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Permeabilization of the mitochondrial inner membrane
by short cecropin-A-melittin hybrid peptides
Pilai DIAZ-ACHIRICA Susana PRIETO'. Josep UBACH3. David ANDREU2, Eduardo RIAL ' and Luis RIVAS '
1 Centro de Investigaciones Biolôgicas, C. S. I. C., Madrid. Spain
; Department de Quimica Orgànica, Universitat de Barcelona. Barcelona. Spain

A number of cecropin-A — melittin hybrid peptides have previously been shown to be potent
antibacterial agents ( Andreu, D.. Ubach, J., Boman, A.. Wahlin. B., Wade, D.. Merrifield, R. B. &
Boman. H. G. ( 1992 ) FEBS Lett. 296. 190-194 ). In the present report we analyze their action on
biological systems using rat liver mitochondria as a test system. We demonstrate that the longest
peptide. cecropin-A-( 1-8) — melittin!1-18) permeabilizes the mitochondrial inner membrane allow-
ing the movement of both charged and non-charged solutes. Concentrations used have already been
shown to be bactericidal. This effect is also demonstrated under respiring conditions where succinate
oxidation is uncoupled. Shorter analogs also permeabilize mitochondria although at ten-fold higher
concentrations. Heparin potentiates the peptide effects at low concentrations, while at high concen-
tration it becomes inhibitory. We propose that the cecropin-melittin analogs disrupt the mito-
chondrial membrane in a detergent-like mode rather than by creating selective channels as had been
previously suggested.

is still controversial (reviewed in Dempsey, 1990; Sansoin.
1991).

Antibacterial peptides are one of the main components of
the non-specific immunity in pluricellular organisms. They
have been described in insect hemolymph. intestinal and tra-
cheal mucosas, frog skin secretions, neutrophils, macro-
phages, etc. They are grouped in different families according
to their similarity in primary structure ( Boman et al.. 1991 .
Zasloff, 1992 ; Hoffman et al .. 1993; Lehrer et al .. 1993 ).

Cecropins are one of the main families of antibacterial
peptides which are present in insect hemolymph (reviewed
in Boman el al., 1991 ). They are polypeptides of less than
40 residues, lacking disulfide bonds. Three regions can be
distinguished; the N-terminal end. with several positively
charged lysine residues ; a central hinge region formed by a
Pro-Gly sequence; and finally a C-terminal hydrophobic-
stretch. Therefore when the protein is in a non-polar environ-
ment it adopts an «-helix — hinge — «-helix conformation (Ho-
lak el al.. 1988). There appear not to be specific receptors
for cecropins in the bacterial membrane ( Wade et al.. 1990 );
the peptides adsorb to the bilayer and aggregate to form volt-
age-dependent channels which collapse the ionic gradients
(Christensen et al.. 1988 ; Merrifield et al.. 1991 ). These
structural features are also shared by certain peptides present
in insect venoms. Thus, melittin, one of the main components
of bee venom, has a lytic action both against bacteria and
eukaryotic cells. When compared with cecropins, the se-
quence orientation is in the reverse order, i.e. the C-terminal
end is the positively charged one. The mechanism of action

Since cecropins are relatively short peptides, chemical
synthesis has been employed for the study of structure/func-
tion relationships. Thus it has been used for the definition of
the role of specific residues and to improve their antibiotic
activity (Andreu et al.. 1985 ; Steiner et al., 1988 ; Fink et
al.. 1989 ). The possible clinical application of antibacterial
peptides requires first the lack of harmful effects on the pa-
tient ( peptide immunogenicity. lytic effects, etc. ) and second
a low cost of synthesis. Boman et al. (1989) and Andreu et
al. (1992) have concentrated on the design of cecropin-A —
melittin hybrids as antibacterial peptides w'ith broad specific-
ity. These peptides are composed, from the N-terminus to the
C-terminus. of the first eight amino acids of the N-terminal
sequence of cecropin A followed by a variable stretch of
amino acids from the N-terminus of melittin. The elimination
of the C-terminal end from the melittin molecule greatly di-
minishes its hemolytic activity. Some of the active peptides
of these series have a sequence shorter than that required to
span the thickness of the bilayer; thus, their mode of action
must differ from that of the parental peptides (Merrifield et
al .. 1991; Andreu et al.. 1992 ).

In the present study w-e intend to set a protocol for testing
the activity of these chimeric peptides and thus help in the
design of new antibiotic peptides. We have used mito-
chondria as our in vitro system for looking at the effect that
these analogs have on biological membranes. Other bacterici-
dal peptides, such as magainins (Westerboff et al.. 1989a
and b; Juretic et al .. 1989). cecropins and some derivatives
have been tested as uncoupling agents in mitochondria, as
w'ell as competitors in the import of precursors proteins into
mitochondria ( Hugosson et al.. 1992 ). We conclude that the
cecropin-A — melittin hybrids tested cause a non-specific per-
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meabilization of the mitochondrial inner membrane. We pos-
tulate that they perturb the lipid bilayer in a detergent-like
fashion rather than inducing ion-specific channels. 2'

8
O'MATERIALS AND METHODS

Materials

/V''-Butoxycarbonyl( Boc)-protected amino acid deriva-
tives were obtained from Novabiochem and Propeptide. All
other biochemicals were from Sigma or Merck.

!
I

Fig. 1. Effect of 4 nmol/mg CA(1-8)M(1-18)-NH2 on the perme-
ability to sucrose ( a I and potassium acetate (h ) of rat liver mito-
chondria. Permeabilities were determined from the rate of light-
scattering decrease during osmotic swelling when mitochondria
were suspended either in 250 mM sucrose or 100 mM potassium
acetate. See Materials and Methods for further details. Peptide was
added when indicated. P.

Peptide synthesis

Peptides were synthesized by the solid-phase method
(Merrifield. 1986) as previously described ( Andreu et al ..
1992) using Boc-chemistry protocols on /j-methylbenz-
hydrylamine resin. The peptides were deprotected and
cleaved from the resin by HF acidolysis and purified by re-
verse-phase chromatography on a CIS column, us described.
The sequences of the hybrid peptides used for this study are
shown in Table 1. All analogs had an amidated carboxyl
group.

1990: Dempsey et al .. 1990). The synthesis of cecropin-me-
littin hybrid peptides has proven to be a useful approach for
the design of more potent antibacterial peptides with broader
specificity against pathogens w'hile avoiding the toxic effects
on eukaryotic cell tvpes ( Andreu et al.. 1992: Boman et al..
1989).Isolation of mitochondria and determination

of permeability properties

Rat liver mitochondria were isolated as previously de-
scribed ( Heaton and Nicholls. 1976). Final pellet was resus-
pended in a buffer containing 250 mM sucrose. 5 mg/ml al-
bumin. 10 mM Tes, pH 7.4. Protein concentration was deter-
mined by the Biuret method using albumin as standard.

The respiration experiments were carried out at 25°C in
a Hansa-Tech 0:electrode chamber. Mitochondria ( 1 mg/inl )

were suspended in medium containing 75 mM NaCl. Tes
10 mM. EGTA 1 mM. 2 tng/ml albumin. 2 mM sodium phos-
phate. pH 7.0. Substrate was either 5 mM succinate, or 5 mM
glutamate plus 5 mM malaie.

Mitochondrial permeability to sucrose, potassium acetate
or sodium chloride was determined from the rate of absor-
bance decrease (550 nm ) due to changes in light scattering
during osmotic swelling. When control mitochondria were
suspended in 100 mM potassium acetate. 20 mM Tes. 1 mg/
nil albumin. 5 JIM rotenone. pH 7.0. the permeability to
either protons (valinomycin 0.5 JIM present ) or to potassium
|10 (iM carbonylcyanide /7-trifluoromethoxyphenylhydra-
zone (FCCPi present] was determined (data not shown ).
However, since peptide addition stimulated both permeabilit-
ies simultaneously no ionophores were needed in routine ex-
periments. Permeability to sucrose was determined in me-
dium containing 250 mM sucrose. 10 mM Tes. 1 mg/ml albu-
min. pH 7.0. Permeability to NaCl was determined with
mitochondria suspended in the buffer used in the respiration
experiments. In all cases, protein concentration was 0.25 mg/
ml and incubation temperature 25°C.

We have set out to test the effects of four such hybrid
peptides, with two goals: first, to advance in the understand-
ing of their mechanism of action, and. second to develop
tests for fast screening of new ly developed peptides. We hav e
used isolated rat liver mitochondria as a model system to
study the interaction of the cecropin-melittin hybrids with
biological membranes. This system has interesting advan-
tages since plenty of material can be obtained easily with
very reproducible characteristics, and there are techniques
that allow a detailed investigation of their permeability prop-
erties.

We have used a technique based on the osmotic swelling
of the mitochondrial matrix to investigate the variations in
the permeability properties of the inner membrane brought
about by the action of the cecropin-melittin hybrids. It has
been demonstrated that changes in light scattering resulting
from changes in mitochondrial volume can be applied for
the quantitative determination of solute transport across the
mitochondrial inner membrane ( Beavis et al.. 1985: Carlid
and Beavis. 1985 ). Since net import of solutes is accompa-
nied by the entry of w ater and this results in mitochondrial
swelling, it is possible to determine the rate of solute entry
from the rale of light-scattering decrease.

The cecropin-melittin hybrid peptide cecropin-A-( 1 -8 )-
melitlin-d - 18 )-NH:|CA( 1 — 8)M( 1 — I 8 )-N1L] is composed
of the first 8 residues of cecropin A followed by the first 18
residues from melittin ( Table 1 and Andreu e! al.. 1992 ). The
peptide has a net positive charge at physiological pH due to
the presence of five lysines and displays a high «-helical
content in 4% hexafluoroisopropanol (Wade et al.. 1990 ). Its
antibiotic and lytic activity is higher than those of cecropin
A and melittin while it has no effect on sheep erythrocytes
( Wade el al .. 1990; Andreu et al .. 1992 ).

The effect of the peptide CA( 1 — 8 ) M ( 1 — 18)-NH _. on the
permeability properties of the inner membrane is shown in
Fig. 1 . It induces swelling both in sucrose and potassium ace-
tate. The swelling traces also reveal different kinetics; while
the peptide action in acetate is fast and almost complete
within 60 s, swelling in sucrose is slower although it pro-

RESULTS
Alteration of the permeability properties
of the mitochondria inner membrane
by the peptide cecropin-A-(l-8)-meIittin( l-18)-NH2

Cecropin and melittin have been shown to form channels
and permeabilize biological membranes as part of their
mechanism of action (Christensen et al.. 1988: Wade et al ..



b most of the species tested (Andreu et al., 1992: Wade et al.,
1990).
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Mitochondrial swelling in sucrose involves the entry of a

polar non-charged solute. Swelling in potassium acetate re-
quires permeation of acetic acid through the bilayer, electro-
genic entry of potassium and. in order to maintain charge
and pH balance, the exit of one proton. Therefore these re-
sults show that while in sucrose the peptide CA(1-8)M( 1-
18)-NH2 has created a path for the movement of a non-
charged molecule, in the second case it allows the simulta-
neous movement of potassium in one direction and protons
in the opposite one. Previous reports have indicated that per-
meabilization of planar membranes by cecropin A proceeds
after the formation of voltage-sensitive channels with a per-
meability ratio Cl /Na’ of 2 :1 (Christensen el aL 1988:
Wade et al., 1990). However, these swelling experiments re-
veal that permeation occurs in the absence of membrane po-
tential and that both charged and non-charged species can
cross the membrane.

The pathway induced by the peptide is reminiscent of the
mitochondrial-permeability-transition pore ( MTPi since the
MTP allows permeation of a w'ide variety of small mole-
cules. including sucrose. MTP opening can be induced by
many factors which do not share common structural or func-
tional features and it is inhibited with high specificity by
cyclosporin A ( Gunter and Pfeiffer, 1990: Petronilli et al ..
1993 ). To test the possibility that the peptide-induced perme-
ability is due to MTP opening, experiments were performed
where the ability of cyclosporin A to inhibit the peptide-
induced swelling was tested. Cyclosporin A ( up to 20 pM )
did not affect either sucrose or acetate swelling induced by
CA( 1 -8 >M( 1 — 18)-NH > i data not shown).

Fig. 2 shows the effect of varying concentrations of
added CA(1-8 )M( 1 —18)-NH:. It is apparent that the peptide
associates with the membranes so fast that it does not fully
equilibrate with the medium. Thus at low peptide concentra-
tions only a limited population of mitochondria will reach
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Fig. 2. F.fTect of varying concentrations of CA(1-8)M(1-I8)-NH2
and heparin on the swelling of mitochondria in potassium ace-
tate. ( a) 2 nmol peptide/mg mitochondrial protein ; (b) 4 nmol/mg:
(c ) 8 nmol/mg: < d > two consecutive additions of 4 nmol/mg ; < e).
heparin 0.13 mg/ml plus 4 nmol peptide/mg mitochondrial protein ,

( f) heparin 0.65 mg/m I plus 4 nmol peptide/nig; (g )

previously incubated mixture of 4 nmol peptide/mg plus 0.13 mg
heparin/ml. Additions: H. heparin ; P. peptide CA( 1 -8 )M < 1 -18 »-
NH,.

addition of a

ceeds to a greater extent. At this stage it is very difficult to
ascertain the reason for these differences although it is very
likely that the interaction of the peptide with the membrane
will greatly depend on the ionic strength and this is very
different in the two media. The concentration chosen ( 1 fiM.
i.e. 4 nmol/mg protein » has been shown to be bactericidal lor
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Fig.3. Effect of CA(1-8)M(I-18)-NH2 on mitochondrial respiration with succinate as substrate, (a ) Control mitochondria; ( b ) effect
of t nmol pepude/me on the respiratory control; ( c ) effect of 3 nmol pepride/mg: id) induction of mitochondrial swelling by 4 nmol peptide/
mg under the conditions used in respiration experiments ( NaCI buffer ). See Materials and Methods for further details. Additions: S. 5 mM
succinate; A. 0.2 mM ADP: F. 10 pM FCCP; I*, peptide CA( 1-8)M( 1-18 »-NH _.



the critical level of peptide in their membrane to allow per-
meabilization. and a second addition allows new mito-
chondria to reach this critical level. This fast association can
be modulated if a polyanion is present. Fig. 2, trace e. shows
the effect of 4 nmol/mg CA( 1-8)M(1-18)-NH: when added
to the mitochondrial suspension in the presence of heparin
0.13 mg/ml. The kinetics reveal a slower permeabilization
process but reaching to the entire mitochondrial population,
thus similar to the effects observed with low ionic-strength
medium such as sucrose ( Fig. 1, trace a ). Higher heparin con-
centrations (0.65 mg/ml > become inhibitor),- ( Fig. 2. trace f ).
When the heparin and the peptide are allowed to equilibrate
in the incubation mixture and then the mix is added to mito-
chondria. the action of the peptide is significantly reduced
(Fig. 2, trace g ).
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Effect of CA(1-8)M(1-18)-NH2 on mitochondria
under respiring conditions

If the interaction of the antibacterial peptides were to be
dependent on a membrane potential, then the conditions clos-
est to the in vivo situation would be those under respiring
conditions. In fact, the presence of a membrane potential
should favor insertion of the positively charged peptide in
the membrane. Fig. 3 shows the effect of CA(1—8 )M( I —18)-NH2 on mitochondria oxidizing succinate. Addition of
1 nmol peptide/mg mitochondrial protein stimulates respira-
tion 1.5-times. However, subsequent addition of ADP still
allows observation of respiratory control, with a 3.6-fold sti-
mulation of respiration. With CA(1 — 8)M( 1 — 18)-NH: at
3 nmol/mg. respiration is stimulated threefold, but respira-
tory control by ADP is completely lost ( Fig. 3. trace c).
Therefore it appears that the peptide is acting as an uncou-
pling agent, similarly to magainins fWesterhoff et al., 1989a
and b). However, when mitochondrial swelling is monitored
under respiration conditions ( buffer has NaCl as osmotic sup-
port ). an extremely fast peptide-induced swelling is observed
( Fig. 3, trace d ) which suggests that the uncoupling-like ef-
fects could be due to the unspecific permeabilization of the
inner membrane.

The situation is somewhat different when the mito-
chondria are respiring with glutamate/malate ( Fig. 4 ). Addi-
tion of 3 nmol peptide/mg leads to a transient increase in
respiration which decreases progressively and which cannot
be re-activated by .ADP or FCCP ( Fig. 4. trace b). However,
once the glutamate/malate respiration has been inhibited by
the peptide, the subsequent addition of succinate increases
markedly the rate of respiration, although it is not sensitive
to ADP or FCCP ( Fig. 4, trace c ). Since peptide addition
leads to permeabilization of the membrane and mitochondrial
swelling (Fig. 3. trace d ) and hence leakage of solutes from
the matrix , it is not surprising that it impairs glutamate/ma-
late oxidation.
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Fig.4. Effect of CA( 1-8 )M( 1-18)-NH2 on mitochondria respiring
with glutamate and malate as substrate. < ai Control mitochondria ;
(b ) effect of 3 nmol peptide/mg; (c) effect of 5 nmol/mg. Additions:
G/M. 5 mM glutamate plus 5 inM malate ; A. 0.2 mM ADP: S.
5 mM succinate : F. 10 pM FCCP. P. peptide CA( 1 -8 )M < I - 18 )-
NH;.

differences are observed among them. How'ever. it should he
noted that when compared with the peptide CA( 1-8)M( 1 -
181-NHj, higher concentrations are required to permeabilize
mitochondria and they only induce low-amplitude swelling.
When heparin is present, the effects are now similar to those
of CA( 1 — 8 )M( 1 -18 )-NH; although high peptide concentra-
tions are still required.

DISCISSION
The proposed mechanism of interaction of cecropins w ith

biological membranes has two sequential steps: first , interac-
tion of the positively charged N-terminal region with the
negative components of the external layer of the membrane
and. second, insertion of the C-terminal hydrophobic se-
quence into the bilayer. The channel is formed by aggrega-
tion of ceeropin molecules in the membrane displaying sin-
gle-channel conductance (Christensen ct al.. 1988: Wade et
al.. 1990). Recently, a computer model of ceeropin A channel
has been described where tw'o types of channels are consid-
ered. Both are based on the aggregation of a basic dimer
structure, formed by two anliparallel peptide chains, but
while in one case the internal lining of the channel is pro-

The effect of peptide analogs of CA ( 1-8)M(1-18 )-NH2

One of the aims of the present work was to set a protocol
for the characterization of the action of peptide analogs. Ta-
ble 1 presents the amino acid sequence of three shortened
cecropin-A-melittin hybrids. They all consist of the first
seven residues of the N-terminal end of ceeropin A plus eight
residues corresponding to different parts of the N-terminal
sequence of melittin ( Andreu et al.. 1992 ). Fig. 5 show's the
effect of the addition of 80 nmol peptide/mg on the osmotic
swelling of mitochondria in potassium acetate. No substantial



Table 1. Amino acid sequence, (/-helix content and antibacterial effect of the cecropin-A-melittin hybrid peptides. Sequences are
divided in two regions, the N-terminal end belongs 10 cecropin A and the C-terminal end to melittin. The o-helix contents in 89/ hexafluoro-
2-propanol are taken from Andreu et al. ( 1992). Lethal concentrations to Pseudomonas aeruginosa (Pse ) and Staphylococcus aureus (Stap )
were calculated from inhibition zones on agarose plates: for Plasmodium falciparum (Mai ) they were calculated from the inhibition of
erythrocyte reinvasion, data from Andreu et al. (1992 ).

Peptide Amino acid sequence r/-he!ix content Lethal concentration to

Stap.Pse. Mai.

jiM

CAM - 8 )M( 1 -18)-NH
CA( 1-7 )M(2-9 )-NH .
CA( 1 — 7)M(4 — 11 >-NH.
CA(1-7)M(5-12 )-NH

KWKLFKKI GIGAVLKVLTTGLPALIS
KWKLFKK IGAVLKVL
KWKLFKK AVLKVLTT
KWKLFKK VLKVLTTG

42' 0.7 1 4
28 2 7.54
0 4 8 8

35 2 8 9

" Data from Wade el al. ( 1990).
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Fig. 5. Effect of various analogs of the peptide CA(l-8)M( l-18l-.\H; on the mitochondrial permeability to potassium acetate. ia and
d ) CAM -7 )M( 2-9 )-NH .. 80 nmol/mg: (b and e ). CA(1-7)M(4— Ill-NH;. 80 nmol/mg: (c and f) CAM — 7)M(5—12 )-NH; 80 nmol/mg.
( d, e and f ) 0.13 mg heparin/ml was added before the peptide. Additions : P, peptide analog . H. heparin .

vided by the N-terminal charged «-helix, in the other case it
is the hydrophobic C-terminal «-helix ( Durell et al.. 1992 ).

Melittin also forms channels by aggregation of mono-
mers leading to the formation of helix bundles. The orienta-
tion will depend on the lipid composition of the bilayer, its
hydration level and the presence of a transmembranc poten-
tial ( reviewed in Dempsey. 1990; Sansom. 1991 ). The molec-
ular mechanism of action of melittin is far from clear. At low
melittin/lipid ratios, peptide aggregation leads to the forma-
tion of voltage-gated channels w ith discrete levels ol conduc-
tance that w ill probably depend on the number of oligomers
( Hanke et al.. 1983; Schwarz et al .. 1992 ) However, at high
concentrations, results indicate that it can cause micelle for-
mation from the membranes in a way similar to the solubili-
zation by detergents ( Habermann. 1972).

Recently, a number of cecropin-A-melittin hybrid pep-
tides have been developed with the purpose of improving
their antibacterial activity while decreasing the undesirable
cytotoxic effects lBoman et al.. 1989; Wade et al.. 1990;
Andreu et al.. 1992 ). Their organization in the membrane is

not known although their reduced size, absence of both a
central Gly-Pro hinge and a Glu9/Argl 6 ionic pair ( stabiliz-
ing the cecropin A dimer ) must result in an arrangement dif-
ferent from those suggested for the parental peptides ( Durell
et al.. 1992 ). In consequence their mechanism of action is
also likely to be different. Christensen et al. ( 1988 ) have re-
ported that while cecropins form voltage-dependent ion
channels, shorter analogs do not form channels although they
adsorb to the bilavcr.

In the present study we have set out to test the effect of
four hybrid peptides on the permeability properties of the
mitochondrial inner membrane . We have shown that the in-
teraction of the peptides w ith the membrane leads to the for-
mation of pores which allow movement of both charged and
non-charged molecules. Permeabilization is observed both in
the presence and absence of membrane potential. It is inter-
esting that magainins. another family of antibacterial pep-
tides. also induce mitochondrial swelling in sucrose ( Wester-
hoff et al.. 1989a ). Under respiring conditions, with succinate
as substrate, the peptide displays an uncoupling-like beha-



components in the extracellular matrix may be an important
factor for peptide specificity and protection.

Andreu et al. (1992) have designed shortened peptides
derived from the CA(1 —8)M(1 —18)-NH2 which retain anti-
biotic activity'. The working hypothesis for the action of these
peptides has been that they lead to the bioenergetic collapse
of the bacteria. Having set the conditions with rat liver mito-
chondria to assess the permeabilization properties of the pa-
rental peptide, we tested the effect of the short derivatives
and conclude that they are indeed active. However, their
mode of action differs from that of CA( 1 —8 )Mi 1 -18)-NH>
since they require a much higher concentration and the pres-
ence of heparin. While long peptides are able to form «-
helical structures which would span the membrane and hence
could form channels, the action of short peptides would re-
quire either the stacking of monomers (Merrifield et al ..
1991), adoption of extended (3,„) helices ( Andreu et al.,
1992 ), or simply the disintegration of the membrane due to
a detergent-like action. In the mitochondrial model used in
this work, the lack of specificity of the channels formed
( swelling is observed both in salts and sucrose ) would, in our
view, favor this latter possibility. Recently, Schafmeister et
al. (1993 ) have designed a 24-amino-acid peptide which al-
lows solubilization of integral membrane proteins. This pep-
titergent has «-helical structure with positively charged
amino acids at both ends.

This work was supported by the Spanish Comision Interministe-
rial de Ciencia v Tecnologia ( BI092-0936-C02-01 and PTR 93-
0032 ) and by the Comunidad de Madrid (093/92). P. D. A. and S.

P. were recipients of fellowships from the Comunidad de Madrid. J.
U. was the recipient of a fellowship from the Spanish Ministerio de
Eduaciân y Ciencia ( FPI ) .

vior. However, since mitochondria swell immediately after
the addition of peptide it must be assumed that unspecific
permeabilization of the mitochondrial inner membrane has
occurred. In our view, the observed lack of specificity of the
channels formed suggests that it may be disturbing the bi-
layer structure rather than creating selective pathways for ion
movement.

The method of addition of the peptide does influence the
degree of permeabilization. Thus, sequential addition of pep-
tide is less effective than a single dose (Fig. 2. traces c and
di. Westerhoff et al. (1989a ) also observed differences due
to the method of peptide addition with their studies of the
interaction of magainins with mitochondria. Since it has been
shown that several antibacterial amphipathic peptides can ex-
ist as aggregates, our results suggest that this might be a
determining factor lor the outcome of the experiment. Pre-
liminary experiments by analytical centrifugation have
showm a high degree of aggregation of CA(1-8)M( 1-18)-
NHr at concentrations higher than 20 pM. One of the paren-
tal peptides, melittin. presents two states of aggregation in
water. At low peptide concentrations it exists mainly as a
monomer with a random-coil conformation, while at higher
concentrations tetramers are formed and a high «-helix
content is detected ( reviewed in Dempsey. 1990 ). The elimi-
nation of Pro in a synthetic analog of melittin increases the
«-helical content and induces aggregates of more than 50
molecules ( John and Jàhnig. 1992 ). Structural modifications
have not been observed with CA( 1 — 8 )M( 1 — 18)-NH: below
50 (iM, although some loss of helicity can be detected above
this concentration ( Andreu et al.. 1992).

The kinetics of the mitochondria permeabilization sug-
gests a fast association of the peptide aggregate with the
membrane. However, the peptide/membrane equilibrium can
be modified in the presence of polyanions such as heparin. It
should be noted that both heparin and the LPS are negatively
charged and that LPS is one of the main components of the
membrane playing an important role in the interaction of an-
tibiotic peptides with Gram-negative bacteria ( Rana et al..
1991 ). It is remarkable that at low concentrations there is an
enhancing effect of heparin. The quenching of the peptide
positive charges by the polyanionic heparin should slow-
down the peptide adsorption into the negatively charged
mitochondrial membranes thus explaining the observed
decrease in the rate of permeabilization ( Fig. 2. trace e ). This
would also allow a more homogenous distribution and there-
fore more mitochondria would reach the threshold level of
permeabilization. At higher heparin concentrations, or w hen
peptide and heparin are incubated together before being
added to the mitochondrial suspension, a marked inhibition
of the peptide effect is observed. While the first case could
be explained by simple competitive kinetics, the second case
indicates that the formation of the heparin/peptide complex
is a slow process. Comparative analysis of CAfl —8)M ( 1 —
18)-NH- with proteins which bind heparin with high affinity
does not reveal any similar motif in this peptide ( Margalit et
al., 1993 ). It is possible that the heparin/peptide interaction
leads to further alterations in peptide structure.

The effect of heparin could have implications for the cell
specificity of the peptides. Magainins and cecropins are
known to have lethal effects on lower eukaryotes ( Andreu et
al.. 1992: Boman et al., 1989: Huang et al., 1990: Zasloff et
al.. 1988) and certain tumor cell lines (Cruciani et al .. 1991 ;
Baker et al.. 1993) at low concentrations, w'hile showing no
effect on erythrocytes or other non-transformed cells. The
presence of heparan sulfate and other negatively charged
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