complete disruption of all the vesicles by addition of

Triton X-100 (2% v/v). CF release could not be detected
with vesicles alone (without any addition of melittin) in the
time scale of the experiment.

FLUORESCENCE INTENSITY
(ARBITRARY UNITS)

- ————
————

. : Since bee venom contains an endogenous phospholipase
8 |: A; (5), the purity of melittin used was checked by phospho-
ol' L ) lipase assay on vesicle samples containing radiolabeled
° 0 TIME (min) 20 %0 phospholipids 76). Although no phospholipase Activity
min

could be detected for shorter incubations, some activity was

Ficure 1: Release of entrapped CF induced by melittin in vesicles found upon prolonged incubation. This activity was found
of DOPC (), DOPC/DOPG {-+), and DOPC/DOPA (- - -)lg is N "

the background (self-quenched) intensity of CF encapsylated.in:Eo be.mtal{y mhlblttﬁd by t?e ad((j:iltlo_n ofb5fme E[?[TA'.
vesicles, whilelr represents the enhanced fluorescence intensity EXPENMENtS Were thus performed using burers containing

resulting from dilution of the dye in the medium caused by melitin ' 5 mM EDTA in order to avoid any possible artifacts caused

induced release of entrapped CFis the total fluorescence intensity by phospholipase contaminatioB)( After completion of

after complete permeabilization is achieved upon addition of Triton the fluorescence experiments, lipids were checked for

X-100. Lipid concentration was 0.43 mM, and melittin to lipid ratio : s ’ .

was 1:50 (mol/mol). See Experimental Procedures for other details. degradatlon by TLC on silica gel plates as descnbed. above
(see Experimental Procedures). Even after keeping the

) .. .. samples for a few days at room temperature, no lysoPC could
remains unaltered. Data are represented as molar ellipticitiesye getected.

and were calculated using the formula

Melittin-Induced Leakage of Vesicle Contents: Effect of
[0] = 6,,d(10CI) (4) Vesicle Charge

The effect of negatively charged lipids on the lytic power
length in cm, andC is the melittin concentration in mol/L. ~ ©f melittin is shown in Figure 1. This figure shows the

The concentration of melittin used for the CD measurements '€l€ase of CF entrapped in vesicles composed of DOPC, or

was 34.17uM. DOPC mixed with either DOPG or DOPA, induced by
Permeabilization of Lipid VesiclesThe ability of melittin ~ Melittin. Initially, a low background fluorescencés) is

to cause release of entrapped vesicle contents for zwitterionicoPServed in all cases since the high concentration (50 mM)

(DOPC) and negatively charged (40% DOPC/60% DOPG of CF used resulted in self-quenching of fluorescence. Upon

or 50% DOPC/50% DOPA) vesicles was checked by addition of melittin, the entrapped CF was released into the

monitoring the increase in fluorescence intensity of carboxy- Ruffer due to lysis induced by melittin. This led to the

fluorescein (CF), encapsulated in vesicles at high self-quenchdilution of the dye which gave rise to increased fluorescence
concentrations, upon addition of melitti®3). Lipids in (Ir). The extent of increase in fluorescence intensity is a

organic solvents were first dried under a stream of nitrogen Measure of the lytic power of melittin in a given membrane
followed by high vacuum. Lipid films thus obtained were environment. Relative lytic efficiencies were determined by
dispersed in a buffer containing 10 mM MOPS, 75 mM complete disruption of the vesicle membranes with Triton
NaCl, and 50 mM CF (pH 7.4) and sonicated in a Branson X-100 which corresponded to the total fluorescengg).(
model 250 sonifier. Liposomes were separated from non- As is evident from the figure, the lytic efficiency of melittin
encapsulated (free) CF by gel filtration on a Sephadex G-75 in different vesicles is clearly dependent on the composition
column using an elution buffer of 10 mM MOPS, 150 mM of the membrane. Thus, while there is about 80% lysis in

NaCl and 5 mM EDTA (pH 7.4), and lipid concentrations POPC vesicles, it is reduced to 230% in vesicles
were estimated by complexation with ammonium ferrothio- containing DOPG or DOPA at the same lipid/peptide ratio

cyanate 94). Fluorescence was measured at room tempara-(S€€ Figure 1). This is in agreement with previous studies
ture (25°C) with a Hitachi F-4010 spectrofluorometer using N Which it was shown that the presence of negatively charged
1 cm path length quartz cuvettes. The excitation wavelength IPids inhibits membrane lysis induced by melitt®&-71).

was 490 nm and emission was set at 520 nm. Excitation
and emission slits with a nominal band-pass of 3 nm were
used. The high concentration (50 mM) of the entrapped CF  The fluorescence emission maximum of melittin in dif-
led to self-quenching of its fluorescence resulting in low ferent environments is shown in Table 1. The emission
fluorescence intensity of the vesiclds,(see Figure 1). An maximum undergoes a blue shift of 120 nm when

where6qs is the observed ellipticity in mded,is the path

Fluorescence of Membrane-Bound Melittin
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Table 1: Fluorescence Emission Characteristics of Melittin in
Different Environments

—~ 3404 emission REES

€ medium composition maximun® (nm)  (nm)

[ -4

~ membrane

§ zwitterionic DOPC 336 5

s anionic DOPC/DOPG 334 3

= anionic DOPC/DOPA 335 2

g buffer® 10 mM MOPS 353 -

= 150 mM NacCl

g L 5mMEDTA,pH 7.0

»n a Excitation wavelength 280 nmi.The concentration of melittin in

g % buffer was 8.53:M. All other conditions are as in Figure 2.

w

3347 o ~ o result would directly imply that this region of the membrane

offers considerable restriction to the reorientational motion

205 T ¥ of the solvent dipoles around the excited state tryptophan.
8 295 slo This is in agreement with our previous observations that the
EXCITATION WAVELENGTH (nm) NBD group of NBD-PE, which is located at a similar position

Ficure 2: Effect of changing excitation wavelength on the in DOPC bilayer {2, 95), and the interfacial tryptophans of

wavelength of maximum emission for melittin in vesicles of DOPC  the membrane-bound gramicidin channel, also experience a
(@), DOPC/DOPG M), and DOPC/DOPA 4). Melittin to lipid similar restriction to mobility from the surrounding mem-

ratio was 1:50 (mol/mol). See Experimental Procedures for other prane environment5g, 57). The interfacial region of the
details. membrane is characterized by unique motio88H99) and
. . . . dielectric (00 properties different from the bulk aqueous
incorporated into membranes due to a decrease in polarityypase and the more isotropic hydrocarbon-like deeper regions
of the surrounding matrix. The emission maximum of ¢we membranedf). This specific region of the membrane
melittin incorporated into DOPC vesicles is around 336 nm, g 4155 known to participate in intermolecular charge interac-
as has been reported previous¥). There is a further blue  yions (101) and hydrogen bonding through the polar head
Sh'ﬁ of1-2 nm'vv_hen melittin is bound to negatlvely charggd group (02 103. These structural features which slow down
vesm;les containing DOPG or DOPA, in agreement With the rate of solvent reorientation have been recognized as
previous reports3l, 34, 67). typical environmental features which give rise to appreciable
red edge effectslQ4).

The most striking feature of the above results is that the

The shifts in the maxima of fluorescence emissioithe ~ Magnitude of REES is different for melittin bound to
tryptophan residue of melittin in vesicles composed of membranes composed of lipids of different head group
DOPC, DOPC/DOPG, and DOPC/DOPA as a function of charges. Thus, while a REES of 5 nm is observed in
excitation wavelength are shown in Figure 2. As the Membranes made of zwitterionic lipids (DOPC), the corre-
excitation wavelength is changed from 280 to 310 nm, the SPonding value in membranes containing anionic lipids
emission maxima are shifted from 336 to 341 nm in case of (DOPG or DOPA) is 2-3 nm, depending on the lipid type.
vesicles containing only DOPC, from 334 to 337 nm for This observation is significant since it shows that wavelength-
DOPC/DOPG vesicles, and from 335 to 337 nm for vesicles Selective fluorescence in general, and REES in particular, is
containing DOPC/DOPA. These correspond to REES of 5 sensitive to lipid-protein interactions involving electrostatic
nm for DOPC vesicles and to REES of 3 and 2 nm for forces. Since electrostatic interactions play a very crucial
vesicles containing DOPG and DOPA, respectively (see role in lipid—protein interactions in many cases (see Discus-
Table 1). Itis possible that there could be further red shift Sion), this should offer a novel way to monitor such
when melittin is excited beyond 310 nm. We found it !Ntéractions.
difficult to work in this wavelength range because of very
low signal to noise ratio and artifacts due to the Raman peak
that remained even after background subtraction. Such shifts |n addition to the shift in emission maximum on red edge
in the wavelength of emission maxima with change in the excitation, fluorescence polarization is also known to be
excitation wavelength are characteristic of the red edge effectdependent on excitation wavelength in motionally restricted
and indicate that the tryptophan is localized in a motionally media @6 and references therein). The excitation polariza-
restricted environment in these cases. Since the averageion spectra i(e., a plot of steady state polarizatiors
location of the tryptophan residue in membrane-bound excitation wavelength) of melittin in different model mem-
melittin is at the membrane interface (see Results), such abranes and in buffer, are shown in Figure 3. The polarization

of melittin in buffer remains essentially invariant over the

2We have used the term “maximum of fluorescence emission” in a '@Ng€ of excitation wavelengths. On the other hand,
somewhat wider sense here. In every case, we have monitored thePolarizations in membranes change upon altering the excita-
wavelength corresponding to maximum fluorescence intensity, as well tion wavelength, with a sharp increase toward the red edge

as the center of mass of the fluorescence emission. In most cases, botfbf the absorption band. Such an increase in polarization upon
these methods yielded the same wavelength. In cases where minor )

discrepancies were found, the center of mass of emission has beerf®€d €dge excitation for peptides and proteins containing
reported as the fluorescence maximum. tryptophans as well as other aromatic fluorophores, especially

Red Edge Excitation Shift of Membrane-Bound Melittin

Polarization Changes with Excitation Welength
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Table 2: Lifetimes of Membrane-Bound Melittin as Functions of
0501 Excitation Wavelength
z excitation
(e} wavelength (nm) o 71 (nS) o 72 (NS)
7 (a) DOPC
N 294 0.91 (0.99) 0.54 (0.54) 0.09 (0.09) 3.86 (3.93)
« 296 0.95(0.91) 0.29 (0.54) 0.05(0.09) 3.62 (3.93)
3 305 0.94(0.95) 0.51(0.54) 0.06 (0.05) 3.42 (3.93)
g 313 0.96 (0.98) 0.54(0.54) 0.04(0.02) 2.79 (3.93)
W 316 0.96 (0.98) 0.52(0.54) 0.04(0.02) 2.66 (3.93)
2 (b) DOPC/DOPG
W 294 0.88 (0.90) 0.60 (0.54) 0.12(0.10) 3.36 (3.40)
& 296 0.89(0.91) 0.54(0.54) 0.11(0.09) 3.11 (3.40)
w 305 0.85(0.92) 0.45(0.54) 0.15(0.08) 2.50 (3.40)
o 313 0.97 (0.98) 0.51(0.54) 0.03(0.02) 2.60 (3.40)
3 316 0.96 (0.98) 0.54(0.54) 0.04(0.02) 2.70 (3.40)
w (c) DOPC/DOPA
294 0.91(0.91) 0.54(0.54) 0.09 (0.09) 3.42 (3.42)
296 0.90 (0.91) 0.60(0.54) 0.10(0.09) 3.30 (3.42)
0 Py o 3 305 0.90 (0.94) 0.40 (0.54) 0.10(0.06) 2.45 (3.42)
313 0.95(0.98) 0.52(0.54) 0.05(0.02) 2.42 (3.42)
EXCITATION WAVELENGTH (nm) 316 0.94(0.98) 0.54(0.54) 0.06 (0.02) 2.29 (3.42)
FiGURE 3: Fluorescence polarization of melittin as a function of ~ ®Emission wavelength 350 nfiNumbers in parentheses are the
excitation wavelength in buffer) and vesicles of DOPCEY), results of global analysis.

DOPC/DOPG M), and DOPC/DOPAA4). Polarization values were

recorded at 334 nm. Melittin to lipid ratio was 1:50 (mol/mol) in Vil . hich i d h ibut
different vesicles. The concentration of melittin in buffer was 8.53 Nantly“La transition, which in turn reduces the contribution

uM. See Experimental Procedures for other details. to depolarization because Hf, — L, equilibration.

The photoselection of thé_, state toward the red edge
could also account for the rather sharp change in the emission
maximum with excitation wavelength for membrane-bound
melittin, as is apparent from Figure 2. The excited state

in media of reduced mobility has been reported befé& (
57). This reinforces our previous conclusion that the

trypttppihgn re_S|dueh|n rEe“tt'g ,ES Iocalléed in a motionally interactions with the solvent dipoles will be stronger for the
restricted region when bound {0 membranes. 1L, state because of its higher dipole moment. This would

Itis known that tryptophan has two overlapping-S S, enhance the extent of red shift in the emission maximum at
electronic transitionstl(, and*L) which are almost perpen- higher excitation wavelengths.

dicular to each otherl05-108. Both § — L,and $ —
1Ly transitions occur in the 266800 nm range. In nonpolar
solvents L, has higher energy thah,. However, in polar
solvents, the energy level 8k, is lowered, making it the The origin of the red edge effect lies in differential extents
lowest energy state. This inversion is believed to occur of solvent reorientation around the excited state fluorophore,
becauséll , transition has higher dipole moment (as it is with each excitation wavelength selectively exciting a
directed through the ring -NH group), and can have dipole different average population of fluorophore$6). Since
dipole interactions with polar solvent molecules. Whether fluorescence lifetime serves as a faithful indicator for the
1 ,or Ly is the lowest $state, equilibration between these local environment of a fluorophore and is known to be
two states is believed to be very fast (of the order of'40  sensitive to excited state interactions, differential extents of
s), so that only emission from the lowey Sate is observed  solvent relaxation around a given fluorophore could be
(109. In a motionally restricted polar environment, absorp- expected to give rise to differences in its lifetime. Table 2
tion at the red edge photoselects the lowest energls shows the lifetimes of the tryptophan residue of melittin
in this case), and thus the polarization is high since only bound to different membrane types as a function of excitation
depolarization due to small angular differences between thewavelength, keeping the emission wavelength fixed at 350
absorption and emission transition moments and solventnm. As can be seen from the table, when melittin in DOPC
reorientation, if any, occurs. Excitation at the shorter vesicles is excited at 294 nm, the decay fits a biexponential
wavelengths, however, populates béth, and 'L, states. function, with the major component (pre-exponential factor
Equilibration between these two states produces a depolar0.91) having a very short lifetime of 0.54 ns, and the minor
ization due to the approximately 9@&ngular difference  component (pre-exponential factor 0.09) having a relatively
between'L, andL, moments. Thus, near 290 nm, there is longer lifetime of 3.86 ns. A typical decay profile with its

a sharp dip in polarization due to maximal absorption by biexponential fitting and the various statistical parameters
thelL, state. Figure 3 shows such a characteristic dip aroundused to check the goodness of the fit are shown in Figure 4.
290 nm in the excitation polarization spectrum of melittin When the excitation wavelength was gradually shifted
in all cases (however, the dip is larger for DOPC). Thus, from 294 to 316 nm,i.e., toward the red edge of the
the sharp increase in polarization toward the red edge of theabsorption band, keeping the emission wavelength constant
absorption band is probably because the extent of depolar-at 350 nm (see Table 2), it was found that the individual
ization in melittin is reduced at the red edge not only due to lifetimes did not change significantly. Interestingly, the pre-
decreased rotational rate of the fluorophore in the solvent exponential factor for the short lifetime component shows a
relaxed state, but also due to photoselection of the predomi-general increase with increasing excitation wavelength with

Time-Resaled Fluorescence of Membrane-Bound Melittin
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1.0 Table 3 shows the lifetimes of tryptophan residue of
membrane-bound melittin as a function of emission wave-
length, keeping the excitation wavelength constant at 296
0.8t nm. All decays corresponding to different emission wave-
lengths could be fitted to biexponential functions. Global
analysis of this set of fluorescence decays was performed

°.8f as mentioned above (assuming all decays to be biexponential
ARB with fixed lifetime components and varying pre-exponential
INT factors) and the results are shown in parentheses in Table 3.
0-4r i The tryptophan residues exhibit two lifetimes at all the
; emission wavelengths studied, the major component (pre-
0.2l | exponential factor-0.9) having a lifetime of 0.291.15 ns,
| and the minor component (pre-exponential facted.l)
having a lifetime of 3.045.75 ns. As the emission
0.0} wavelength is gradually shifted from 330 to 380 nm, the pre-
0.0 00 E 300 0 exponential factor corresponding to the short lifetime shows
o5 ‘ NANOSECONDS an overall decrease (accompanied by a simultaneous increase

in the pre-exponential factor corresponding to the long
lifetime) while the short lifetime component shows an overall
s ' i increase.

+ 1.0 ! The mean lifetimes, calculated using eq 3, are plotted as
@ a function of emission wavelength in Figure 6 for both

ACORR [Ny o discrete and global analysis. As shown in this figure, there
- 1.0 is a steady increase in the mean lifetime with increasing
FiGUrRe 4: Time-resolved fluorescence intensity decay of melittin  €Mmission wavelength from 330 to 380 nm which is inde-

in SUVs of DOPC/DOPA. Excitation was at 296 nm, which pendent of the method of analysis (discrete or global). Such
corresponds to a peak in the spectral output of the nitrogen lamp. observation has been reported previously for fluorophores

t'imilsSiO” wes m?ﬂitor"idt.&“ |378 o Thek5ha{ﬁ peali(t Q”tﬁhe d'eft ISin environments of restricted mobilityt€) as well as for
e lamp profile. The relatively broad peak on the right is the decay - : .

profile, fitted to a biexponential function. The two lower plots show membrane-bpund melittin3(). Interestingly, !n furthe'?
the weighted residuals and the autocorrelation function of the agreement with the above results, the percent increase in the

weighted residuals. Melittin to lipid ratio was 1:50 (mol/mol). See mean lifetime with increasing emission wavelength from 330
Experimental Procedures for other details. to 380 nm is more for zwitterionic membranes than for
anionic membranes.

IR

RESID

a concomitant reduction in the relatively long lifetime

component. In order to confirm the above interpretation, Polarization Changes with Emission \Wdength: A

the same set of fluorescence decays was subjected to globaNovel Way To Monitor Motionally Restricted

analysis. The decays were all assumed to be biexponentiaEnvironment

(on the basis of the results from discrete analysis), with . o ) ) )
lifetime components that were assumed to be linked among Fluorophores with longer lifetimes which emit at higher
the data files and whose relative contributions (pre- wavele_ngths _should have more tlme to r(_)tate in the excited
exponential factors) were allowed to vary. The results of State giving rise to lower polarization. Figure 7 shows the
the global analysis are shown in parentheses in Table 2 and/ariation in steady state polarization of tryptophan residue
are found to be consistent with the above interpretation. of melittin bound to vesicles and in buffer, as a function of

Th f lifeti fth h id wavelength across its emission spectrum. As seen from the
e mean fluorescence lifetimes of the tryptophan resi U€figure, while polarization values do not show any significant

of membrane-bound melittin were calculated using eq 3 and, 5 iation over the entire emission range in buffer, there is a
are plotted as a function of excitation wavelength in Figure .,nqiqerable decrease in polarization with increasing emis-
5 for both discrete and global analysis (panels a and b). As gjon wavelength in case of membrane-bound melittin. The
shown in this figure, there is a steady decrease in the meang,yest polarization is observed toward the red edge where
lifetime with increasing excitation wavelength from 294 10 e relaxed emission predominates. Similar observations
316 nm, irrespective of the method of analysis (discrete or haye previously been reported for other membrane-bound
global). Such a marked shortening of lifetime at the red edge fiyorophores 46) as well as for melittin in reversed micelles
of the absorption band is indicative of slow solvent reorienta- (110.

tion around the excited state fluorophod®), The emission A more quantitative analysis of Figure 7 in terms of the

quelength was set a.t 3.50 nm in order to avoid scattering actual slopes of the plots brings out a novel point. The slopes
artifacts at longer excitation wavelengths. for melittin bound to membranes of different charge types
A careful examination of the data presented in Figure 5 as well as in buffer, were determined by linear regression
and Table 2 shows that the decrease in the mean lifetimeanalysis of the plots (= 0.98-0.99) and are shown in Table
with red edge excitation is more for DOPC membranes 4. As is evident from the table, the slope in case of melittin
(53%) than for membranes containing DOPC/DOPG (49%) bound to zwitterionic DOPC is much greater than when
or DOPC/DOPA (45%). It should be noted that these results bound to membranes containing negatively charged lipids
are in agreement with the results from REES studies (DOPC/DOPG or DOPC/DOPA membranes). This clearly
mentioned above (Table 1). shows that such variation in slopes can reflect relative
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Ficure 5: Mean fluorescence lifetime of membrane-bound melittin as a function of excitation wavelEng#sion wavelength was kept
constant at 350 nm. Mean lifetimes were calculated from Table 2 using eq 3. The fluorescence lifetimes were analyzed using (a) the
discrete analysis for vesicles of DOP@)( DOPC/DOPG M), and DOPC/DOPA £) and (b) global analysis for vesicles of DOPC)(
DOPC/DOPG [0), and DOPC/DOPA ). Melittin to lipid ratio was 1:50 (mol/mol). See Experimental Procedures for other details.

Table 3: Lifetimes of Membrane-Bound Melittin as Functions of Near- and Far-UV CD Spectra of Membrane-Bound

Emission Wavelength Melittin
emission The far- and near-UV CD spectra of monomeric melittin
wavelength (nm) ~ ou 71 (ns) 02 72(ns) in buffer and bound to vesicles of DOPC and DOPC/DOPG
7())a) DOPC are shown in Figure 8. Figure 8a shows the far-UV (205
330 0.98 (0.97) 0.65(0.48) 0.02(0.03) 4.94(3.79) 250 nm) CD spectra of melittin and is indicative of the
334 0.96(0.96) 0.54(0.48) 0.04(0.04) 4.20(3.79) secondezr strugture of melittin under various conditions
340 0.94 (0.95) 0.60 (0.48) 0.06 (0.05) 3.83(3.79) ; y o . :
350 0.95(0.92) 0.29(0.48) 0.05(0.08) 3.62(3.79) While aqueous melittin shows e_s_sennally random s_econdary
360 0.89(0.91) 0.61(0.48) 0.11(0.09) 3.88(3.79) structure, the spectra of melittin bound to vesicles are
370 0.85(0.87) 0.80(0.48) 0.15(0.13) 4.51(3.79) characteristics of peptides in helical conformation. The
380 0.82(0.83) 0.87(0.48) 0.18(0.17) 4.60(3.79) spectra of melittin bound to zwitterionic DOPC or to
430 0.08 ((()bge?ozcég%js%) 0.02(0.04) 5.39 (3.40) membranes containing negative charge (such as DOPC/
334 0.96 (0.95) 0.60(0.59) 0.04(0.05) 3.98(3.40) DOPG vesicles) are similar indicating that there is no
340 0.92(0.93) 0.60(0.59) 0.08(0.07) 3.32(3.40) Significant change in secondary structure in these two cases.
350 0.89(0.90) 0.54(0.59) 0.11(0.10) 3.11(3.40) In contrast to the far-UV CD spectrum which provides
ggg 8-231 gg-ggg 2'3411 Eg-ggg 8-12 ggiég g-g‘l‘r g-igg information about secondary structure, information regarding
380 0.82(0.82) 1.11(059) 0.18(0.18) 4.08 (3.40) the tertiary structure can be obtalne_d _from the near-UV CD
(¢) DOPC/DOPA spectrum. Furthermore, since melittin _has qnly one tryp-
330 0.99 (0.97) 0.54(0.60) 0.01(0.03) 5.75 (3.47) tophan residue and hgs no other aromatic amino acid r§5|due
334 0.96 (0.95) 0.60(0.60) 0.04 (0.05) 3.68(3.47) (Which could absorb in the near-UV range), the CD signal
340 0.92 (0.94) 0.53(0.60) 0.08 (0.06) 3.06(3.47) in the near-UV region is dominated by the sole tryptophan
350 0.90(0.91) 0.60(0.60) 0.10(0.09) 3.30(3.47) and any difference in near-UV CD spectra can be correlated
360 0.87(0.89) 0.60(0.60) 0.13(0.11) 321 (3.47) 4 pe difference in tryptophan environments experienced in
370 0.85(0.86) 1.01(0.60) 0.15(0.14) 3.99(3.47) - : : .
380 0.84(0.85) 1.15(0.60) 0.16 (0.15) 4.12(3.47) different membranes. The changes in tertiary structure (with

P> - respect to tryptophan) of melittin bound to DOPC and DOPC/
resuﬁéﬁ'}? g?;bga;r?;?;g? 296 nnf.Numbers in parentheses are the DOPG vesicles were thus analyzed by near-UV 2805
nm) CD spectra (see Figure 8b). The near-UV CD spectrum
of membrane-bound melittin has a characteristic appearance
difference in restriction experienced by the fluorophore in depending on the type of vesicle used. Melittin in DOPC
its local environment. Thus, the slope for melittin bound to Vesicles shows a band of positive ellipticity around 290 nm.
DOPC vesicles, where a REES of 5 nm is observed (Table " CF’””SSI to tg'?' a bal_r][? of pgsoltgce/g”olp;gty ar_olund 2\/\7, 0
1), is greater than the slope obtained for melittin incorporated nm IS observed Tor meltn in vesicles. ve
in either DOPC/DOPG or DOPC/DOPA vesicles, for which 21foute the 270 nm band to the, band and the 290 nm

. ) band to the k. band of tryptophanl(11). It is worth recalling
a REES of 2-3 nm is observed (see Table 4). This is further here that it is the energy of the band that is very sensitive

supported by the low value of the slope obtained for melittin ;1 the environment due to the large change in dipole moment
in buffer which is much lower than what is obtained in any upon excitation 105). Thus, while the L transition is

of the membrane systems. It is noteworthy that monomeric predominant for melittin bound to DOPC vesicles, it is the
melittin in buffer does not exhibit any REES (Table 1). L, transition that is more intense in vesicles containing
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MEAN FLUORESCENCE LIFETIME (ns)
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EMISSION WAVELENGTH (nm)

Ficure 6: Mean fluorescence lifetime of membrane-bound melittin as a function of emission wavelength. Excitation wavelength was kept
3 using eq 3. The fluorescence lifetimes were analyzed using (a) the

constant at 296 nm. Mean lifetimes were calculated from Table

discrete analysis for vesicles of DOP@)( DOPC/DOPG M), and DOPC/DOPA £) and (b) global analysis for vesicles of DOPC)(
DOPC/DOPG [@), and DOPC/DOPA4). Melittin to lipid ratio was 1:50 (mol/mol). See Experimental Procedures for other details.
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Ficure 7: Fluorescence polarization of melittin as a function of
emission wavelength in buffel®) and vesicles of DOPCH),
DOPC/DOPG M), and DOPC/DOPA A). The excitation wave-
length was 280 nm. Melittin to lipid ratio was 1:50 (mol/mol) in
different vesicles. The concentration of melittin in buffer was 8.53
uM. See Experimental Procedures for other details.

negatively charged lipids,e., in the DOPC/DOPG vesicle
system. Melittin bound to DOPC/DOPA vesicles also
exhibits intense L transition (data not shown). It is
interesting to note here that this result is in agreement with
our results of fluorescence polarization with increasing

Table 4: Fluorescence Polarization of Melittin in Different
Environment3$

slope ofP
vsemissiofl
polarization wavelength
medium composition (P) (x10 (nm™)  re
membrane
zwitterionic DOPC 0.122 7.77 0.99
anionic DOPC/DOPG 0.138 5.73 0.98
anionic DOPC/DOPA 0.138 5.93 0.99
buffer 10 mM MOPS 0.037 2.97 0.98
150 mM NacCl
5mM EDTA,
pH 7.0

aSamples were excited at 280 nm and emission was collected at
334 nm.>PFrom Figure 7 by linear regression analysis.is the
correlation coefficient.

tryptophan experiences different environments when bound
to zwitterionic as opposed to negatively charged membranes.
This difference in environment could account for the
difference in activity of membrane-bound melittin in these
two cases (see Figure 1) since the sole tryptophan residue
has been shown to be crucial for the activity of the peptide
(39-42.

Tryptophan Depth in Membrane-Bound Melittin

Membrane penetration depth is an important parameter in
the study of membrane structure and organizatid2,(113).
Knowledge of the precise depth of a membrane embedded
group or molecule often helps define the conformation and
topology of membrane proteins and peptides. In addition,
properties such as polarity, fluidity, segmental motion, ability
to form hydrogen bonds, and the extent of solvent penetration

excitation wavelength (see above) where it was observed thatare known to vary in a depth dependent manner. In order

the characteristic dip in polarization around 290 nm (due to
maximal absorption by theylstate) was more for melittin

in DOPC vesicles (see Figure 3). It is thus clear from the
near-UV CD spectra of membrane-bound melittin that the

to gain a better understanding of melitimembrane inter-
actions, especially in terms of interaction of melittin with
membranes of different charge types, penetration depths of
the sole tryptophan residue of melittin in membranes were



Tryptophan Environment in Membrane-Bound Melittin Biochemistry, Vol. 36, No. 47, 199714301

700 4000
- (a) (b)
L)
o)
x
~ .~ 350 2000 : S
> T 2%
L g P
8 © o 3 m

Y

a e [} -
5 E g S
3 o e 4
ol ¥
@ = -35% -2000 ~ 3}
< <
o
3

-700 — 4000

WAVELENGTH ( nm)

Ficure 8: Far-UV (a) and near-UV (b) CD spectra of melittin in buffer- and in vesicles of DOPC~) and DOPC/DOPG (- - -). The
concentration of melittin was 34.1/M in all cases. Melittin to lipid ratio was 1:50 (mol/mol). See Experimental Procedures for other
details.

Table 5: Penetration Depth of the Tryptophan in Membrane-Bound DISCUSSION

Melittin by the Parallax Methotl Anionic phospholipids play a major role in lipiebrotein
membrane distance from the center interactions, and in membrane insertion and translocation of
type composition of the bilayerz: (A) proteins (21-126). Approximately 30% of the total phos-
zwitterionic DOPC 10.6 pholipids in eukaryotic cell membranes contain negatively
anionic DOPC/DOPG 10.9 charged head group&Z2. In the plasma membrane, these

a Depths were calculated from fluorescence quenchings obtained acidic phospholipids are localized predominantly in the inner
with samples containing 15 mol % of 5-PC and 12-PC and using eq 5. leaflet of the bilayer, imparting a negative charge to the
Samples were excited at 280 nm, and emission was collected at 334cytoplasmic surface of the cell. The classic example of this
nm. type of asymmetry is found in the red blood cell membranes

where the negatively charged phosphatidylserines are local
determined. Depth of the tryptophan residue in membrane-ized in the inner leaflet of the bilayed27). Membrane
bound melittin was calculated by the parallax methdd) (  proteins such as MARCKS, protein kinase C, and the Src
using the equation family of tyrosine protein kinases have been shown to have

clusters of basic amino acids that interact electrostatically

Ze = Loy + {[(—17C)In(F,/F,) — L,,J2L,}  (5)  with negatively charged phospholipidi2Q). These proteins

are cytosolic in nature, and reversibly associate with the
wherez = the depth of the fluorophore from the center of cytoplasmic face of the plasma membrane in order to initiate
the bilayer,L.; = the distance of the center of the bilayer cellular signaling events1fl, 122). The electrostatic
from the shallow quencher (5-PC in this cade) = the interaction between their basic patch and the negatively
difference in depth between the two quenchers,(the charged phospholipids contributes considerable membrane
transverse distance between the shallow and the deepinding energy to stabilize their interaction with membranes
quencher), an€ = the two-dimensional quencher concen- (128. Such charge-dependent membrane binding often leads
tration in the plane of the membrane (moleculéy/AHere to domain formation at the membrane interface triggered by
F./F; is the ratio ofFi/F, andFJ/F, in which F; andF; are lipid—protein interaction 49, 129.
fluorescence intensities in the presence of the shallow and In this paper, we have utilized the wavelength-selective
deep quencher, respectively, both at the same quenchefluorescence approach to monitor the modulation of the
concentrationC; F, is the fluorescence intensity in the tryptophan environment of membrane-bound melittin by
absence of any quencher. All the bilayer parameters usedlipids of different charge types. We observe a REES-682
were the same as described previou3i®)( The depths of  nm for the tryptophan of melittin when bound to negatively
penetration of the tryptophan residue for melittin bound to charged membranes, depending on the type and relative
zwitterionic (DOPC) and anionic (DOPC/DOPG) membranes amount of the anionic lipid used. On the other hand, in case
are shown in Table 5 and are found to be located at 10.6 of melittin bound to membranes composed of zwitterionic
and 10.9 A from the center of the bilayer, respectively. This lipids, we observe a REES of 5 nm, in agreement with our
is in agreement with tryptophan depth in membrane-bound previous results3g). This reduction in the magnitude of
melittin determined by fluorescence quenching using bro- REES in case of negatively charged membranes signifies
minated phospholipidsl(4). These depth values indicate relatively less restriction to solvent reorientation, and points
that the tryptophan residue is located at a shallow interfacial out that the wavelength-selective fluorescence approach is
region of the membrane as has been previously observedsensitive to such changes in lipigeptide interactions
with membrane embedded tryptophans of other membranebrought about by electrostatics. This is further supported
proteins and peptide$Q, 115-119. These include ma- by studies in which fluorescence polarization of melittin was
gainin 2, another cationic peptide isolated from frog skin monitored as a function of emission wavelength. Emission
that has antibacterial activitg 20). Further, the penetration  wavelength dependence of polarization shows characteristic
depths of the membrane-embedded tryptophan in membraneslifferences for membranes containing zwitterionic and
of different surface charges are not significantly different. negatively charged lipids (Table 4). To the best of our
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Ficure 9: Schematic representation of the membrane bilayer showing the orientation and location of.rfelittitypes of membranes

are shown: zwitterionic (upper panel) and anionic (lower panel) membranes. The shaded region represents the hydrophobic face of the
amphiphilic helix formed by membrane-bound melittin with the tryptophan residue (W) at the interface of the hydrophobic and the hydrophilic
regions of the amphiphilic helix. The tryptophan residue is localized at comparable depths in both cases (Table 5). The peptide orientation
is shown parallel to the membrane surfad®)(with the hydrophobic face directed toward the membrane intefidg)( The last few

residues (residues 226) that are not part of the heli145) are shown separately in the rectangle. The effective charge of the membrane-
bound peptide under similar conditions has been shown tb2after appropriate corrections are made for electrostatic efféd6. (This

is shown in the rectangle. The shaded open trianglesepresent interfacial (membrane associated) water molecules. The dotted line
indicates the center of the bilayer. See text for other details.

knowledge, this is the first report demonstrating that the melittin have been previously reported by various groups
slopes of fluorescence polarizatioa emission wavelength  (11-13), this is the first report describing the near-Uv CD
plots provide important information regarding differences in spectra of membrane-bound melittin. The near-UV CD
restriction of a fluorophore present in different environments spectra of melittin bound to zwitterionic and anionic
due to alteration of solvent reorientation dynamics. membranes showed major differences in band positions

Time-resolved fluorescence measurements of melittin thereby providing a strong evidence about the difference in
provide further insight into organization of melittin in  tryptophan environments which could be responsible for the
membranes. The mean fluorescence lifetime of monomeric modulation of lytic activity in these two cases.
melittin in aqueous buffer is~1.85 ns when emission is The location of the sole tryptophan in membrane-bound
collected at 330 nm corresponding to excitation at 296 nm melittin was previously investigated from fluorescence
(data not shown), in agreement with previous literature value quenching by water soluble quenchers such as acrylamide
(130. When incorporated into membranes of DOPC, the (30, 31), iodide, and nitrate ions3(@), as well as by
lifetime is reduced to 1.23 ns (Table 3 and Figure 6) along brominated 81) or spin-labeled 29) fatty acids. While
with a slight reduction in fluorescence intensity. This is quenching by aqueous quenchers provides an idea about the
surprising since the tryptophan lifetimes are generally shorter degree of accessibility from the aqueous solution, it cannot
in polar solvents due to fast deactivating procesd€d)( pinpoint the true location (depth) of the membrane-bound
However, the shortening of the lifetime could be due to steric fluorophore. On the other hand, there are several limitations
interaction between Trp-19 and Lys-23 which will be in close in using fatty acid probes as lipid analogues in quenching
proximity in a helical arrangemen8g). Since Lys-23 in  studies, as outlined in the following points: (i) spin-labeled
melittin has a . of 8.6 (132), it will be positively charged  fatty acids are not firmly held in one position in relation to
at physiological pH. Interestingly, only the protonated, the bilayer; instead, they appear to exhibit marked vertical
positively charged form of the amino group is believed to fluctuations as detected by electroslectron double-
be an efficient quencher of tryptophan fluorescen88) ( resonance studied35 136); (i) free fatty acids are not
which is seen as a reduction in fluorescence intensity andnormal membrane components, and when used in high
lifetime when melittin is incorporated into membranes from concentrations (as is often required in quenching studies),
aqueous solution. In more general terms, such interactionsthey may exert the Iytic effects of detergents; (iii) the
can be classified as catiom interactions which have  possibility of varying degrees of ionization of fatty acid
recently been shown to play an important role in biology probes should be taken into consideration. The degree of
(133 134. ionization varies with pH, and consequently, the location of

The far-UV CD spectra of melittin bound to zwitterionic these probes in the bilayer may be pH dependédti37);
(DOPC) and anionic (DOPC/DOPG) vesicles are similar (iv) fatty acids are much more water soluble than lipids, and
indicating no major change in the peptide backbone arrange-some of the labeled fatty acid will partition into the aqueous
ment. Although the far-UV CD spectra of membrane-bound phase. This partitioning depends on the attachment site of
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the spin-label group in the acyl chaid3g. Anomalous the membrane. It is this step that is inhibited by negatively
quenching of anthroyloxy probes has been attributed to this charged lipids because of stronger electrostatic interaction
type of complication 139); and (v) fatty acids have been leading to inhibition of lytic activity. This is significant in
shown to perturb structure and function of membrane proteinsthe context of high hemolytic activity of melittin. In the
(140 141). This is significant in this case since it has been red blood cell membrane, as mentioned above, the distribu-
shown that fatty acids affect lytic activity of melittiry Q). tion of lipids in the two leaflets is such that the zwitterionic
In the present study, we have used spin-labeled phospholipidgphospholipids such as phosphatidylcholine and sphingomy-
(rather than fatty acids) with the nitroxide group attached to elin are mostly present in the outer leaflet of the bilayer while
different positions of the fatty acyl chain. Further, we have the negatively charged phophatidylserine is present exclu-
used the parallax method for measurement of membranesively in the inner leafletl27). It is important to note here
penetration depth which allows direct determination of depth that for its natural hemolytic activity, melittin has to approach
in angstroms{2). Since melittin has only one tryptophan, the target membrane from the outside of the membrane, and
the interpretation of depth values thus obtained is devoid of thus the lipids it immediately interacts with are zwitterionic
complications that often arise for depth analysis of multit- in nature 88). Our results presented here on the environment
ryptophan proteinsl(l6). Our results show that there is no of the tryptophan, a residue shown to be crucial for hemolytic
appreciable difference in tryptophan depths for melittin activity (39—42), of membrane-bound melittin for mem-
bound to zwitterionic and anionic membranes. branes of different charge types, as monitored by the
The interaction of melittin with membranes of different wavelength-selective fluorescence approach, provide further
charge types has important functional consequence. Forinsight into molecular details of the process. More impor-
example, it has been shown by us (Figure 1) and other groupgantly, our results are relevant in the general context of
(69—71) that the presence of negatively charged lipids interaction of membrane-active, amphiphilic peptides such
inhibits membrane lysis induced by melittin and this inhibi- as magainins, cecropins, paradaxij &nd indolicidin (44)
tion increases with increasing charge density in the mem- with the membrane bilayer.
brane. The modulation of the lytic effect is believed to
originate from the electrostatic interaction between the ACKNOWLEDGMENT
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