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1. Introduction

The venom of the European honey bee Apts mellifera
contains as its major protein component a 26 amino

Abbreviations. CD, circular dichroism, CL, cardiohipin, DAPC, di-
arachidoylphosphatidylcholine, DMPC, dimynstoylphosphatidyl-
choline; DOPC, dioleoylphosphatidylchohne, DPPC, dipalmtoyl-
phosphatidylcholine, DSC, differential scanming calonmetry, DSPC,
distearoylphosphatidylcholine, DTPC, ditetradecylphosphatidylcho-
line, EDTA, ethylenediamunetetraacetic acid, ESR, electron spin reso-
nance, HPLC, high-performance hquid chromatography, NMR,
nuclear magnetic resonance, PC, phosphatidylcholine, PE, phospha-
tidylethanolamine, PG, phosphatidylglycerol; PS, phosphatidylserine,
NOE, nuclear Overhauser enhancements, PBP, p-bromophena-
cylbromude.

Correspondence (and present address) C E Dempsey, Department of
Molecular Biophysics and Biochemustry, Yale Umversity, 260 Whut-
ney Avenue, New Haven, CT 06511, U S.A.

acid peptide, called melittin, which has a powerful
hemolytic activity. Numerous studies have been under-
taken to determine the nature of the interaction of
melittin with membranes, both with the aim of under-
standing the molecular mechanisms of melittin-induced
hemolysis and as a model for studying the general
features of the structures of membrane protens and
their interactions with lipids 1n membranes. It is prob-
ably uncontroversial to state that the mechanism of
membrane lysis has not been proven and that there 1s
no consensus on the nature of the interaction of melittin
with membrane lipids One reason relates to the prob-
lems inherent 1n the study of proteins in membranes,
namely that many of the biophysical techniques used to
study protein structures and mnteractions are difficult to
apply to membrane systems A second reason, more
specific to melittin, 1s that the peptide has several
actions on membranes and that these activities are not
necessarily related; melittin may interact with mem-
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branes 1n different ways. depending on the lipid com-
position of the bilayer, peptide concentration, bulk solu-
tion pH, the presence or absence of a membrane poten-
tial, and the hydration level of the bilayer

In addition to 1ts hemolytic activity, melittin induces
voltage-dependent 10on-conductance across planar lipid
bilayers and causes selective micellization of bilayers as
well as membrane fusion. In this review the membrane
activities of melittin are discussed and evidence relating
to the molecular mechanisms of these activities and
their relationship to one another are assessed A number
of effects of melittin on cells and enzymes that may
result either from the binding of melittin to membranes
or to proteins have been described but will not be
discussed here The reader 1s referred to several earlier
reviews of melittin [1-3].

I1. The structure of melittin

I11-A Structure and conformational properties of melittin
in water

In common with other membrane-binding peptides
and membrane proteins, melittin i1s predominantly hy-
drophobic (Table I) [4] The peptide has a net charge of
+6. four of these charges are in the highly basic C-
terminal tetrapeptide sequence Lys-Arg-Lys-Arg, with
only the N-terminal amino group and Lys-7 in the
N-termunal sequence There are no acidic groups 1n
melittin A further skewed distribution of polar and
non-polar amino acids 1s apparent if the peptide 1s
placed in an a-helical configuration (Fig 1) [5] The
polar amino acids 1n the first 21 residues he on one face
of the hehx with the non-polar amino acids segregated
almost completely on an opposite side of the helix. This
so-called amphipathic nature 1s a characteristic of many
membrane-binding peptides and of putative transmem-
brane helices of many membrane proteins [6-8]. A
number of peptides that share some of the properties of
melittin 1n membranes are shown 1n Table I and their
amphipathic nature 1s illustrated 1n Fig. 1.

Despite its high proportion of hydrophobic side-
chains, melittin 1s very soluble 1n water (> 250 mg/ml)
and moderately soluble 1n methanol (up to 20 mg,/ml at
pH values below the pK, of the N-terminal amno

TABLE I

rFig 1 a-Helical wheel representation of melittin and some related

peptides. (A) Melitun, (B) alamethicin, (C) 8-hemolysin, (D) apolipo-

protein analogue Amuno acids with hydrophobic side-chains are

shaded The sequences of melttin and §-hemolysin are shown as

helices extending to the C-termunus although there 1s evidence for

non-helical conformations at the C-termunus for these peptides under
some conditions (subsections II-B and [V-A)

group). Melittin reaches membranes through the aque-
ous phase, so that a consideration of the properties of
the peptide 1n water 1s relevant to 1ts effects on mem-
branes

In aqueous solution melittin adopts different confor-
mations and aggregation states depending on several
factors including peptide concentration, pH, 1onic
strength and the nature of the negative counterion. The
results of a large number of studies may be summarnized
as follows:

Depending on the factors hsted above, melittin 1s
either monomeric 1n water or associated as a tetrameric
aggregate [9-14]; stable dimers are not formed in water
[15]. The aqueous monomer has no detectable sec-
ondary structure, as deterruned by circular dichroism

Amino acid sequences of melittin and some structurally and functionally related peptides

Melittin
§-Hemolysin
Alamethicin
Apolipoprotein
analogues

Gly-Ile-Gly-Ala-Val-Leu-Lys-Val-Leu-Thr-Thr-Gly-Leu-Pro—Ala-Leu-Ile-Scr-Trp-Ile-Lys-Arg- Lys-Arg-Gin-Gln-NH,
for-Mel-Ala-Gln-Asp-Ile-Ile-Scr-'I'hr-Ile-Gly-Asp-Leu-Val-Lys-Trp-lle-Ile-Asp-Thr-Val-Asn-Lys-Phe-Th:-Lys-Lys
ac-A1b-Pro-Aib-Ala-Aib-Ala-Gln-A1b-Val-Aib-Gly-Leu-Aib-Pro-Val-Aib-A1b-Glu-Gln-Phol

Asp-Trp-Leu-Lys-Ala-Phe-Tyr-Asp-Lys-Val-Ala-Glu-Lys-Leu-Lys-Glu-Ala-Phe

for. formyl. ac, acetyl, Aib,a-ammobutyrc acid, Phol, phenylalaninol



(CD) [11,16,17] and high-resolution "H-NMR which
shows chemical shifts typical of ‘random-coill’ poly-
peptides for the assigned resonances of the NMR spec-
trum (12]. In common with other Pro-contaiming
peptides, the Leu-13-Pro-14 peptide bond undergoes
cis-trans 1somerism with a rate sufficiently slow (< 10/5)
for separate signals to be observable in the proton
NMR spectrum of the aqueous melittin monomer [12].
The tetramer, on the other hand, consists of melittin
monomers predominantly in a helical conformation
[11,16-18]. The conformational and aggregational prop-
erties of melittin 1n water result from two opposing
forces; promoting self-association 1s the hydrophobic
effect that acts to sequester non-polar amino acids in
the interior of protemns (or molecular aggregates) and
opposing self-asosciation are the high positive-charge
density of melittin and the entropic term associated
with the formation of secondary structure 1n the self-as-
sociated tetramer. Factors that suppress charge strongly
promote self-association. High ionic strength leads to
self association, and the marked effect of phosphate in
inducing tetramernzation [19] may be related to the
favorable binding of this counterion to the guanidino
group of arginine. A natural derivative of melittin for-
mylated on the N-terminal amino group [20] self-associ-
ates at lower peptide concentrations and ionic strengths
than melttin at pH values below the pK, of the N-
termunal amino group of melittin [12]. Details of the
conditions under which melittin is either monomeric or
tetramernic may be found in the NMR studies of refer-
ences [12] and [13], and the thermodynamics of the
melittin monomer—tetramer equilibnum are discussed
in Ref. 14. The structure of the aqueous tetramer 1s
described below (subsection II-B).

Titration of the amino groups of melittin by increas-
ing pH results 1n suppression of positive charge density
and promotes self-association of melittin [12,13,18,21].
There 1s considerable interest in the pK, values of the
amino groups of membrane-bound melittin because of
the expectation that their titration behavior may be
representative of the location of the groups in the
bilayer (subsection IV-B). Several studies of amino group
titrations in aqueous melittin have yielded conflicting
mformation. A value of pH 7.8 for the pK, of the
N-terminal amino group of monomeric mehttin in salt-
free D,0 was found by '"H-NMR; under these condi-
tions the lysine amino groups were assigned pK, values
above pH 9 [12]. Highly perturbed pK, values of pH
6.5 and 8.6 were reported for the amino groups of
Lys-21 and Lys-23, respectively, in monomeric melittin
from the pH-dependence of reaction with trinitroben-
zenesulfonic acid [21]. Using the same method, Lys-21
and Lys-23 were assigned pK, values of 7.4 in tetra-
meric mehituin  These highly suppressed pK, values
were attributed to the high positive charge density in
the C-terminal sequence [21] However, several NMR
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Fig. 2 pH-Dependence of part of the "H-NMR spectrum of melittin

(08 mM) in salt-free D,O The signals corresponding to the Gly-1

a-CH,; protons (*) and Lys-7, -21 and -23 ¢-CH, protons (W) are
indicated

pH titration studies support the original finding that the
C-termunal lysines of aqueous melittin titrate with pK,
values that are closer to the normal range expected for
the e-amino group of lysine of polypeptides. 'H-NMR
pH titrations simlar to those reported previously [12]
confirm the pK, of 7.8 for the N-terminal amino group
of monomeric melittin in salt free D,O (Fig. 2) and
show that the lysine e-CH, resonances (Fig. 2, boxes)
begin to titrate only around pH 9 upon which self-as-
sociation occurs as indicated by marked broadening of
spectral lines; a broad multiplet corresponding to one
lysine e-CH, (possibly Lys-7) titrates with a higher pK,
than the other two lysine e-CH, groups (unpublished
results). *C-NMR pH titrations of tetrameric melittin
amino-methylated with [**C]methyl groups indicate pK,
values of pH 9.65 for one lysine (proposed to be Lys-7)
and pH 8.84 for two lysine amino groups (Lys-21 and
Lys-23) 1n the tetramer [22]. Dimethylamino groups
have pK, values lowered by around 0 6 pH units com-
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Fig 3 Illustration of the arrangement of melittin a-helical monomers 1n the crystalline tetramer (From Ref 25. with permussion.)

pared with unmethylated amino groups [23] so that the
pK, values correspond to around pH 102 and 94,
respectively While the high positive charge density in
the C-terminal sequence of melittin causes a lowering of
the pK, values of the amino groups of lysines-21 and
-23, the perturbation 1n aqueous mehttin 1n either the
monomeric or tetrameric states is only around 1 pH
unit or less

11-B High-resolution structures of melttin

The structure of the aqueous melittin tetramer 1s
known to atomic resolution from the analysis of X-ray
diffraction data from melittin crystals grown from solu-
tions of high 1onic strength [24-26] The crystal struc-
ture of melittin has had considerable influence on sub-
sequent 1deas about the interaction of melittin with
membranes and the structure will be described here 1n
some detail. High-resolution structures of monomeric
melittin 1n methanol, and in dodecylphosphocholine
micelles have recently been determined using high-reso-
lution proton NMR and amide exchange analysis [27-
29] The conformations of short polypeptides lacking
disulphide bonds are expected to be heavily dependent
on their environment and for this reason 1t 1s instructive
to describe the X-ray derived crystal structure and the
two NMR-denved structures together.

Two crystal forms of tetrameric melittin have been
solved to a resolution of 2 to 25 A and in each crystal
form the conformation of the peptide 1s essentially the
same [25,26]. Within each tetramer the structures of the
monomers are also very similar. In the crystalline tetra-

mer (Fig. 3) melittin adopts a helical conformation (Fig
4). The presence of proline at position 14 results in loss
of the X-14 amde to Thr-10 carbonyl helical hydrogen
bond and the peptide hehix 1s bent so that lines drawn
through the helix axes of residues 1-10 and 16-26
intersect with an angle of about 120° The large helix
bend allows optimal packing of hydrophobic side-chains
within the melittin tetramer. As predicted from the
helical wheel representation (Fig 1), the non-polar
amino acids are almost completely sequestered on the
inside of the hehix bend, while the polar and charged
side-chains lie largely on the convex face of the helix
bend. The Leu-13-Pro-14 peptide bond 1s in the trans
configuration requred for an a-helix An anomalous
feature of the crystal monomer 1s that the peptide ammde
bond between residues 11 and 12 1s rotated by 180°
from the orientation expected in a regular a-helix De-
spite this feature and the large bend around Pro-14, the
crystal monomer has an essentially helical conformation
throughout. The degree of helicity of crystalline tetra-
meric melittin 1s greater than expected from the values

Fig 4 The conformation of monomenc subunits of melitun from the
crystalhne tetramer (From Ref. 25, with permission )
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Fig 5. Stereo view of the structure of monomenic mehttin in methanol determined from 'H-NMR and molecular dynamucs simulations (From Ref
27, with permussion.)

determined by CD for tetrameric melittin 1n solution
(around 50-60% [17,18]) probably because of the very
high 1onic strength and peptide concentration used in
the crystallizations {25]. A helical content approaching
that of the crystalline peptide was deterruned by Ra-
man spectroscopy for an aqueous solution of melittin at
very high concentration (230 mg/ml) [30].

Melittin 1s monomeric and a-helical in methanol
[27,28]. Helical structure 1s apparent from characteristic
3JNHCH,, coupling constants for amide protons, nuclear
Overhauser enhancements (NOEs) that define distance
constraints among backbone and side-chain protons
and the pattern of slowly exchanging hydrogen-bonded
backbone amide protons. The absence of NOEs charac-
teristic of an a-helix through residues 10-12 and the
large coupling constants for Thr-10 and Thr-11 amide
protons support the interpretation of a relaxation of
helical conformation around the Pro-14 residue. The
Leu-13-Pro-14 peptide bond adopts the trans config-
uration. In the 'H-NMR study [27], no inter-residue
NOEs were obtained that would define the nature of
the bend between the helical segments; molecular dy-

namics simulations of the structure encompassing the
NOE-derived distance constraints indicate that in the
monomeric state the bend in the helical structure may
be considerably smaller than the value of 60° found 1n
the crystal structure. A value of around 20° was ob-
tained by averaging structures obtained in the final 30
ps of a molecular dynamics calculation. The averaged
structure 1s shown in Fig. 5 [27]. While this structure
does not define a unique solution to the NMR data, 1t
indicates the proline residue need not induce a large
bend 1n the melittin structure and this should be consid-
ered 1 models of the membrane bound conformation in
the absence of direct determunation of the perturbation
induced by the proline.

Direct information on 1ntramolecular hydrogen-
bonding and conformational dynamucs involving hydro-
gen-bond-breaking backbone fluctuations has been ob-
tained from a complementary study of amide exchange
from the melittin monomer in methanol [28] and this
supports similar conclusions about the structure of the
peptide. Backbone amide hydrogens in the N-termuinal
sequence (amudes of residues 5-11) and in the C-termi-
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Fig 6 Vanation in the stabihty of backbone amides of monomeric
melittin 1n methanol to exchange with solvent deuterons, demonstrat-
ing rapid exchange in a central turn of helix around the Pro-14
residue [Large negative log k., values indicate stable hydrogen
bonds] The relative stability of helical hydrogen bonds 1s illustrated
schematically above (From Ref. 28, with permussion )

nal sequence (amudes of residues 16-23) are stable to
exchange with solvent, indicating protection by hydro-
gen bonding 1n a stable helical structure (Fig. 6). The
amudes 1n a central turn of helix (residues 12-15) are
weakly protected from exchange indicating that the N-
and C-terminal hehcal segments are connected by a
flexable turn of hehx with unstable helical hydrogen
bonds The progressive decrease in amide stability to-
wards the C-terminus indicates a loosening of the helix
structure in the last few residues.

The 'H-NMR structure of mehttin bound to perde-
uterated phosphatidylcholine mucelles [29,31,32] shares
most of the features of the NMR structure in methanol.
Micelle-bound melittin 1s a-helical with a loss of NOE
connectivity in the central region, indicating the relaxa-
tuon of helical structure around residues 11-12 [29].
Like the structure in methanol, the angle of the bend
between the N- and C-terminal helices was not uniquely
defined from the NMR distance constramts. Amides on
the hydrophobic side of the amphipathic hehx show the
largest chemical-shuft changes compared with the amides
of melittin in methanol and the slowest amide exchange

rates, supporting a surface location for the peptide with
the non-polar side of the helix facing the mucelle inter-
101, protecting the amides on this helix face from ex-
change with solvent.

Melittin provides an interesting example ol a mem-
brane binding polypeptide whose structure has been
determined to high resolution 1n the crystalline state. in
solution of low dielectric constant and in a detergent
mucelle The simularities 1 the three structures lends
confidence to the 1dea that the structures are good
models for the membrane-bound conformation, particu-
larly 1n view of the strong evidence for a helical struc-
ture of the membrane-bound peptide determined by CD
spectroscopy [19,33] (subsection IV-A). The NMR and
amide-exchange studies emphasize the effect of the
central proline residue 1n enhancing flexibility at the
centre of the helical molecule [34] which seems to act as
a ‘hinge’ allowing the helix to bend to accommodate
conformational constraints induced by intermolecular
mteractions. This flexibility seems to be important for
some of the actions of melittin 1n membranes (subsec-
tion II1-E). The relationship between the high resolution
structures of melittin and the effects of the peptide 1n
membranes are discussed in the following sections. The
structure of membrane-bound melittin 1s discussed 1n
subsection IV-A

II1. The actions of melittin on membranes
111-4A A note about phospholipase A, contamination

Bee venom contains an endogenous phospholipase
A, [35] and this presents the potential for artifacts in
experiments with melittin volving phospholipid mem-
branes unless the peptide 1s purified free of the enzyme.
Although baseline resolution of mehttin and phospho-
lipase A, may be achieved 1n several chromatographic
systems, the melittin frequently retains phospholipase
activity. probably as a result of binding of the peptide
to the enzyme [36] Moreover, the phospholipase A,
actwvity is not inhibited by low concentrations of EDTA
(1 mM), indicating very tight complexing of Ca?* with
the enzyme [35,37,38]. Unlke other venom phospho-
lipases, bee venom phospholipase A, 1s not readily
mhibited by the hisidine-modifying agent p-bromo-
phenacylbromude (PBP) at pH 6, reaction with PBP 1s
more effective at pH 8 [38] A number of reports of
melittin-induced raised thermal transition temperatures
in mehttin-DMPC complexes have been shown to result
from contamunating phospholipase A, activity [37] The
raised transition temperatures are a property of the
muxed system of melitttn, DMPC and mynstic acid and
lysophosphatidylcholine produced by the action of
phospholipase A, [38].

There are a number of methods reported for the
purification of melittin free of endogenous phospho-



lipase A, actwvity [37,39-41] Standard reverse-phase
HPLC in acetonitrile gradients yields melittin prepara-
tions with very low phospholipase activity. Where prac-
tical, 1t 1s useful to include EDTA at concentrations of 5
mM 1n experiments with melittin employing phospho-
lipids to ensure the suppression of residual phospho-
lipase activity, and to assay the lipid for the formation
of hydrolytic products following the expeniment.

HHI-B Hemolytic actity

The charactenstic effect of melittin on cell mem-
branes 1s its hemolytic activity [1,42]. At concentrations
of 1 pg/ml (3-1077 M) and higher melittin binds
rapadly to erythrocytes and induces the release of hemo-
globin 1nto the extracellular medium It has been shown
that the binding of melittin to erythrocytes as a mono-
mer 1s necessary for expression of hemolytic activity
[43]. Phosphate suppresses hemolysis to an extent that
correlates with its effect on inducing tetramenzation of
melittin; complete suppression of hemolysis occurs at
05 M phosphate Linear aggregates of melittin (ob-
tained by cross-linking with dimethylsuberimidate) re-
tain lytic activity in high phosphate concentrations and
this 1s consistent with the observation that cross-linking
suppresses phosphate-induced self-association 1n solu-
tion [43]. Whether lysis requires reassociation of mono-
meric membrane-bound melittin remains a controversial
question.

Because of the difficulties 1n determuning direct
structural properties of erythrocyte-bound melittin, 1n-
terpretations about the molecular mechanism of lysis
have come from lkanetic studies [43—45] and from struc-
ture—activity studies with peptide analogues [44,46]. The
relevant experiments and conclusions may be sum-
marized as follows*

On addition of melittin to a stirred population of
erythrocytes under conditions where melttin 1s ex-
pected to be monomeric, all the peptide binds within
seconds (there 1s a lag of about 15 s in the onset of
hemoglobin release [44]; Fig. 7). There are about 1.8 - 107
binding sites for melittin per erythrocyte [44,45], indi-
cating that the prnimary site of interaction 1s the mem-
brane lipid rather than specific ‘receptors’. The dissoci-
aton constant of 1077 M [44] to 3-10"% M [45],
depending on the details of the binding conditions, 1s
similar to the dissociation constant for binding of melit-
tin to membrane lipids. Melittin-induced hemolysis fol-
lows reproducible biphasic kinetics (Fig. 7) with charac-
tenistic temperature dependencies [43,44]. A fat phase of
hemoglobin release seems to be triggered by the binding
of melttin to the membrane, and decays to a slow
steady-state release of hemoglobin At 4°C the fast
phase domunates lysis, whereas at 37°C the fast phase
rapidly decays to a slow phase that accounts for most of
the release of hemoglobin over a penod of 30 min [44].
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Time (min)

Fig 7 Time-dependence of release of hemoglobin from washed hu-

man erythrocytes incubated at 4°C 1n 015 M NaCl, 20 mM Tris

buffer (pH 7 6) Melittin concentrations are 03 pM (0), 06 pM (O),

and 12 pM (a) The broken line 1s hemoglobin release from mehttin-
free erythrocytes

The concentration dependence in the rates of the fast
and slow kinetic phases have been interpreted in terms
of the moleculanity of the mehttin species involved 1n
each phase [44]. At 4° C in 1s0-osmotic sucrose (10 mM
phosphate) the rate of the fast phase increases linearly
with increasing peptide concentration while the rate of
the slow phase increases as the square of the melittin
concentration. The fast phase 1s interpreted as resulting
from the perturbation of membrane structure and
organization due to the rapid accumulation of melittin
m the outer leaflet of the bilayer membrane and its
decay 1nto a slow phase a result of the reorganization of
peptide and membrane lipid to recover favourable pack-
ing geometry. DeGrado et al. [44] propose that the
internalization of a mehttin dimer underlies the second,
slow phase of hemoglobin release because of the sec-
ond-order dependence of the rate on peptide concentra-
tion under the conditions of their experment. Care
must be taken 1n interpreting moleculanty of kinetic
events in terms of a single molecular mechamsm for
melittin-induced hemolysis because of the variation in
concentration dependencies of the fast and slow kinetic
phases obtainable under different experimental condi-
tions. Thus, 1n 1so-osmotic glucose at 22° C the rate of
the 1nitial, the fast phase varies as the fourth power of
the melittin concentration [44], and 1n 1sotonic saline at
4°C the fast phase varies as the square of the peptide
concentration with a slow phase almost independent of
melittin concentration (unpubhshed results), whereas at
37°C the 1nitial rate vanes as the square of the peptide
concentration and the slow rate varies linearly with
melittin concentration (unpublished results). These van-
ations are due at least in part to the rather complex



150

association behaviour of melittin 1n solution (and possi-
bly in the membrane, subsection IV-C) and the mulu-
event processes involved 1 hemolysis incorporating

letramer,, = monomer,, — MONOMeT ., = aggregate, ..,

The hemolytic assays are relatively easy to perform
[43] and careful systematic studies may yield a more
consistent picture of the molecularity of the rate
processes involved

Tosteson et al. [45) have concluded that mehttin-in-
duced hemolysis occurs by a colloid osmotic mecha-
nism, the release of hemoglobin being secondary to the
formation of 10n-permeable (hemoglobin-impermeable)
lesions or ‘pores’. Evidence for such a mechanism in-
cludes (i) the observation that the permeability for Na*
and K of melittin-treated, unlysed cells increases 200—
2000-fold over the first minute, before the bulk of
hemoglobin release has occurred; (1) that the cells
viewed under the microscope swell before appreciable
hemoglobin release occurs when treated with lytic con-
centrations of melittin (in contradiction to observations
of DeGrado et al. [44]), and (in) that replacing salts 1n
the extracellular medium with ligh molecular mass
osmolytes (raffinose, molecular mass 600 kDa;
poly(ethylene glycol), 1000 kDa; or dextran, 10 kDa)
inhibits lysis. From these experiments the size of the
melittin-induced ‘pore’ was established to be smaller
than the hydrodynamic radwus of raffinose. This evi-
dence for an osmotic mechanism for lysis 1s strong but
leaves unanswered the molecular nature of the primary
melittin-induced lesion

HI-C Voltage-gated channel formation

The ability of melittin to induce enhanced 10on per-
meabihity 1n planar lipid membranes under the in-
fluence of a trans-negative membrane potential provides
a plausible mechanism for hemolysis by the colloid
osmotic mechamsm 1ndicated by the results of Tosteson
et al [45]. In black lipid membranes, melittin induces
conductance changes in response to an apphed potential
when the potential 1s negative on the opposite side of
the membrane to which the melittin 1s added [47-49]
No conductance 1s observed in the absence of an ap-
plied potential at sub-lytic melittin concentrations. The
voltage-dependent increase 1n conductance 1s consistent
with the formation of channels allowing ion migration,
in response to a voltage-dependent reorientation of
melittin in the membrane. Measurements on the accessi-
bility of the melittin tryptophan residue (Trp-19) to
acrylamide (a fluorescence quencher) and to proteolytic
enzymes located on either side of the membrane show
that the peptide can change its membrane location
under the 1nfluence of the membrane potential and that

parts of the peptide become accessible to proteolysis on
the trans-side of the membrane when a trans-negative
potential 1s applied [48]

The *pores’ induced by melituin exhibit discrete levels
of conductance [49] (suggestive of defined molecular
structure), indicating that enhanced voltage-dependent
conductance occurs by formation of discrete channels
rather than through a voltage dependent change in the
disposition of membrane-bound melittin resulting in a
generalized effect on lipid organization. The voltage-
gated ‘pore’ exhibits selectivity for anions over cations.
probably as a result of electrostatic attraction of anions
to the C-termunal cationic segment of mehtun [47].
Amino-acetylated melittin also induces voltage-depen-
dent conductance, indicating that the putative passage
of the N-termunal hehcal section across the membrane
under the influence of a trans-negative potential is not
driven by interaction of the N-terminal, or Lys-7 armno
groups with the membrane potential [49]. This conclu-
sion has been reinforced by the observation that syn-
thetic melittins having a blocked N-terminal amino
group or a Lys-7 — Asn-7 substitution show voltage-de-
pendent 1on permeability [50] As in the case of
voltage-dependent conductance in alamethicin-contain-
ing black hipid membranes, the effective partial positive
charge at the N-terminal end of the a-helix may act as
the ‘gating’ charge in inducing transbilayer orientations
[51]. A picture of the voltage-dependent channel for-
ming properties of mehttin 1s apparently completed by
the report that the magnitude of the melittin-induced
conductance changes 1n asolectin bilayers under the
nfluence of a constant voltage increases with the fourth
power of the melittin concentration, indicating that a
tetrameric association of melittin monomers 1s required
for channel formation [47]. However, the observations
that melittin exhibits multiple conductance levels 1n
POPC [49] and asolectin [52] bilayers, indicating hetero-
geneity 1n the ‘pore’ structure, and that structurally
modified analogues show different concentration de-
pendencies 1n their ion permeability [50], indicate that
strictly tetrameric models for the melittin voltage-de-
pendent ‘pore’ are probably unjustified. As with
alamethicin [51] the size of the molecular aggregate that
constitutes the voltage-dependent channel may vary de-
pending on the lipid composition of the bilayer and
changes 1n the structural properties of the peptide.

II1-D Melittin-induced bilayer micellization and fusion

The permeabilization of membranes by melittin indi-
cates an alteration in the organizational properties of
membrane lipids and at ligh concentrations mehittin 1s
known to cause the breakdown of membranes into
micelles 1n the manner of detergent solubilization [1].
Recent studies have demonstrated rather selective
mucellization of saturated phosphatidylcholine mem-



branes by melittin with, at moderate concentrations
(3-6%, peptide/lipid; mol/mol), an interesting depen-
dence on the lipid phase transition temperature [53—
56,38]. While the effective concentrations of melttin,
and the specificity for saturated phosphatidylcholines
[57,58] make the relationship of the phenomenon to
hemolysis uncertain (subsection III-E), 1t 1s instructive
about the nature of interaction of melittin with mem-
branes. The observations may be summanzed as fol-
lows

At temperatures above T, the liqud crystalline to
gel phase transition temperature of the lipid, bilayers
composed of saturated phosphatidylcholines are stable
as extended liposomes at melittin concentrations of up
to 5 mol% (melittin to Lipid). As the temperature 1s
lowered 1nto the gel phase the hposomes fragment into
small particles (micelles) On raising the temperature
back above T, extended bilayers re-form This phase-
dependent fragmentation is readily observable by spec-
troscopic methods such as phosphorus (*'P) [54] or
deuterrum (?H) NMR [53,54,38] where the transition
from bilayers to micelles is observed in a non-perturb-
ing manner as a collapse of charactenistic bilayer powder
spectra into narrow lines characteristic of small par-
ticles ike mucelles (Fig 8) Gel-phase bilayer fragmenta-
tion 1s also observable by the collapse of the “H-NMR
powder pattern ansing from membrane-bound de-
uterated melittin on lowering the temperature below T,
(Fig. 9). Deuterium 7; relaxation studies indicate that
the peptide remains bound to the lipid micelles in the
gel phase (Lemmon, M.A and Dempsey, C E., unpub-
lished results). Freeze-fracture electron micrographs in-
dicate that the mucellar particles are discs of gel phase
lipids organmized in a bilayer with the mehttin molecules
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Fig 8 *H-NMR spectra of acyl-chain-deuterated DPPC bilayers
contaming melittin at 5 mol% Deuterated lipids 1n extended bilayers
exlubit broad deutenum NMR powder patterns. On lowering the
temperature below the liquid-crystalline to gel phase transition tem-
perature (41° C for DPPC), the powder patterns collapse into narrow
lines charactenstic of small particles undergoing rapid 1sotropic re-
onentations which averages onentation-dependent contnbutions to
the NMR spectrum. Before warming melttin-containing samples
above T, no collapse of the powder pattern 1s observed (top spec-
trum). The extended bilayers reform on rewarming above T, (From

Ref 55, with permission )
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Fig 9 Temperature dependence of “H-NMR spectra of N-deuteromethyl mehittin bound to DMPC bilayers at mehttin/hipid ratios of 1 25 (A)

and 1 100 (B) In (A) the NMR signal from the deuterated peptide collapses to a broad single line when the temperature 1s lowered below the lipid

phase transition temperature (20 ° C for DMPC contamning 4 mol% melittn). In (B) the spectrum of the bilayer-bound peptide becomes broadened
beyond detection as the peptide becomes relatively immobilized 1n the gel phase bilayer (From Ref 56, with permission )



Fig 10 Schematic illustration of the structure of disc micelles formed

by mteraction of meltun (cyhnders) with saturated phosphatidyl-

choline bilayers after cooling into the gel phase The onientation of the
melittin helix 15 uncertain Modified from Refs 53 and 64

probably liming the disc edges protecting the acyl chains
from interaction with aqueous solution [54] (Fig. 10)
These structures are reminiscent of simular ‘bicycle tyre’
structures observed by electron muicroscopy with other
amphipathic proteins or peptides, including the apolipo-
protemns [59], synthetic apolipoprotein analogues [60],
glucagon [61] and detergent such as lysophosphatidyi-
choline [62] Curious features shared both by melittin
and lysophosphatidylcholine are the dependence of bi-
layer morphology on the lipid phase transition tempera-
ture and its reversibility as the gel phase micellar discs
re-fuse to form extended bilayers when the temperature
is taken back above the lipid phase transition tempera-
ture [38] The observation that two widely disparate
structure induce sumilar effects in DMPC bilayers indi-
cates that the structural requirements for phase-transi-
tion-dependent reversible disc mucellization in saturated
phosphatidylcholine bilayers are non-specific It has
been argued [38] that the bilayer mucelhization results
from the volume expansion of the head group region of
the bilayer when these molecules partition into the
membrane (in the case of melittin with the axis of the
helix lying parallel to the membrane surface [26}). This
volume expansion of the bilayer head group region can
be accommodated in fluid phase lipid by an increase in
disorder of the acyl chains which allows the bilayer
intenior to expand laterally 1 response to an increase 1n
the head group volume (this acyl chain disorder has
been observed in melitin-DPPC complexes in the fluid
phase by “H-NMR [55]), and 1s expected to be associ-
ated with a compression of the bilayer combined with
lateral expansion (as is observed 1n bilayers containing
lysophosphatidylcholine [63]) Surface volume expan-
sion cannot be accommodated 1n gel phase lipid and the

maintenance of strong cohesive forces between gel phase
lipid acyl chains requires the redistribution of peptide
(or lysoPC) and lipid 1in a manner (as vet undetermined)
that results 1n disc mucelle formation. There 158 some
evidence from “H-HMR experiments that melittin
moves deeper into the membranes as the bilayers enter
the gel phase [55], as 1s ulumately required for disc
micelle formation where the amphipathic helix must
“solvate’ the lipid acyl chains

The reverse process, the refusion of discs to give
large membrane structures as the temperature 1s warmed
above the lipid phase transition temperature 1s modeled
schematically in Fig 11. In this model the increase in
flmdity of gel phase lipid in the disc mucelles as the
temperature approaches 7., results in a lateral expan-
sion of the membrane associated with chain ‘melting’.
and the exposure of acyl chains at a fixed melittin
concentration This effect. together with a tendency for
mehtun to adopt a bilayer surface location in fluid
phase PC, will be a strong driving force for the lateral
fusion of discs to yield large membrane sheets that may
eventually fold into liposomes Such a mechanism has
been postulated to explain the ability of mehttin and

Fig 11 Highly schematuc model for the re-fusion of melittin /PC disc

micelles on warmung above the lipid phase transition temperature

The vertical compression and lateral expansion of discs expected on

warmung the lipid mto the flud phase, together with a preference for a

bilayer surface location for melittin 1n the fluid phase. promotes the
edge to edge fusion of discs



TABLE I1

Effects of melutin and some related peptides on membranes
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Peptide Hemolytic Voltage-gated Disc mucelle formation Refs.
(EDsq, uM) 10n conductance
Melittin 027 yes yes see text
10 (phase transition dependent)
Pepude I 2 05xmol ® nd ¢ nd [44]
[Ala-14]Melittin 0.5Xmel unstable channels yes [70]
(rate of micellization =
0 01 X melittin)
8-Hemolysin 28-100 © yes no [71,75]
(bilayer micellization at
very high concentration)
Alamethicin 145 yes nd [49,51,74]
Apolipoproteins no nd. yes [91]
and analogues (lyse vesicles) (independent of phase
transition)

? The amino acid sequence of peptide I 1s. L-L-Q-S-L-L-S-L-L-Q-S-L-L-S-L-L-L-Q—W-L-K-R-I(-R-Q-Q-NH2

® The hemolytic activity 1s twice that of melittin
© The hemolytic activity vanes with the erythrocyte species
4 n.d, not determuned.

lysophosphatidylcholine to induce magnetic orientation
of the membranes obtained upon refusion of micellar
discs [38] The resistance of saturated phosphatidyl-
choline bilayers to melittin-induced gel phase micelliza-
tion increases with increasing acyl chain length support-
mg the 1dea that bilayer disruption is maximized when
cohesion between lipid acyl chains 1s mimimized in gel
phase membranes [39]. Similarly, the stability of gel
phase mucellar discs 1s inversely related to the acyl chain
length, with long-chain phosphatidylcholine-melittin
mucelles reforming bilayers sheets or large vesicles over
extended periods by fusion without warming above the
phase transition temperature [39,58].

Apohpoproteins and their synthetic analogues nduce
disc mucelle formation in DMPC bilayers but these
mucellar discs form without cooling into the gel phase,
are more stable than melittin-PC disc complexes and do
not re-fuse on warming into the fluid phase. The apo-
lipoproteins seem to interact more strongly with the
exposed lipid surface and prevent a proportion of lipid
(presumably the lipid at the disc edges in contact with
the protein) from participating 1n the man gel to liquid
crystalline phase transition with the interior lipid [60).
There is also some evidence that the apolipoproteins are
able to accommodate size vanation 1n the disc micelles
(that may occur on chain melting above 7,) due to
structural flexibility within the protein [64]. The overall
charge compensation 1n apolipoproteins and their ana-
logues (Fig. 1) may contribute to enhanced mteraction
of these proteins with lipids 1n a disc micelle. However,
8-hemolysin, which has a similar amphipathic structure
to melittin and a low net charge like the apolipoproteins

(Fig. 1), does not induce the formation of disc micelles
1n saturated phosphatidylcholine membranes [58]. The
structural requirements for amphiphile-induced disc
micelle formation remain to be defined.

In common with a number of basic amphipathic
peptides [65], melittin exhibits fusogenic activity At
concentrations of around 0.5 mol% mehttin fuses a
variety of phosphatidylcholine membranes when the
temperature 1s cycled through the lipid phase transition
temperature [66]. In negatively charged lipids, fusion
occurs under isothermal conditions [67]. The mecha-
msm of mehttin-induced fusion of vesicles 1s probably
not the same as for the fusion of bilayer disc micelles as
depicted 1n Fig 10, but may require a local disruption
of bilayer structure and the appositton of vesicular
membranes [66-68]. The kinetics of fusion of DPPC
vesicles depends on the association state of melttin in
solution [92,93].

III-E  Relationship between the membrane actions of
melittin

There 1s considerable interest in the mechanism of
melittin-induced hemolysis and the evidence and 1nter-
pretations fall into three main catagories. Hemolysis
results from the perturbation of bilayer lipid organiza-
tion due to the presence of the amphipathic helix 1n the
head group region of the bilayer [16,26,44], or due to
the formation of 10n-permeable channels in the manner
of the voltage-gated ‘pore’ [45], or as a result of the
ability of the peptide to mucellize discs of membranes
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leaving holes through which the cell contents may dif-
fuse [53-55]). Each of these mechanisms is consistent
with an osmotic lysis mechamism [45] as long as the
initial perturbation results 1n enhanced permeability to
ions (and water) before release of intracellular hemo-
globin. While there 1s little direct evidence on the
molecular mechamism of hemolysis, structure-activity
studies with synthetic analogues shed some light on the
relationships of the three main membrane activities of
the peptide. It was shown early on using chemcally
modified or synthetic analogues of melittin that the
hemolytic activity of melittin 1s not directly related to
its surface activity [46,1]. Studies with a synthetic peptide
analogue, peptide I (Table 1I) contamning mimumal se-
quence homology to melittin but retaining the overall
amphipathic character of the first 20 residues [69]
showed that neither a defined sequence nor the presence
of a proline 1n the center of the helix are required for
hemolytic activity [44] The lack of importance for
hemolytic activity of a helix bend has been confirmed
using a synthetic analogue ([Ala-14]melittin) containing
a Pro — Ala substitution at residue 14 NMR and amide
exchange studies indicate that this peptide forms a very
stable helix in methanol without the flexibility in the
centre of the helix observed in native melittin (subsec-
tion II-B) Like the synthetic peptide I, [Ala-14jmelittin
is about twice as effective as melittin as a hemolytic
agent, showing the same biphasic release of hemolgobin
as melittin and peptide 1. [Ala-14]melittin has very poor
voltage-gated channel activity in planar bilayers and
voltage-dependent 10n conductance is supported only at
very high 1onic strengths (Dempsey, C.E, Bazzo, R,
Boheim, G and Campbell, I D. (1989) unpublished
data). The enhanced hemolytic activity of straight heli-
cal analogues of melittin having low structural flexibil-
ity 1s consistent with models for melittin-induced bi-
layer perturbation 1 which the location of the peptide
in the head group region of the bilayer causes volume
expansion near the membrane surface [26.44]. The low
channel forming activity of [Ala-14]melittin 1ndicates
that the flexability at the centre of the melittin helix 1s
important for the stability of voltage-gated channels,
possibly allowing the highly charged C-terminal se-
quence to bend away from the pore axis, mimimizing
channel-destabilizing charge repulsion. $-Hemolysin,
which lacks a central proline residue, nevertheless forms
stable voltage-gated channels with characteristics simi-
lar to those of melittin [71] The enhanced stability of
8-hemolysin channels compared with those formed by
[Ala-14]melittin may be due to the lower net positive
charge in the former peptide (Table 1. Fig 1). The
dissociation of the hemolytic activity (enhanced) and
voltage gated channel activity (suppressed) in the [Ala-
14] analogue of melittin supports the 1dea that melittin-
induced hemolysis does not result directly from ‘pores’
formed under the influence of the membrane potential.

“H-NMR studies [57] indicate that there 15 no specific
association of mehittin with negatively charged hipids
reconstituted membranes that might minimize charge
repulsion and stabilize *pores’. although 1t remains pos-
sible that some other form of pore stabilization mght
exist 1n erythrocyte membranes. Despite the evidence
that hemolysis does not requure voltage-dependent * pore’
formation, 1t has been shown that the hemolytic activity
of melittin increases with an increase in the transmem-
brane potential of the erythrocyte [72].

There 15 so far little evidence to support the idea that
hemolysis results from disc micellization of erythrocyte
lipids 'P-NMR studies of erythrocytes containing
melittin show no evidence of micellization below melit-
tin/lipid ratios of 1:20, indicating that if some micelli-
zation occurs 1t is below levels detectable by ''P-NMR
[58]. Whule it 1s likely that hemolysis could result from
the formation of only one or a few of these mucelles
ivolving only a small amount of the erythrocyte mem-
brane lipids, these mucelles have yet to be found The
mcorporation of negatively charged liptds (DMPS) in
DMPC bilayers greatly stabilizes the membranes to
melittin-induced micellization [57], indicating that more
complex hpid mixtures are more resistant to disc
micellization. [Ala-14]Melittin causes disc mucellization
of DMPC bulayers at a rate 100-fold slower than melit-
tin despite it’s enhanced hemolytic activity, further indi-
cating a structural dissociation of the two activities

Although each of the hemolytic peptides melittin,
alamethicin [74] and 8-hemolysin [75] form voltage-gated
channels in planar bilayers, there 1s no direct evidence
that voltage-gated channel formation underles the he-
molytic activity of melittin. The results obtained with
synthetic analogues support the concluston that there 1s
no necessary relationship between the various effect of
melittin on membranes. At low concentrations, melittin
forms voltage-dependent channels probably consisting
of cylindrical aggregates of melittin helical monomers
that do not greatly perturb the overall structural integr-
ity of the lipid bilayer At higher concentrations the
peptide induces hemolysis by an osmotic lysis mecha-
nism that need not require either discrete channel for-
mation or micellization of regions of the membrane as
bilayer discs. Bilayer disruption at high melhttin con-
centrations occurs n a manner dependent on the lipid
composition of the membrane, resulting 1n phase-transi-
tion-dependent micellization of phosphatidylcholine
membranes, and other morphologies 1n different lipids
(subsection TV-D) Whether some of the effects on
bilayer orgamzation in model membranes discussed 1n
the following sections (or. indeed, the observation of
melittin binding to integral membrane proteins [76]) are
directly relevant to the structural effects on membranes
occurring 1n the hemolytic process probably requires
direct structural analysis of erythrocyte membranes con-
taining melittin.



IV. Physical studies of the interaction of melittin with
model membranes

A detailed understanding of the molecular mecha-
nisms underlying the actions of melittin 1n membranes
requires determination of the conformation of melittin
in membranes, its location and orientation within the
bilayer and its self-association properties. Because of
the difficulties of studying these properties of melittin
in erythrocyte membranes or in planar bilayers under
the influence of a membrane potential, the large major-
ity of physical studies of melittin and its interactions
with lipids in membranes have been made using model
membranes. Considening that the molecular mecha-
msms for the different activities of melitin may differ
subsection III-E) and that the peptide may adopt differ-
ent onentations, self-association states and locations
within the bilayer under different conditions (see fol-
lowing sections), the assignment of molecular mecha-
nisms by extrapolation from model systems must be
made with caution It 1s clearly desirable to perform
biophysical studies on membrane systems closely re-
lated to the activity of interest. These considerations
indicate that the mechanisms of melittin-induced
micelhization of saturated phosphatidylcholine mem-
branes 1s most amenable to physical study, and that the
molecular mechanism underlying voltage-gated channel
activity 1s least accessible to direct study requiring mea-
surements in the presence of a transmembrane poten-
tial.

IV-A. The conformation of melittin in membranes

All of the studies of the structure of melittin 1n
membranes support the conclusion that the peptide 1s
helical. The '"H-NMR studies of the peptide bound to
dodecylphosphocholine mucelles [29,32,33] confirms pre-
vious evidence [16,17] that melittin forms a helix on
interaction with a membrane-like interface (subsection
II-B). CD and Raman spectroscopic studies have shown
that melittin adopts a helical conformation in egg PC
[16,19], DMPC [77] and DTPC membranes [30,33]. The
main uncertainty concerns the extent of the helix at the
C-terminus. CD and Raman experiments indicate that
the helix contains about 20 amino acids in DTPC
membranes [30,33], suggesting that the C-terminal tetra-
peptide sequence may adopt a non-helical conforma-
tion. Although the side-chains of Lys-23 and Arg-24 fall
on the non-polar face of the amphipathic helix when the
helix is extended through these residues, the long side-
chains of these residues may allow the charged groups
to fold back into the polar regions of the membrane as
depicted 1n the model of a surface lying helix (Fig. 12;
[26]. There 1s no direct information on the angle be-
tween the helical segments of membrane-bound melit-
tin
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Fig 12 A model for the mteraction of melittin with phosphatidyl-

choline bilayers. The peptide 1s given the structure from the crystal

tetramer and lies embedded 1n the head group region of the bilayer

with the non-polar face of the helix towards the bilayer mtenor
(From Ref. 26, with permussion )

1V-B. The orientation of melittin in membranes

Under the influence of a transmembrane potential
melittin becomes accessible to proteolytic enzymes on
the trans side of the membrane, whereas no proteinase
susceptibility 1s found in the absence of a membrane
potential [48] (subsection III-B). This result is compati-
ble with a voltage-dependent change in the orientation
of the melittin helix from a bilayer surface onentation
to a transbilayer one but 1s also consistent with the
potential-catalysed movement of the whole peptide
across the membrane All other studies of the orienta-
tion of the melittin helix have been done mm model
systems 1n the absence of a transbilayer potential Di-
rect determination of helix orientation based on linear
dichroism of the peptide amide vibrational bands (in-
frared spectroscopy), or from orientational order
parameters measured by circular dichroism, have been
made using oriented bilayers. In gel phase ditetradecyl-
phosphatidylcholine (DTPC) or DMPC at low hydra-
tion levels (6% w/w corresponding to 2-3 water mole-
cules per lipid) the a-helical segments of mehttin are
onented roughly perpendicular to the plane of the mem-
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brane [30] This observation 15 compatible either with a
transbilayer ortentation or a model in which the peptide
adopts a wedge conformation with a severe bend so that
although the peptide 1s not 1n a transbilayer conforma-
tion the helical segments remain approximately parallel
to the bilayer normal There is no evidence that melittin
can adopt such a conformation Broadly similar conclu-
stons were reached in a study of the onentation of the
melittin helices in DOPC and DPPC using Attenuated
Total Reflectance (ATR) IR spectroscopy [78]. In this
technique the melittin/ lipid mixture 1s deposited from
organic solvent (CHCl,/MeOH) onto a germamum
crystal and orientational order and dichroism in the
peptide IR absorption bands determined The conclu-
s1on that the helix axis lies roughly perpendicular to the
membrane plane 1n these studies may reflect the method
of sample preparation, the fact that the lipid 1s 1n the
gel phase and the extremely low water content of the
oriented bilayers that probably limits the possibility for
hydration of polar groups required for a surface orienta-
tion. A recent study [33] of the orientation of the
melittin helix in oriented egg PC and DTPC builayers at
97% relative humidity (30%. w/w. water/ lipid) used the
difference 1n the CD spectrum of the peptide 1n ori-
ented membranes and unoriented vesicles to determine
helix order parameters. Like the previous studies using
oriented bilayers, the axis of the melittin helix was
calculated to be oriented approximately perpendicular
to the plane of the membrane In contrast to these
conclusions, neutron diffraction of oriented, fluid phase
DOPC bilayers containing N-deuteromethylated melit-
tin shows that the neutron scattering intensity (melit-
tun-bound deuterons) are located at the bilayer surface
(Bradshaw, J., Dempsey, C.E. and Watts, A., unpub-
lished data) This indicates that under these conditions
the deuterated peptide finds a location where all the
amino groups are at the membrane surface.

A class of less direct studies have been carried out on
amino-group modified melittins to probe their accessi-
bility to the aqueous phase (and thus, by inference, the
location of the helix), these studies have uniformly been
interpreted 1n terms of a surface location for the melit-
tin helix Reductive methylation of melittin has been
used to introduce C- [22] or *H-labels [56] in N-di-
methyl derivatives of melittin for NMR studies. N-
Methylation of melittin by reductive methylation only
slightly reduces the hemolytic activity of the peptide
[56]. These studies were done with samples of N-methyl-
ated melittin 1n unoriented, fully solvated vesicles sus-
pended 1n buffer, the C-NMR studies using sonicated
egg phosphatidylcholine vesicles and the *H-NMR stud-
ies using unsonicated multilamellar suspensions of
DMPC pH utrations show that the pK, values of the
dimethylamino groups of the membrane-bound peptides
are similar to the pK, values for the peptide in water,
except that one lysine dimethylamino group has a pK,

reduced by about 0 4 pH units [22] and the N-termunal
deuteromethylamino group has a pK, reduced by about
05-0.8 pH units consistent with a tendencv for this
group to move 1nto the acyl group region of the bilayer
{(Lemmon, M A and Dempsey. C.E, unpublished data).
From "C relaxation measurements and by determining
the accessibilities of labeled amino groups to agueous
shuft reagents, the lysine N‘-dimethylamino groups were
shown to be located at the membrane surface freely
solvated 1n the aqueous environment [22] The ''C re-
laxation times. “H order parameters and measured pk
values indicated that the dimethylamino groups of the
peptide do not nteract strongly with the hpid phos-
phates No effect of the "'C shuft reagent was observed
when added to the opposite side of the membrane to
which the *C-labeled melittin was added, precluding a
transbilayer conformation for the peptide in which the
Nf-dimethylamino group of Lys-7 15 exposed on the
trans side of the membrane [22] Studies with nitroxide
spin-labeled melittins, specifically labeled on single
amino groups [79], lead to similar conclusions. The
addition of membrane impermeant chromium oxalate to
the aqueous solution above the membrane resulted 1n
relaxation broadening of the electron spin resonance
spectra from melittin spin labeled at each of the amino
groups, 1ndicating accesstibility to the aqueous solution
The relative broadening was in the order 7 > 21 > N* >
23 which parallels the relative exposure of the groups to
the aqueous environment 1If the peptide adopts a helical
conformation with the helix axis parallel to the mem-
brane surface and the hydrophobic side of the hehix
facing the membrane interior [80] as in the model of
Fig. 12 (See also Fig 1A).

The varniation n results obtained in different studies
may result from true vanation in the orientation of the
melittin helix 1n membranes depending on the lipid
composition of the bilayer and the li;pid phase and
hydration level Results obtained from fluid phase bi-
layers at high levels of hydration are of greatest interest
because the effects of mehttin (other than gel-phase-in-
duced micellization) occur in fully hydrated. flud phase
bilayers. Although most of the studies done under these
conditions support a model such as that shown 1n Fig
12 1n which the axis of the hehx lies parallel to the
membrane surface, there may be circumstances where
transbilayer, helical orientations are preferred.

IV-C The association state of melittin in membranes

The association state of melittin in membranes 1s an
umportant 1ssue regarding the voltage-gated channel for-
ming properties of the peptide which presumably re-
quires self-association of monomers to produce a * pore’.
It 15 not known whether ‘pore’-formung melittin aggre-
gates pre-exist in the membrane in the absence of a
membrane potential, and several studies to determine
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TABLE III
Summary of Studies on the Self-Association of Melttin in Model Membranes
Lipid Mehttin donor/ lipid /melittin ratio association state Ref
(phase) acceptor (n)
DMPC CH, >50 1(2 M NaCl) unassociated [81)

|
(L) -

H

C

|

(0]
DMPC ® 1000 1 associated [30]
L ~ (n=4)
(L) CH, NO,

l‘ N~ "0 .]

H

DMPC CH _® 3700 1 low I-unassociated [82]
eggPC : 100 1 hugh I-associated
PG N (05 M NaCl) (n=3-10)
@iL,) H ©
200 1 unassociated 79

DOPC o QC—N— ® [79]
DOPC/DOPA (9.1) H
(allL,)

the association state of melittin in model membranes
have produced contradictory results. The experiments
employ melittins chemically modified to introduce
spin-labels or fluorophores, and the measurement of
spin—spin interaction or fluorescence energy transfer as
a measure of probe proximty and thus peptide self-as-
sociation. The studies are summarized in Table III. In
DMPC bilayers above the phase transition temperature
and at lLipid/peptide ratios above 50°1, no energy
transfer could be detected between melittin and melittin
labeled with methyl anthraniloyl (Table III) at a single
undetermined amino group [81]. Conversely, by measur-
ing energy transfer from the melittin tryptophan to a
modified mehttin (Table II) in fluid phase DMPC
bilayers (at lipid / melittin ratios of 1000 : 1), Vogel and
Jahmg [30] observed significant transfer between melit-
tins with native and modified tryptophan The transfer
data was best fitted to tetrameric aggregates, based on
the assumption that the peptide exists 1n a bent helical
conformation with the average helix axis aligned roughly
along the bilayer normal. A related study in which the
melittin tryptophan fluorescence acceptor was an N-
bromosuccimmude-oxidised tryptophan denvative of
melittin (Table IIT) indicated that the association state
of melittin in flud phase DMPC, PG or egg phospha-
tidylcholine was dependent on the 1onic strength of the
solution above thz membrane [82]. In the absence of

salt the weak transfer could be accounted for by ran-
dom collisions of melittin monomers In solutions of 0 5
M NaCl self-association was apparent based on the
observation of energy transfer between unlabeled and
modified melittin The association state could be fit to
degrees of association varying between 3 and 10 mono-
mers per aggregate Apart from the observation that the
membrane-bound melittin aggregates exhibit markedly
different transfer efficiencies from the water-soluble
tetramer, indicating a different spatial organmization, no
conclusive information on the molecular orgamzation of
the aggregates was obtained Using spin-labeled amino
derivatives of melittin, Altenbach and Hubbell [79] were
unable to observe spin—spin interactions 1n membrane-
bound spin-labeled peptide at lipid/ protein ratios of
about 200 : 1 in either DOPC or DOPC DOPA (9: 1) at
low or high 1onic strengths, indicating insigmficant
self-association in the membrane under these condi-
tions

The marked vanation in these experimental results is
most readily explained by differences in association
properties of the different labeled melittins and by the
different conditions of 1onic strength and membrane
compositions employed Overall, the results indicate
that in fluid phase membranes at low 1onic strength
melittin 15 unassociated at peptide.lipid molar ratios
below about 1:100. The effect of Increasing 10nic



Fig 13 Freeze fracture electron micrograph of DMPC bilayers containing 5 mol% melitun obtained after rapid coolmg from a temperature (27° ')
above the lipid phase transition temperature The scale bar represents 100 nm Shadowmng was from nght to left across the micrograph (From Dr
B Sternberg. Friedrich-Schiller-Universitat, Jena. GD R

strength 1n increasing self-association (in Ref 82. but
not Ref 81) is analogous to the salt-induced self-associ-
ation of aqueous melittin and indicates that electrostatic
repulsion between melittins promotes dispersion of the
peptide 1n bilayers It is interesting that high ionic
strength [82], but not the presence of negatively charged
lipids [79.82] promotes self-association, suggesting that
melittin does not bind to the negatively charged head
group of DOPA reducing melittin-melittin charge repul-
sion.

Electron micrographs of mehttin-contaimng mem-
branes obtamned by freeze-fracture after rapid quench-
ing from the flud phase m egg PC. DPPC [53] or
DMPC bilayers (Fig 13) clearly show the presence of
intramembranous particle that are not observed in
melhttin-free bilayers. The nature of these particles has
not been umquely defined but they seem likely to be
mehttn aggregates. The observation of these particles
on the membrane fracture face (the plane of the bilayer
centre) indicates that the melittin aggregates penetrate

at least half way into the bilayer While there 1s evi-
dence that melittin self-associates and penetrates more
deeply 1nto PC bilayers when the temperature 1s lowered
into the gel phase ([55], subsection I1I-D), rapid freez-
ing techniques are expected to preserve the association
state of proteins 1n the fluid phase Whether the intra-
membranous particles in mehttin/ PC freeze-fracture
electron micrographs are melitin aggregates that either
pre-exist in the fluid phase or form by rapid redistribu-
tion of the peptide during the freezing process remains
to be determined

IV-D Selectwe interactions of melituin with different lipids

Biological membranes are composed of muxtures of
lipids and the possibility that melitin may interact
selectively with different lipid types has been explored
m several studies. The affimty of melitin for mem-
branes composed of negatively charged hipids 1s about
100-fold greater than for zwitterionic hpids {83}, indicat-
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Fig. 14 Denvatives of the diphenylhexatnene fluorescence polanza-

tion as a function of temperature for mixed DPPC/DPPG bilayers

contaimng increasing melittin concentrations (R, 1s the lipid /melittin

mole ratio) Mehttin-induced phase separation below T, 1s charac-

tenzed by the observation of two thermal transitions (From Ref 89,
with permussion )

ing the potential for a strong electrostatic component 1n
the binding of melittin to membranes The stoichiom-
etry for interaction of melittin with negatively charged
lipids 1s about 4-5 lipids per melittin for singly charged
lipids (PS and PG; [57,84,85] and two lipids per melittin
for the doubly aniomc lipids phosphatidic acid and
cardiolipin [86,87]. This 1s consistent with the finding
that mehttin has a net charge of +5-6 1n membranes
around neutral pH [22].

The affinity of mehttin for negatively charged lipids
has stimulated efforts to determune melittin-induced
phase separation of negative lipids that might be im-
portant for the membrane activities of the peptide
Separation of melittin-enriched phases in single lipid
bilayers composed of DPPG, DPPS or DPPA has been
detected by DSC and fluorescence anisotropy when the
bilayers are cooled into the gel phase [87,88] Similar
melittin-induced gel phase immiscibility has been de-
tected 1n mixtures of DPPG and DSPC or DPPC with
the formation of peptide-free domain enriched in PC on

(4]
<E>

—_—
\\

Fig. 15 Schemauc illustration of the effect of melitun 1n mnducing

convex (A) or concave (B) structures in zwitterionrc and negatively

charged hipids, respectively. Deeper penetration of the melittin into

negatively charged lipids was determined from the resistance of the

tryptophan residue (starred) to aqueous fluorescence quenchers (From
Ref 90, with permussion )
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cooling below the lipid phase transition temperature
[89] (Fig. 14). Phase separation in fluid phase lipid
under isothermal conditions 1s more difficult to detect
and only one study has been reported to date. In
DMPC/DMPS mixtures contaimtng melittin at up to 6
mol% relative to total lipid, all the components were
shown (using deuterium NMR) to be 1n rapid diffu-
sional exchange with no formation of complexes of
melittin with the amonic lipid having hfetimes longer
than microseconds [57). This result does not preclude
the possibility of observing phase separation in fluid
phase hipid muxtures of different compositions. The
possibility of melittin-induced lipid phase separation in
biological membranes has not yet been addressed ex-
perimentally

The 1interaction of melittin with lipids having differ-
ent head group structures has been shown to affect lipid
morphologies 1n a manner that can be understood 1n
terms of simple ideas about the geometry of packing of
lipids and proteins [90]. Melittin perturbs phosphatidyl-
choline bilayers in a manner consistent with a wedge
effect, inducing convex structures as the bilayer surface
region are expanded due to the presence of melittin 1n
the head group region (subsection III-C) In bilayers
composed of negatively charged lipids, mehittin induces
the formation of inverted lipid systems (H;, or hexago-
nal phase) which is proposed to anse partly from the
deeper penetration of the melittin helix into the mem-
brane surface [40,90]. The opposing effects of melittin
on bilayer organization of phosphatidylcholine mem-
branes and negatively charged hpids (Fig 15) may
account for the stabilization of DMPC bilayers to the
micellizing effects of melittin when DMPS 1s added to
the bilayers [57] In addition to its bilayer disrupting
effects, melittin can stabilize bilayer structure 1n fluid
phase mixtures of DMPC, lysophosphatidylcholine and
myristic acid that form micelles 1n the absence of melit-
tin [38] and in phosphatidylethanolamine membranes
under conditions where the PE normally adopts the
hexagonal phase [83]. Some of the selective effects of
melittin on the morphologies of different lipid types are
summarized in reference [83]

V. Summary

The molecular mechanisms underlying the various
effects of melittin on membranes have not been com-
pletely defined and much of the evidence described
indicates that different molecular mechanisms may un-
derlie different actions of the peptide Ideas about the
formation of transbilayer aggregates of mehttin under
the influence of a transbilayer potential, and for bilayer
structural perturbation arising from the location of the
pepuide helix within the head group region of the mem-
brane have been made based on the crystal structure of
the peptide, the kinetics and concentration dependence
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of mehttins membrane actions, together with simple
ideas about the conformational properties of amphi-
pathic helical peptides and their interactions with mem-
branes Physical studies of the interaction of melittin
with model membranes have been useful 1n determining
the potential of the peptide to adopt different locations,
orientations and association states within membranes
under different conditions, but the relationship of the
results obtained to the actions of melittin 1n cell mem-
branes or under the influence of a membrane potential
are unclear Experimental definition of the interaction
of melittin with more complex membranes, including
the erythrocyte membrane or in bilayers under the
influence of a transmembrane potential, will require
direct study in these membranes. Experiments employ-
ing labeled melituns for ESR, NMR or fluorescence
experiments are promusing both for therr sensitivity
(ESR and fluorescence) and the ability to focus on the
peptide within the background of endogenous proteins
within cell membranes. The study of melittin in model
membranes has been useful for the development of
methodology for determination of membrane protein
structures Despite the structural complexity of integral
membrane proteins, 1t is interesting that in some re-
spects their study be more straightforward. lacking as
they do the elusive properties of mehttin (and other
structurally labile membrane peptides) which limt the
possibility of defiming their interaction with membranes
in terms of a single conformation, location, orientation
and association state within the membrane
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