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Abstract

Ž .The binding of a dansylated analogue of melittin DNC–melittin to natural membranes is described. The cytolytic
peptide from honey bee venom melittin was enzymatically labelled in its glutamine-25 with the fluorescent probe
monodansylcadaverine using guinea pig liver transglutaminase. The labelled peptide was characterised functionally in
cytolytic assays, and spectroscopically by circular dichroism and fluorescence. The behaviour of DNC–melittin was, in all
respects, indistinguishable from that of the naturally occurring peptide. We used resonance energy transfer to measure the
state of aggregation of melittin on the membrane plane in synthetic and natural lipid bilayers. When bound to erythrocyte
ghost membranes, the extent of energy transfer was found to be equivalent to when bound to small unilamellar vesicles of
phosphatidylcholine. Our results correlate best with a proposed model in which the initial interaction between melittin and
the red blood cells could be merely electrostatic and the peptide remains in a low a-helical conformation. The next step
would be a peptide stabilisation in the membrane in a monomeric a-helical conformation that would imply the collapse of
the membrane structure and liberation of the cell contents. q 1997 Elsevier Science B.V.
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1. Introduction

Studies on the interactions between membranes
and peptides are central to the knowledge of the
insertion process of membrane proteins, the binding
of hormones to membrane receptors and the action of
antibiotic peptides and toxins. The general principles
of the mechanism of interaction of surface-active
peptides with membranes are understood, but the
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details necessary for a quantitative structure-activity
and thermodynamic frameworks remain elusive.

One of the best studied surface-active peptides is
melittin, the predominant peptide isolate from honey

Ž .bee Apis mellifera venom. Melittin is a haemolytic
peptide consisting of 26 amino acid residues, with
strong amphipathic surface activity, and is known to
adopt various conformations and aggregation states in

w xdifferent aqueous solutions 1–4 . At high peptide
concentration or at high ionic strength, melittin self

w xassociates into a tetrameric structure 3,5,6 . The
relationship between the tetrameric self assembly of
melittin and its biological activity has been linked to
the necessity to prevent peptide’s hydrophobic
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residues from being exposed to the sugar charges
w xpresent in biological membranes 2 .

The interaction of melittin with membranes is of
particular interest because of the complex equilibrium
predicted for the distribution of the amphipathic pep-
tide between the aqueous phase, the membrane sur-
face, whether or not the presence of membrane pro-
teins affect the equilibrium and how a new melittin–
phospholipid complex is generated after disruption of
the membrane. In the presence of model membranes
melittin adopts an amphipathic a-helical conforma-

w xtion such as might occur at cell surfaces 7 . But
conflicting results have been reported on the state of
aggregation of the helices on the membrane plane,

w xthat would be the bioactive conformation 8–12 .
Studies using lipid vesicles and measuring fluores-
cence energy transfer between melittin as donor and a
modified melittin as acceptor, indicate that melittin in
membranes forms tetramers in a concentration and

w xionic strength-dependent manner 11,12 . In contrast,
other groups found no evidence for aggregation in

w xfluid membranes 8–10,13 . Although many addi-
tional questions can be raised concerning the dispar-
ity of the results such as membrane lipid composition
used, in our view, the main point is that most of such
studies deal with analogues where the lytic activity of
the melittin analogues was significantly or drastically
decreased or not checked.

The propensity of small-sized amphipathic pep-
tides to interact with membrane proteins has been
described. Thus, previous studies of the effect of
melittin on the rotational diffusion of the bacterio-
rhodopsin in reconstituted Mys PtdCho vesicles, and2

w xband 3 protein in erythrocyte membranes 14–16 ,
showed that the presence of melittin restricted protein
rotational diffusion. Such an effect could be due to

w xdirect peptide–protein interactions 14,16 , but also
via lipid properties changes.

Despite an extensive study of the interaction of
melittin with model membranes, quantitative binding
of melittin to biological membranes has only scarcely

w xbeen measured using radiolabelled peptide 17 . But
no data account for the structural state of melittin
after the cell lysis and contradictory conclusions can
be found in the literature about the ability of melittin

w xto solubilise membrane fragments 17–19 , although
such solubilisation of lipids can indeed occur with

w xpure lipids bilayers 20 .

In order to gain insight on the molecular mecha-
nism of peptide–cell membrane interaction, it is re-
quired to incorporate extrinsic spectroscopic probes
into the peptides. The binding steps can then be
monitored by following changes in the signal of the
probe. Environmentally sensitive extrinsic fluorescent
probes are particularly well suited for this purpose
because their excitation and emission wavelengths
can be chosen to minimise interference from back-
ground signals in the biological samples. However,
care must be taken to ensure that the modification
does not alter the biological activity of the labelled
peptide in order to confirm that the observations one
makes using the labelled peptide, are totally valid for
the behaviour of the native toxin acting on its cell
target.

We have reported the incorporation of the fluores-
Ž .cent probe monodansylcadaverine DNC into melit-

25 Ž .tin’s Gln analogue DNC–melittin when catalysed
w xby guinea-pig liver transglutaminase 21,22 . The

work presented here describes the structural charac-
terisation by means of fluorescence and circular

Ž .dichroism CD spectroscopies of DNC–melittin un-
der a variety of experimental conditions in order to
confirm that the labelled peptide retains the proper-
ties of the native sequence.

The DNC–melittin analog described here, displays
normal biological activity and provides qualitative
and quantitative information about the binding to
biological membranes, the role of the membrane
proteins, and how a new peptide–phospholipid com-
plex is stabilised when the cytolytic toxin acts on
their target cells.

2. Materials and methods

2.1. Materials

Ž .Melittin research grade and monodansylcadaver-
Ž .ine, N - 5-am inopentyl -5-dim ethylam ino-1-

Ž .naphthalene sulfonamide DNC were from Serva
Ž .Heidelberg, Germany . Guinea pig liver transglutam-

Žinase TGase; R-glutaminyl-peptide:amine g-gluta-
. Žmyltransferase, EC 2.3.2.12 was from Sigma St.

. Ž .Louis, MO . Egg phosphatidylcholine PtdCho , lyso-
Ž .palmitoylphosphatidylcholine LysoPtdCho , brain

Ž .phosphatidylserine PtdSer and dipalmitoylphospha-
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Ž . Žtidylcholine Pam PtdCho were from Sigma St2
.Louis, MO .

2.2. TGase-mediated labelling of melittin by mono-
dansylcadaÕerine

Melittin was labelled at its Gln25 using the stan-
w xdard procedure previously described 22 . Briefly,

Ž .melittin 400 mg was incubated at 378C for 18 h
with 5 mM TGase in 100 mM Mes–NaOH buffer
Ž .pH 6.5 containing 20 mM DTT, 40 mM CaCl and2

Ž .1.4 mM DNC final volume 100 ml . The reaction
w xwas stopped by heating at 608C for 5 min 23 .

Purification of DNC–melittin was carried out by
Ž .RP–HPLC on a Waters Milford, MA instrument

equipped with a mBondapak C column. A linear18

gradient of acetonitrile and water containing 0.1%
trifluoroacetic acid comprised the mobile phase. De-
tails of the purification have been described else-

w xwhere 21 .

2.3. Haemolytic assay

The haemolytic activities of the peptides were
determined by two different methods using human

Ž .red blood cells RBCs . The blood was collected in
EDTA-containing tubes, maintained at 48C, and used
either the same or the following day. In the first
method, the cells were washed three times with iso-

Žtonic sucrose-phosphate buffer 300 mM sucrose, 10
.mM sodium phosphate, pH 7.3 . Washed cells were

exposed to equal amounts of melittin or DNC–melit-
tin, and the extent of haemolysis was monitored as a
function of time by measuring the transmittance of
650 nm light through the erythrocyte suspensions as

w xdescribed by Weaver et al. 24 . In the second method,
the cells were washed three times with isotonic

ŽTris–buffer 20 mM Tris–HCl, 130 mM NaCl, 1 mM
.EDTA, pH 7.0 and resuspended in the same buffer.

Increasing amounts of melittin and DNC–melittin
were added from aliquots of concentrated stock solu-

Žtions to the erythrocytes suspension final concentra-
7 y1.tion 2.7=10 cells ml . Mixtures were incubated

for 3 h at 378C and centrifuged at 800=g for 10
min. Haemoglobin in the supernatant was estimated
spectrophotometrically at 414 nm. Isotonic Tris–
buffer and Triton X-100 1% controls were used to
determine 0% and 100% haemolysis, respectively,

using the same erythrocyte suspension described
above.

2.4. Phospholipid Õesicles

Unilamellar vesicles were prepared by sonication
w xof phospholipid dispersions as already described 2 .

Erythrocyte ghost membranes were prepared by the
w xmethod of Hanahan and Ekholm 25 and the lipid

content was calculated according to Sweeley and
w xDawson 26 .

2.5. Fluorescence and anisotropy

Peptide concentrations for melittin and DNC–
melittin solutions were determined by UV spec-
trophotometry using e s5570 My1 cmy1 for Trp280
w x y1 y127 and e s4640 M cm for the dansyl group330
w x28 . Steady-state fluorescence measurements were

Žcarried out at 238C on a Perkin–Elmer Beaconsfield,
.UK LS-5B spectrofluorimeter coupled to a Model

3700 data station using a 2.5 nm slit width. Unless
otherwise stated, the buffer was 50 mM Mops–NaOH,
1 mM EDTA, pH 7.0. DNC–melittin excited at 280
nm, yields an emission from 300 to 550 nm, due to
the single Trp19 amino acid and the fluorescence
emission of the attached dansyl group due to reso-

Ž .nance energy transfer RET . Fluorescence emission
spectra of the dansyl group was obtained by excita-
tion at 330 nm. The spectra were corrected by com-
parison to a quinine sulphate standard. Always the
possible weak fluorescence contribution due to the
buffer andror lipid solutions without peptides was
used as baseline in all the experiments and sub-
tracted. The wavelength shifts were estimated by
changes of the wavelength of the mid-point at two-
thirds the height of the spectral band. The relative
variation of the fluorescence intensity was expressed
by the ratio D Ir I where I is the intensity of the0 0

maximum fluorescence of the free peptides and D I is
the change in fluorescence intensity upon binding to
the phospholipid vesicles at the same wavelength.

Fluorescence excitation spectra were recorded from
250 to 400 nm with emission wavelength settled at
510 nm. The efficiency of energy transfer, E, was
determined from the excitation spectrum using the

w xenergy acceptor method 29 . This method was cho-
sen because it can be used even if the local environ-
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ment of the donor is different in the presence of an
acceptor. The transfer efficiency is given by

Es G l rG l ye l re lŽ . Ž . Ž . Ž .2 1 A 2 A 1

= e l re l 1Ž . Ž . Ž .A 1 D 2

Ž .were G l is the magnitude of the corrected excita-
tion spectrum of the energy acceptor excited at wave-
length l. The extinction coefficients of the energy

Ž .donor and acceptor at that wavelength are e l andD
Ž .e l , respectively. G is measured at two wave-A

lengths: At l , where the donor has no absorption1
Ž .i.e., 330 nm , and l , where the extinction coeffi-2

cient of the donor is large compared to that of the
Ž .acceptor i.e., 280 nm . For calculating the distances

between two sites by energy transfer, the Forster¨
energy transfer distance R , at which the efficiency0

of energy transfer between a donor–acceptor pair is
50%, has to be estimated. R can be calculated from0

Ž . w xEq. 2 29 ,
1r63 2 y4 ˚R s9.79=10 k n F J A 2Ž .Ž .Ž .0 D D A

where k 2 is an orientation factor, n is the refractive
index of the medium, F is the quantum yield of theD

donor in the absence of the acceptor, and J is theDA

spectral overlap integral, which is defined as in Eq.
Ž . w x3 29 ,

J s F l e l l4dlr F l dl cm3 My1Ž . Ž . Ž . Ž .H HDA D A D

3Ž .
Ž . Ž .where F l and e l are the donor fluorescenceD A

and acceptor extinction coefficient, respectively.
Simpson’s rule for integral approximation was used
for summation of the integral at 1 nm intervals. We

Ž . w xused F Trp,H 0 s0.13 30 , and the values re-2
w xported by Vogel and Jahnig 12 for the quantum¨

Žyield of Trp in melittin 0.23 in solution and 0.36 in
.phospholipid membranes and a value of 1.4 for the

w xrefractive index of the medium 31 . The distance
between donor and acceptor from the energy transfer

Ž .efficiency and R can be calculated from Eq. 4 .0

EsR6r R6 qR6 4Ž .Ž .0 0

Fluorescence anisotropy was measured in a Perkin
Elmer LS-50 spectrofluorimeter, with excitation and
emission slits of 3 and 5 nm, respectively. The
reported values of anisotropy, r, were the average of
a series of 10 to 20 acquisitions using an integration
time of 10 s.

2.6. Circular dichroism measurements

All measurements were carried out at 238C on a
Jobin Yvon CD6 circular dichroism spectropolarim-

Ž .eter CD-Longjumeau, France calibrated with isoan-
drosterone. Unless otherwise stated, the buffer for
CD assays was 2.5 mM Mops–NaOH, 1 mM EDTA,
21.5 mM NaCl, pH 7.0 in quartz cell of 0.05 cm path
length. CD spectra were the average of five to seven
scans, made at 0.2 nm intervals, always the same
buffer andror lipid solutions without peptides, used
as baseline, were subtracted. Fractional helicities were

ŽŽw x w x0 . w x100 .calculated as f s u y u r u , fromH 222 222 222

the experimentally observed mean residue elipticity
w x w xu at 222 nm. u values corresponding to 100%222

w x100and 0% helix content were respectively u s222
2 y1 w x0y28400 deg cm dmol and u sy2000 deg222

2 y1 w xcm dmol 24 .

3. Results

3.1. Characterisation of DNC–melittin in solution

When the dansyl group attached at Gln25 in la-
w xbelled melittin is selectively excited at 330 nm 22 ,

an emission maximum is observed at 563 nm due to
Ž .the fluorescence of the dansyl Fig. 1A . When

DNC–melittin is excited at 280 nm, two emission
maxima are observed corresponding to the tryptophan

Ž .fluorescence at short wavelengths l s352 nmmax

and the label fluorescence at longer wavelengths
Ž .l s563 nm . At low ionic strength in buffermax

w xwhere melittin is well known to be monomeric 1,3,4 ,
native melittin shows the same emission maximum at

Ž .352 nm Fig. 1A . However, the fluorescence inten-
sity of the tryptophan on the labelled peptide is
decreased compared to native melittin. This quench-
ing can be due to energy transfer from the Trp19

residue to the dansyl group.
It is well known that melittin can be induced into

an a-helical conformation by increasing solution ionic
strength, this conformational change is concomitant

w xwith a monomer-to-tetramer transition 1,3 . Te-
trameric melittin is characterised by a blue shifted
Trp emission at 334 nm, reflecting some shielding of
the tryptophan residues from the solvent. When ionic
strength is severely increased, the emission spectra of
DNC–melittin changes as shown in Fig. 1A, the
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Ž . Ž .Fig. 1. Fluorescence emission A and excitation B spectra of
melittin and DNC–melittin in buffer. The fluorescence spectra
were recorded at a peptide concentration of 7 mM. 1:1 mixture of

Ž . Žnative melittin and free DNC and DNC–melittin —
. Ž .— —— excitation wavelength 280 nm in A and observation

Ž . Ž .wavelength 510 nm in B ; DNC–melittin - - - excitation wave-
length 330 nm and DNC–melittin in the presence of 1 M NaCl
Ž . Ž .- - excitation wavelength 280 nm in A and obser-

Ž .vation wavelength 510 nm in B .

tryptophan fluorescence is quenched at the expense
of a concomitant increase in the fluorescence of the
dansyl label. In the aggregated form of DNC–melit-
tin, the tryptophan residues should be closer to the
dansyl group than in the monomer, and they con-
tribute to the fluorescence of the probe because of
energy transfer. To better define what is the process
involved, we analysed the excitation spectra of
DNC–melittin which are shown in Fig. 1B. When the
emission is settled at 510 nm the peak centred at 280
nm corresponds to the absorption of the Trp19. Its
intensity was lowest in the absence of NaCl, where
the peptide is monomeric. Increasing the NaCl con-

Ž .centration which induces tetramerisation leads to an
increase of the intensity at 280 nm until a maximum
is reached at salt concentration of about 1 M NaCl.
The excitation spectrum of an equimolar mixture of

Ž .free DNC and native melittin Fig. 1B shows a

minimal contribution at 280 nm due to the dansyl.
Moreover, this spectrum does not reveal any energy
transfer between unlabelled peptide and free DNC.

Ž .From the corrected energy transfer efficiency E , the
Ž .distance between the donor Trp and acceptor

Ž . Ž . Ždansyl can be determined using Eq. 4 cf. Section
.2 . This equation requires the calculation of J andDA

R . We obtained J s3.33=10y15 cm3 My1 and0 D A
˚R s20.1 A in salt free buffer and J s4.02=0 D A

y15 3 y1 ˚10 cm M and R s22.8 A in the presence of0

1 M NaCl. These R values are within the ranges of0
w xthose reported in the literature 30 . Using these
Ž . 19values, the intramolecular distance R between Trp

and the dansyl group at Gln25 was estimated to be
˚ ˚19.3 A for monomeric DNC–melittin and 15.8 A for

the structured aggregate.
As mentioned above excitation at 330 nm allows

to monitor the fluorescence emission of dansyl in
DNC–melittin. The fluorescence parameters of the
probe change with peptide self-association; the maxi-
mum of emission moves to 545 nm at high salt

Ž .concentration 1 M NaCl from its position at 563 nm
in salt free buffer which indicates that the dansyl
group of DNC–melittin is in a less polar environ-
ment. In contrast to DNC–melittin, the emission
maximum of free DNC was insensitive to the pres-

Ž .ence of salt Fig. 2A .
The anisotropy of the tryptophan fluorescence is

also a valuable tool to follow the self association of
w xmelittin in solution 32 . We determined the steady-

state anisotropies of both, tryptophan and dansyl in
DNC–melittin. In salt free buffer, the anisotropy

Žvalue for tryptophan in DNC–melittin rs0.027"
.0.001 was slightly higher than for the native peptide

Ž .rs0.021"0.003 . For the two peptides, the trypto-
phan anisotropy increases in a similar extent when
the NaCl concentration was increased as a conse-

Ž .quence of peptide self-association Fig. 2B . The
anisotropy of the dansyl label in the modified peptide
also increases upon salt addition up to a plateau value
for NaCl)1 M. As an internal control free DNC
anisotropy proved to be insensitive to changes in salt

Ž .concentration Fig. 2B .
The a-helical content of DNC–melittin and melit-

tin was estimated by CD spectroscopy. As shown in
Ž .Fig. 2C the fractional helix content f increases inH

a very similar way for both peptides upon titration
with NaCl.



( )E. Perez-Paya et al.rBiochimica et Biophysica Acta 1329 1997 223–236´ ´228

Table 1 summarises some characteristic parameters
obtained for melittin and DNC–melittin in buffer, 1
M NaCl and methanol. All the above presented data
show that the dansyl probe linked to melittin does not
alter the salt-induced self association of the peptide,
nor the solvent polarity effect. In fact, the relative
changes observed in the position of the fluorescence

Žemission maximum, the increases in anisotropy for
19 .Trp and dansyl group and in molar elipticity occur

at rather similar NaCl concentration, the half reaction
concentration being weaker for DNC–melittin, i.e.,
DNC has a weak promoting effect towards oligomer-
ization.

Fig. 2. Conformational behaviour of melittin and DNC–melittin
Ž .at different ionic strengths. A Fluorescence emission maximum

Ž .wavelength of the dansyl group upon excitation at 330 nm. B
Fluorescence anisotropy with the excitation and emission
monochromatorators settle at 280 and 340 nm, for Trp19 and 330
and 510 nm for the dansyl group, respectively. The fluorescence

Ž .data were acquired at a peptide concentration of 7 mM. I free
Ž . Ž . 19DNC; D dansyl group in DNC–melittin; v Trp of melittin

Ž . Ž . Ž .or ` DNC–melittin. C Fractional ellipticities f calculatedH
Ž .as described in Section 2 for melittin l and DNC–melittin

Ž .e . Peptide concentration 30 mM.

Table 1
Structural parameters of melittin and DNC–melittin in solution a

Buffer NaCl 1 M Methanol

Melittin

f 0.07 0.46 0.72H
19Ž . Ž .l Trp nm 352 345 342max

r 0.021 0.039 ndTrp

DNC–melittin

f 0.13 0.53 0.78H
19Ž . Ž .l Trp nm 352 350 342max

Ž . Ž .l dansyl nm 563 545 538max

r 0.027 0.053 ndTrp

r 0.045 0.072 nddansyl
Ž .E % 55 90 72

˚Ž .R A 20.1 22.8 23.60

˚Ž .R A 19.3 15.8 20.2

free DNC

Ž . Ž .l dansyl nm 577 577 538max

r 0.018 0.028 nddansyl

a f : fractional helicities, l : fluorescence emission maximum;H max
Ž .r: fluorescence anisotropy; E % : energy transfer efficiency; R :0

Forster energy transfer distance; R: distance between donor and¨
acceptor.
nd: not determined.

3.2. Binding of DNC–melittin to lipids

In order to evaluate the binding affinity of melittin
and DNC–melittin to phospholipid vesicles, CD and
fluorescence spectroscopy were used in combination.
Fig. 3 shows the conformational changes of the bind-
ing of DNC–melittin to PtdCho small unilamellar

Ž .vesicles SUVs . Upon binding to lipids, its helical
structure increases up to plateau values at R )100.i

Like melittin itself, DNC–melittin showed a high fH

value which suggests that in the vesicle-bound state
the peptides have similar helical conformation. Thus,
the ability to be induced in an a-helical conformation
is an intrinsic property dictated by the peptide se-
quence and it is not modified by the presence of the
attached dansyl group.

The fluorescence of the Trp and dansyl groups in
DNC–melittin is also sensitive to vesicles binding.
Fig. 3B–C show that the maximum emission is al-
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ways blue-shifted, by 30 nm for the attached-dansyl
group and about 17 nm for Trp. The binding curves
are very similar and monophasic which excludes a
simple partition process to take place and they reach
a plateau at the same phospholipid–peptide ratios
Ž w x w x.R s phospholipid r peptide . As a control, thei

binding of free DNC to PtdCho vesicles was also
Ž .studied Fig. 3B , but in this case the soft binding

curve obtained represents a simple partition process
of DNC between the aqueous and lipid phases with a
partition coefficient K s2600.p

Melittin strongly binds to lysoPtdCho micelles and
to negatively charged phospholipid membranes
w x20,32 . Fig. 4A shows the shifts in the maximum of

Fig. 3. Conformational behaviour of melittin and DNC–melittin
Ž . Ž .in the presence of PtdCho SUVs. A fractional ellipticities fH

Ž .calculated as described in Section 2 for melittin l and DNC–
Ž . Ž .melittin e . B Fluorescence emission maximum wavelength of

the dansyl group upon excitation at 330 nm in DNC–melittin
Ž . Ž . Ž .^ and in free DNC I . C Fluorescence emission maximum

19 Ž .wavelength of Trp upon excitation at 280 nm in melittin v

Ž .and DNC–melittin ` . The peptide concentration was 30 mM in
the CD experiments and 7 mM in the fluorescence experiments.
R is the molar phospholipid–peptide ratio.i

Fig. 4. Binding affinity curves of melittin and DNC–melittin to
Ž . Ž .lysoPtdCho micelles solid line and PtdSer SUVs dashed line .

Ž . 19A Fluorescence emission maximum wavelength of Trp upon
Ž . Ž . Ž .excitation at 280 nm in melittin v and DNC–melittin ` . B

Fluorescence emission maximum wavelength of the dansyl group
Ž .upon excitation at 330 nm in DNC–melittin ^ and in free

Ž .DNC I .

Trp fluorescence emission of native and labelled
melittin upon interaction with lysoPtdCho micelles
and PtdSer SUVs. At saturation, for R ratios higheri

Ž .than 20, we obtained l s335 nm Dls17 nmmax
Žwith the micelles same value that we obtained when

. Žbinding to PtdCho vesicles and l s331 nm Dlmax
.s21 nm with the negatively charged vesicles. It

seems likely that the tryptophan environment for the
bound peptide is not exactly the same in these two
different lipid systems as has been previously re-

w xported by Batenburg et al. 33 . In addition, the
dansyl group in DNC–melittin, shows a blue shift
Dls26 nm when bound to lysoPtdCho micelles and

ŽDls45 nm when bound to PtdSer vesicles Fig.
.4B . This documents the occurrence of different po-

larity environments for the C-terminal segment of
melittin when bound to zwitterionic or anionic phos-
pholipids. This interpretation is similar to that re-
ported earlier from surface pressure measurements in

w xlipid monolayers 34 .
The analysis of membrane-induced blue-shifts

shows that the spectral properties of Trp19 of melittin
and DNC–melittin are similar, suggesting a similar
position of the Trp residue in the bilayer for both
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peptides. Independent information about the location
of the Trp in the bound-peptide state, can be obtained
from its accessibility towards quenchers. The fluo-
rophore is almost completely shielded from the aque-
ous quencher Iy when the peptides are bound to

Ž .PtdCho SUVs data not shown . The quenching con-
stants were estimated to be about 1"0.2 My1 for
melittin and DNC–melittin. In contrast, for the pep-
tides in solution the quenching constants were 13.1
My1 for melittin and 9.2 My1 for DNC–melittin,
which indicates that in solution the Trp of DNC–
melittin is partially shielded from the quencher be-
cause of the presence of the dansyl group. Very
similar changes in accessibility of Trp are observed
when using acrylamide as quencher. The quenching
constants in the bound state are identical for melittin
and DNC–melittin and about ten-fold decreased as

Ž .compared to the peptides in solution data not shown .
We can conclude that the tryptophan residue in both,
melittin and DNC–melittin, is probably at the same
depth when binding to PtdCho SUVs, based on the
similar quenching constants obtained for both pep-

Ž y.tides using an aqueous quencher I and a quencher
with known ability to penetrate phospholipid bilayers
Ž w x.acrylamide, Refs. 33,35 .

3.3. Lytic actiÕity and binding of DNC–melittin to
ghost red blood cell membranes

The cytolytic assays using two different methods
demonstrate that DNC–melittin and melittin have
similar lytic activity. The efficacy of the peptides to
lyse human erythrocytes was first assessed by moni-
toring the light scattering of human erythrocytes, as

w xpreviously described 24 . We obtained that the rela-
tive rates of haemolysis were 7.1 and 3.1 miny1

mMy1 for the native and the labelled peptide, respec-
tively. In addition, we analysed the haemolytic activ-
ity of both peptides using several peptide concentra-
tions and measuring the haemoglobin release. The
resulting ‘Lytic Dose’ necessary to lyse 50% of the

Ž .cells LD were: LD s0.16 mM for melittin and50 50

LD s0.23 mM for DNC–melittin. These results50

could be related with previous studies on synthetic
analogues of melittin which indicate that modifica-
tions of Gln25 do not involve substantial reduction of

w xactivity 36–38 .

The above reported data show that the presence of
the dansyl group in melittin does not impair the
solution, nor the lipid binding properties, nor the
biological activity of the native peptide. Moreover,
since we have demonstrated that the dansyl group is
more sensitive to membrane polarity changes than the
melittin’s intrinsic tryptophan, we conclude that
DNC–melittin is a good analogue to study peptide–
lipid interactions in more complex systems, i.e., using
ghost or intact red blood cells.

The fluorescence emission spectra of DNC–melit-
Ž .tin l s330 nm are sensitive to the addition ofexc

ghost red blood cell membranes at different concen-
Ž .tration ratios Fig. 5A . The dansyl fluorescence pa-

Fig. 5. Binding of DNC–melittin to ghost red blood cell mem-
Ž . Ž .branes. A Fluorescence emission spectra l s330 nmexc

Ž .recorded at different phospholipidrpeptide ratios, R .i
Ž . Ž . Ž .R s0; —— —— R s40; - - R s80; – R si i i i

Ž .200. B Fluorescence emission maximum wavelength of the
Ž .dansyl group upon excitation at 330 nm in DNC–melittin ^

Ž . Ž .and in free DNC I . C Relative variation of the fluorescence
Ž .intensity l s330 nm expressed as the ratio D Ir I where Iexc 0 0

is the intensity at 510 nm and D I is the change in fluorescence
intensity upon binding to the ghost red blood cell membranes at
the same wavelength.
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rameters change upon increasing R , indicating ai

progressive burying of the probe in the membrane as
seen in Fig. 5B–C. Although the overall shape of the
binding curve is rather smooth, similarly to that
obtained when the peptide interacts with PtdCho
vesicles, the blue-shift observed, Dls42 nm, is
similar to that of obtained in the presence of PtdSer

Ž .vesicles Fig. 4B . This large blue-shift for the dansyl
group of DNC–melittin when binding to the ghost
red blood cell membranes, indicates that the peptide
is inserted in an average environment that is much
more hydrophobic than when bound to zwitterionic
PtdCho vesicles.

3.4. QuantitatiÕe analysis of the binding of DNC–
melittin to membranes

The binding of melittin and DNC–melittin to Ptd-
Cho SUVs and of DNC–melittin to ghost red blood
cell membranes was quantitatively analysed using the
two-state model, assuming that the peptide is either
free in solution or bound to the lipids in an unique
state. This model allows the estimation of the dissoci-
ation equilibrium constant, K ; and the number ofd

lipid molecules needed to define a peptide binding
site, N. Experimentally, the fluorescence intensity
increases in the presence of lipids and allows to
estimate the characteristic change in intensity for
peptides totally bound from a double-reciprocal plot
of D Ir I vs. R . This defines the fraction of peptide0 i

Ž . Ž .bound a vs. R Fig. 6 . One can notice that the ai

values obtained for DNC–melittin with PtdCho differ
significantly according to whether changes of the
dansyl or the Trp fluorophore are monitored. On the
other hand, the change of a obtained from the dansyl
fluorescence in the presence of either SUV or ghost
membranes is different. Fig. 6 also shows that good
fits for all the experimental data can be obtained by
using the proposed model. The dissociation constants

Ž .and the N values found were: a From Trp fluores-
cence data analysis of melittin and DNC–melittin in
the presence of PtdCho SUVs, K s1.2=10y6 M,d

Ž .Ns14. b From dansyl fluorescence data analysis of
DNC–melittin in PtdCho SUVs, K s1.0=10y6 M,d

Ž .Ns7. c From dansyl fluorescence data analysis of
DNC–melittin in the presence of ghost red blood cell
membranes, K s0.7=10y6 M, Ns53. The disso-d

ciation constant obtained are in good agreement with

y6 w xthe previously reported, K s1.0=10 M 39 ob-d

tained from sedimentation experiments with red blood
cell membranes pre-treated with melittin.

3.5. Structure of the membrane bound state of
DNC–melittin as documented by RET

Ž .Energy transfer efficiencies E obtained from the
excitation spectra were measured to determine the
degree of melittin aggregation in the presence of
model membranes and in the presence of ghost red
blood cell membranes. When using model mem-
branes and regardless of the nature of the lipid sys-
tem studied, the dependence of E vs. R shows ai

Ž .bimodal curve shape Fig. 7A . Upon addition of
small amounts of SUVs in the liquid crystalline state
Ž .PtdCho at 248C or Pam PtdCho at 508C to2

monomeric DNC–melittin, initially the E values
slightly increase, and in a second step at R )20–40i

a gradual decrease in E was observed. At R s150,i

the RET efficiency of the DNC–melittin–PtdCho
complex measured is identical to the value for free

Ž .monomeric DNC–melittin Fig. 7A . A biphasic be-
haviour was also observed when using other lipids.
Small amounts of lysoPtdCho micelles or PtdSer
SUVs, i.e., at R ratios from 5 to 10, increase thei

percentages of energy transfer up to as higher as
90%, then the percentage of energy transfer decreases
as R increases. If we consider that the observedi

Fig. 6. Binding isotherms of DNC–melittin to membranes. The
binding isotherms are derived from plots of fluorescence increase

19 Ž . Ž .of Trp v of melittin or DNC–melittin, and DNC ^ of
DNC–melittin upon titration with PtdCho SUVs, and from fluo-
rescence increase of the DNC group of DNC–melittin upon

Ž .titration with ghost red blood cell membranes ' . a is the
molar fraction of peptide bound. The lines are the fits to the

Žexperimental data obtained when using the two states model see
.text .
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decrease in energy transfer is due to a dilution of
bound peptides in the membrane plane, then addition

Ž .of native melittin energy donor to a preformed
lipid–DNC–melittin complex at high R , should in-i

crease the fluorescence intensity at 280 nm in the
excitation spectra. In fact, we obtained undistinguish-
able excitation spectra when using R s 10 si
w x w xlysoPtdCho r DNC–melittin or using R s10si
w x ww x w xxlysoPtdCho r DNC–melittin q melittin , obtained
by addition of native melittin to a preformed lysoPtd-
Cho–DNC–melittin complex at R s75.i

To document whether the initial conformational
state of melittin may affect its degree of aggregation
when bound to lipid bilayers, we examined the exci-
tation spectra of DNC–melittin when bound to Ptd-

Ž .Cho SUVs at R s150 at different ionic strengths.i

The values of RET efficiency were then compared to
that of the peptide alone. Fig. 7B shows that in the
bound state the RET efficiency is significantly lower
than the value obtained at the same ionic strength in
solution. These results suggest that at high lipid
concentration and ionic strength melittin is not in the

Ž . 19Fig. 7. Energy transfer efficiencies E between Trp and the
dansyl group of DNC–melittin in the presence of phospholipid
vesicles. The E values were measured as described in Section 2

Ž .from the fluorescence excitation spectra of A 7 mM DNC–
Ž . Ž .melittin upon titration with PtdCho ` ,Pam PtdCho I ,2

Ž . Ž . Ž .lysoPtdCho v and PtdSer ' and B DNC–melittin in the
Ž . Ž . Ž .presence ' or absence v of PtdCho R s150 at differenti

concentrations of NaCl.

Fig. 8. Effects of the binding of DNC–melittin to ghost red blood
cell membranes on the fluorescence parameters. Normalised in-

Ž .crease of the fluorescence emission at 340 nm l s280 nm ofexc

a 7 mM solution of DNC–melittin in the presence of ghost red
Ž .blood cell membranes at different R ' and variation of thei

280 330 Žratio I r I ratio of fluorescence intensity in the excitation
Ž .spectrum at 280 and 330 nm upon observation at 510 nm, v in

the same experimental conditions. The variation of the ratio
280 330 Ž .I r I in the presence of PtdCho at different R ` that wasi

used for the calculation of the E values in Fig. 7 has been
included as reference.

‘soluble tetramer-like’ form in the phospholipid bi-
layer, though at such high ionic strength the peptide
is self-associated in solution.

In an attempt to determine whether melittin is
predominantly interacting with phospholipids or
whether it can be in the neighbourhood of intrinsic
proteins present on the red blood cell membrane, we
measured the RET process upon addition of ghost red
blood cell membranes to monomeric DNC–melittin.
In this experiment, one has to keep in mind that by
increasing ghost membrane concentration, the total
concentration of protein increases. Thus, as expected
the addition of ghost membranes resulted in a linear
increase in the fluorescence emission at 340 nm
Ž .l s280 nm as shown in Fig. 8. Concomitantly,exc

the intensity at 280 nm of the excitation spectra, upon
observation at 510 nm, did not increase continuously
as it should occur if energy was transferred between
intrinsic membrane proteins and the dansyl probe of
DNC–melittin. Since it is not possible to get the
actual Trp concentration of donors in the ghosts
membranes, it is not possible to estimate RET effi-
ciency properly. However, as representative of trans-
fer, we used the fluorescence ratio I 280 r I 330 from
the excitation spectra with l s510 nm. As shownobs

on Fig. 8, the binding curve shape obtained is similar
to those previously shown when measuring the RET
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Table 2
Structural parameters of melittin and DNC–melittin when inter-
acting with lipids and cell membrane a

Melittin DNC–melittin

Ž .LD mM 0.16 0.2350

PtdCho PtdCho PtdSer Ghosts

f 0.65 0.65 nd ndH
Ž . Ž .Dl dansyl nm – 26 45 42max

bŽ .E % at R s150 – 50 80 f80i

a f : fractional helicities, l : fluorescence emission maximum;H max
Ž .E % : energy transfer efficiency; K : dissociation equilibriumd

constant.
nd: not determined.
b The value was estimated from the comparison of the ratio
I 280r I 330 from the fluorescence excitation spectra of DNC–
melittin in the presence of PtdCho and in the presence of ghost
red blood cells.

on DNC–melittin when interacting with zwitterionic
Ž .phospholipid membranes Fig. 7A . This is consistent

with the idea that melittin does not interact with the
intrinsic red cell membrane proteins in an appreciable
extent under the conditions used in our spectroscopic
studies. Table 2 summarises some characteristic pa-
rameters obtained for melittin and DNC–melittin in
the lipid–bound state.

Another possibility offered by DNC–melittin is to
Žlook at its fluorescence emission and excitation spec-

.tra after the lysis of intact red blood cells. A suspen-
sion of 2.7=107 rbc mly1 was incubated 3 h at 378C
in the presence of 2 mM of DNC–melittin as usual
for lysis experiment. This led to more than 90%
haemolysis as determined using the procedure de-
scribed in Section 2. Upon excitation of the dansyl
fluorophore at 330 nm, the fluorescence emission
spectrum obtained in the supernatant after the sample
being centrifuged at 800=g for 10 min, shows a
maximum at around 512 nm. This proves that some
DNC–melittin is not pelleted with the ghosts and that
the dansyl group is in an environment similar to that
of previously obtained in the presence of the ghost
red blood cell membranes, i.e., it corresponds to
melittin bound to lipids and not to unreacted free
DNC–melittin. Furthermore, the excitation spectrum

Ždoes not show significant increase at 280 nm data
.not shown . This tends to suggest the possibility of

peptide–phospholipid complex formation after melit-
tin–induced red blood cells lysis. Because of its

spectroscopic characteristics, such a complex could
be mainly constituted by negatively charged phospho-
lipids. If one envisions that some intrinsic membrane
proteins are present in this complex, then they are not
in close contact with the C-terminal of melittin be-
cause no energy transfer between intrinsic membrane
protein tryptophan residues and dansyl group could
be detected.

4. Discussion

The DNC–melittin analogue used herein has full
biological activity and it behaves similarly to native
melittin in solution and in its interaction with lipids.
Furthermore, DNC–melittin has provided new infor-
mation on the mechanism of interaction of cytolytic
toxins with model and natural membranes.

Fluorescence and CD spectroscopies showed that
in low ionic strength buffer melittin and DNC–melit-
tin are essentially unstructured. The well established
monomer-to-tetramer conformational change of
melittin in aqueous solution is also found for DNC–
melittin: As the medium ionic strength increases the
peptide self-associates and adopts an a-helical con-
formation with a concomitant hydrophobic burying of
Trp19 and dansyl groups. The RET efficiency be-
tween Trp19 and the dansyl allows to calculate a

˚distance of Rs19.3 A for the monomeric peptide,
rather similar to that found in the more structured

˚ Ž .monomer in MeOH, Rs20.2 A Table 1 . In the
tetrameric aggregate, the average distance between

˚the two fluorophores is decreased down to 15.8 A
which accounts for intermolecular RET contributions.
This general behaviour agrees with the literature data
w x8,9,11 and with the tetrameric structure data from

w xX-ray crystallography 5,6 .
In the presence of phospholipid model membranes

Ž .PtdCho and PtdSer SUVs, and lysoPtdCho micelles ,
the native and labelled peptides showed the ability to
be folded into an a-helical conformation. In addition,
when followed by tryptophan fluorescence changes,
the binding to model membranes looked very similar
for both peptides. Furthermore, the use of the dansyl
fluorescence allows to differentiate the bound states
of the peptide in a quite more accurate manner since
the emission wavelength varies by ca. 20 nm when
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bound to PtdSer compared to PtdCho, while under
the best conditions only a 4 to 5 nm shift can be
hardly detected by tryptophan fluorescence. The
deeper burying of the dansyl group when melittin is
bound to PtdSer agrees with ion pairing formation
between the positively charged C-terminal fragment
of the peptide and the polar head of negatively
charged phospholipids. Moreover, the presence of
two different fluorophores in the same peptide
molecule shows that the binding process is not a
simple one since the binding isotherms obtained fol-
lowing the two fluorophores are quantitatively differ-

Ž .ent Fig. 3A–B, Fig. 6 . The binding dissociation
constants are rather similar but there is a two-fold
change in the minimum number of lipids required to
define a peptide binding site at the interface. The
values correspond to an occupied surface of about

˚2 ˚2400 A as seen for the dansyl, or about 1000 A as
seen for the Trp. Such values are in the range ex-

w xpected for the lipid-bound melittin state 6,40 . It has
been postulated that when melittin seeks to interact
with phospholipid membranes there is an initial elec-
trostatic interaction involving the C-terminal frag-

w xment of the peptide 41 . The presence of the dansyl
group in this fragment could be used to report that
polarity changes had occurred that affect this C-
terminal fragment while at exactly the same phospho-
lipid to peptide ratio the Trp19 residue is still located
in an ‘aqueous-like’ environment and CD spec-
troscopy indicates that the peptide remains in a low

Ž .a-helical conformation f s0.27, Fig. 3A . After-H

wards, hydrophobic interactions take place which
induce the stabilization of a more defined a-helical

Ž .structure f s0.65, Fig. 3A that implies the bury-H

ing of the tryptophan residue in the bilayer. Indeed
according to the lipid to peptide ratio the position of
the peptide could change: It could be with a low
a-helical content and absorbed onto the surface or
still flat but more structured in an a-helix and pene-
trating the phospholipid bilayer. Similar conclusions
have been reported for the conformational changes of
melittin upon insertion into phospholipid membranes
w x42,43 , thus for melittin molecules undergoing the
initial adsorption stage the percentage of a-helix

w xestimated was 30% 43 while higher values have
been reported for melittin inserted in phospholipid

w xbilayers 2,38,43
Most of the characteristics hold when direct inter-

action of DNC–melittin with cell membranes is fol-
lowed. The dansyl fluorescence changes can be fitted
quantitatively and yield a K value in the micromo-d

lar range in agreement with that obtained for radiola-
w xbelled toxin 17 ; they also yield a significantly large

number of lipids required to define a peptide binding
site, equivalent to seven times that obtained for pure
lipid model membranes. One interpretation is that the
presence of membrane proteins could make sets of
lipids unavailable to the toxin, although it could also
be due to preferential binding to negatively charged
lipids which indeed represent a lower amount com-
pared to total lipids. In fact the emission maximum
for DNC–melittin when bound to ghost red blood
cells is at 521"1 nm, which is quite similar to
517"1 nm obtained when the peptide is bound to
pure PtdSer. However, when bound to zwitterionic
lipids, such as PtdCho or lysoPtdCho, the maximum
remains at higher wavelength, namely ls537 nm.
These findings are similar to those observed with a
new synthetic series of dansylated highly haemolytic

w xpeptides 44 . If one considers the well known solva-
tochromic changes for the dansyl group according to

Ž .the bulk dielectric constant of the medium e , then
the equivalent e values obtained are es25 for the
zwitterionic membrane and es8 for the negatively

w xcharged and natural membranes 45 . In conclusion,
one can propose that the dansyl group of DNC–melit-
tin bound to erythrocyte membranes remains in the
bilayer nearby the glycerol backbone, but in a more
dehydrated state when the peptide is bound to PtdSer
due to electrostatic ion pairing. This reinforce previ-
ous similar proposals on the arrangement of melittin
in model lipid membranes but it is the first time that
it is observed for natural membranes.

Dansyl labelling allowed also to settle transfer
experiments which can document about the peptide
structures in different conditions. Indeed there is an
internal transfer between the two probes in the pep-
tide as shown in Figs. 7 and 8. In buffer and pure
MeOH, the distances calculated are coherent for what
we know of the secondary structure. The point we
would like to emphasize is that in the presence of

Ž .lipids at very low R values ca. R s10 , wherei i

neither significant secondary structure nor local Trp19

Ž .environment changes could be detected see Fig. 3 ,
we obtained the maximal energy transfer that could
be due to intermolecular neighbourhood of donors
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Ž .and acceptors Fig. 7 . When the R values arei

increased and the lipids recover their normal vesicu-
w xlar structure 20 the transfer smoothly decreased, that

could be related with a dilution of peptides on the
membrane plane. This documents a dynamic equilib-
rium and not a stabilisation of aggregated melittin,
which if occurred would imply that the transfer in the
presence of lipids should be independent of the lipid
concentration. In the presence of a large excess of
lipids where all the fluorescent parameters are
plateauing, the average distance between fluoro-

˚phores can be estimated in 21 A. This value is similar
to that for the monomeric a-helical melittin obtained

˚in methanol R s 20.2 A. Then we propose a
monomeric state for melittin when bound to lipid
membranes even when the peptide is incorporated

Ž .from the water soluble tetramer Fig. 7 .
The general behaviour of DNC–melittin that we

argue in the presence of lipids also can be extrapo-
lated to what occurs in the presence of cell mem-
branes. In such case, a biphasic energy transfer curve
also indicates maximal peptide–peptide interactions
at R s50 which decreases at higher R values. Ini i

such conditions, we do not detect direct significant
contributions from membrane proteins, and our fluo-
rescence data are better accounted for peptides sur-
rounded by negatively charged lipids.

In conclusion, the results of the present study
suggest that the initial interaction between melittin
and the red blood cells could be merely electrostatic
through the basic C-terminus but the peptide is not
fully stabilised at the membrane plane and it remains
in a low a-helical conformation. The next step after
electrostatic interaction would be a peptide stabilisa-
tion in the membrane. Thus, conformational changes
are induced to yield a peptide–lipid complex having
the lowest possible energy state. Our results suggest
that this complex is formed by monomeric highly
a-helical melittin and predominantly negatively
charged phospholipids. Nevertheless, we could not
observe the presence of integral membrane proteins
close enough to allow energy transfer between their
intrinsic tryptophan residues and the dansyl group at
the C-terminus of DNC–melittin, although at present
we cannot rule out the possibility of some other kind
of peptide–protein interaction at larger distances.
Then, the insertion of the toxin in the bilayer will
induce a re-organisation of the membrane compo-

nents that facilitates the haemoglobin release and the
concomitant cell collapse. After the lysis has been
completed, our data suggest that melittin is com-
plexed with phospholipids mainly negatively charged.

Although DNC–melittin enlightens our knowledge
in the behaviour of the toxin in the presence of
natural membranes, it still remains to more defini-
tively settle the parallelism between the perturbation
induced by melittin on lipids and on cell membranes,
i.e., what is the detailed structure of the ‘soluble’
complexes here detected and to which extent are they
involved in the mechanism of action of cytolytic
toxins.
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