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ABSTRACT: d-Lysin is a 26 amino acid, hemolytic peptide toxin secrete@taphylococcus aureult has

been reported to form an amphipathic helix upon binding to lipid bilayers and is often cited as a typical
example of the barrel-stave model for pore formation in lipid bilayer membranes. However, the exact
mechanism by which it lyses cells and the physical basis of its target specificity are still unknown. Moreover,
the evidence fow-lysin insertion and pore formation in the membrane stems largely from theoretical
modeling of the toxin and lacks experimental confirmation. We investigated binding and insertion of
o-lysin into phospholipid bilayer vesicles. The kinetics of these processes were studied by stopped-flow
fluorescence with two types of experiments: (a) carboxyfluorescein release from the vesicles upor-peptide
vesicle interaction, with concomitant relief of dye self-quenching; (b) fluorescence energy transfer from
the intrinsic tryptophan of the peptide to a membrane-bound lipid probe. We formulated a detailed kinetic
mechanism with explicit molecular rate constants for peptide binding, association, and insertion, obtaining
a quantitative description of the experimental resdkkysin insertion is strongly dependent on the peptide-
to-lipid ratio, suggesting that association of a critical number of monomers on the membrane is required
for activity. However, we found no evidence for a stable membrane-inserted pore. Rather, the peptide
appears to cross the membrane rapidly and reversibly and cause release of the lipid vesicle contents in
this process.

Many unrelated organisms produce short, linear, cytolytic category, such as melittin and mastoparan, do not discrimi-
peptides, usually between 15 and 30 amino acids in length,nate between cell type9,(10) but rather lyse cells and model
that play a role in the defense against competing or attackingmembrane vesicles alike, independent of composition, as if
organisms (for recent reviews see r&fs4). In eukaryotes, peptides intended for secretion need not distinguish self from
they appear to be a component of a nonadaptive immunenonself, because the target is remote from the source
system that protects the host organism against invadingorganism. The occurrence of toxic peptides is, however, not
microorganisms. As a conseqguence, they are often found onrestricted to eukaryotic organismStaphylococcus aureus
body surfaces, such as skin and intestines, or in the blooda Gram-positive bacterium, also secretes cytolytic peptides
and hemolymph ). These peptides have received much as part of a broadly toxic cocktail. Staphylococéalysin,
attention in recent years because they could represent ara 26 amino acid peptide (formyl-NH-Met-Ala-GIn-Asp-lle-
alternative to classical antibiotics, given their preferential lle-Ser-Thr-lle-Gly-Asp-Leu-Val-Lys-Trp-lle-lle-Asp-Thr-
lysis of bacteria and fungbj. Exactly how they distinguish ~ Val-Asn-Lys-Phe-Thr-Lys-Lys-COQ), is an interesting
between cell types is still under investigation, but it seems example of a rarer subclass of peptides, which lyse eukaryotic
relatively certain that no cell-surface receptors are involved cells in preference to bacterial cells in vivbl( 12).
in the recognition mechanism because synthetic peptides with In general, the amino acid sequences of cytolytic peptides
all-o-amino acid enantiomers show the same activity as the from different organisms vary widely, but many are able to
natural, alle-amino acid peptides7}. Thus, some kind of  form an amphipathia-helix. The distribution of charged
molecular recognition mechanism appears to reside at theamino acids along the helix axis varies among these cytotoxic
level of the lipid bilayer, even though the ultimate target peptides, but most frequently they carry a positive net charge
site may be a cellular structure other than the plasma at neutral pH.0-Lysin is exceptional in this respect: with
membrane §). Cytolytic peptides are also constituents of four basic and three acidic residues, a negative C-terminus,
the venoms secreted by wasps and bees. Peptides in thisind a formylated N-terminus, it has zero net charge at neutral

pH, which facilitates its aggregation in aqueous soluti#i{

16). In fact, o-lysin is soluble in both aqueous and organic
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shown by isothermal titration calorimetryl9) to bind to evaporator (Bohi R-114A) at 60°C. The lipid film was then
neutral membranes with association enthalpies similar to placed under vacuum for-3® h and hydrated by the addition
those found for charged membrang8)( ando-lysin is able of buffer to give a final lipid concentration of 10 mM.

to penetrate both charged and neutral membranes in vitroSwirling of the flask yielded a turbid suspension of multi-
(21). Moreover, positively charged melittin lyses erythrocytes lamellar vesicles, which was subsequently extruded about
as well as bacterial cellsl). Thus, the positive charge of 10 times through two stacked Nuclepore polycarbonate filters
peptides belonging to the innate immune system cannot beof 0.1um pore size. Extrusion was performed with a water-
the sole cause for their specificity, and other factors may jacketed high-pressure extruder from Lipex Biomembranes
have to be considered, such as the distribution of chargelnc. The suspension was diluted in buffer to the desired
along the peptide axi2®). In the case ob-lysin, the absence  concentration and used for fluorescence measurements. The
of a net charge with the consequent propensity for aggrega-buffer used was 20 mM MOPS, pH 7.5, 80 mM KCI, 0.01
tion in water may simply be a protective measure, perhapsmM EGTA, and 0.02% Naph For experiments using
against proteases, rather than a factor in the determinationcarboxyfluorescein encapsulated in POPC vesicles, the lipid
of target cell specificity. In view of these observations, target film was hydrated in 50 mM carboxyfluorescein, 20 mM
membrane specificity may be more diverse than generally MOPS, pH 7.5, 0.01 mM EGTA, and 0.02% NaNFollow-
assumed, and additional mechanisms will have to be takening extrusion, carboxyfluorescein-containing LUVs were
into account. In this regard, the study of a neutral peptide, passed through a Sephadex G-25 column to separate car-
such aso-lysin, targeted at neutral membranes provides boxyfluorescein in the external buffer from the vesicles. Lipid
insight into a mechanism in which peptide charge is not the concentrations were assayed using a modified version of the
major factor.0-Lysin is believed to bind to the membrane Bartlett phosphate assa®g). In short, appropriate volumes
and eventually insert into the hydrophobic bilayer core to of samples and standards were pipetted and adjusted to 300
form a stable, water-filled, multipeptide por@3-27). uL with distilled water. After addition of 70QL of 70%
However, the evidence for this mechanism stems mainly HCIO,, all tubes were covered with glass marbles and placed
from the observation thai-lysin forms voltage-dependent in a block heater at 200C for 30 min or until clear. After
channels in artificial phospholipid bilayerg4), which were cooling, 2 mL of a 1% solution of ammonium molybdate
modeled as hexameric channe&?§)( That same study2d), was added to the tubes, followed by 2 mL of a 4% solution
however, also reports complex channel opening kinetics andof ascorbic acid. The tubes were immediately placed in a
a variety of intermediate conductances which could not be water bath fo 1 h at 37°C, and the absorbance was read at
easily accounted for by a stoichiometric pore mechanism. 700 nm.

To understand the mechanism 6flysin activity, we Preparation ofd-Lysin. 6-Lysin was prepared as previ-
conducted a detailed and quantitative investigation of the ously described29). Briefly, S. aureusstrain NCTC 10345
kinetics of interaction of-lysin with phospholipid bilayer =~ was grown for 18 h on a rotary shaker at 3Z in 2 L
vesicles. We found thai-lysin inserts into the bilayer but  Erlenmeyer flasks containing 500 mL of yeast extract
does not form a stable pore. Rather, the residence time ofdiffusate medium 0). After centrifugation to remove
the membrane-inserted species is very short, and the peptidéacterial cells-lysin was removed from the supernatant
translocates across the bilayer in a process that requires priofluid by adsorption to hydroxylapatite mixed into the
aggregation on the membrane surface. Translocation, theresupernatant. The hydroxylapatite was washed with 0.001 and
fore, depends critically on the concentrationdsfysin on 0.4 M phosphate buffers, pH 6.8, before elution of dHgsin
the membrane. At sufficiently high concentrations, the with 1.0 M phosphate buffer, pH 7.4. After dialysis against
peptide will eventually equilibrate over the outer and the distilled water the)-lysin solution was mixed with an equal

inner membrane surfaces. volume of 1.0 M trichloroacetic acid at to remove any
material reacting in the Limulus Amoebocyte Lysate test for
MATERIALS AND METHODS endotoxins. The precipitate was collected by centrifugation,

dissolved in distilled water, and dialyzed thoroughly against
distilled water before lyophilization to yield a white powder.
The purity of the peptide was determined as previously
described 29). Assignment of frequencies and structure
determination by NMR indicated ax-helical conformation

in methanol and no contaminant3lj.

Fluorescence ExperimentSteady-state fluorescence mea-
surements were performed in a SLM-Aminco 4800C spec-
trofluorometer. Kinetic traces were obtained using a Hi-Tech
SF-61 stopped-flow fluorometer. For fluorescence energy
transfer experiments, U6 was either added externally to the
vesicles from a 0.50 mM stock solution in ethanol to a final
concentration of 2% of the total lipid (4% U6 in the outer
leaflet) or codissolved with the POPC solution at a final
concentration of 4% of the total lipid, dried, and extruded
! Abbreviations: POPC, 1-palmitoyl-2-oleogt+glycero-3-phos- as described above. Samples were excited at 295 nm, and

phocholine; PE, phosphatidylethanolamine; U6, MA-dimethyl-N-
tetradecylammonium)methyl]-7-hydroxycoumarin chloride; LUV, large the degree of fluorescence energy transfer was measured by

unilamellar vesicles; NMR, nuclear magnetic resonance; P/L, peptide- ffoneCting the emission from U6 through a GQ455 long-pass
to-lipid ratio. filter (Schott, Germany). Carboxyfluorescein efflux was

Chemicals. POPC (1-palmitoyl-2-oleoylsn-glycero-3-
phosphocholine) was purchased in chloroform solution form
Avanti Polar Lipids, Inc. U6 [4-[N,N-dimethylN-tetrade-
cylammonium)methyl]-7-hydroxycoumarin chloride] was
obtained from Molecular Probes Europe, B.V. Chloroform
p.A. was from Merck, carboxyfluorescein was from Fluka
(Sigma-Aldrich Group, Spain), and all other chemicals were
from Sigma Chemical Co. (Sigma-Aldrich Group, Spain).
Lipids and other chemicals were used without further
purification.

Preparation of Large Unilamellar Vesicles (LUNPOPC
solutions in chloroform were placed in a round-bottomed
flask, and the solvent was rapidly evaporated using a rotary
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measured by the relief of self-quenching of fluorescence, These equilibria were written in terms of a set of coupled,
measured by excitation at 492 nm and collecting emission nonlinear differential equations, which constitute the kinetic
through a OG530 long-pass filter (Schott, Germany). For model. Note that all constants referring to solution processes
the stopped-flow fluorescence measurements, lyophilizedare marked with an asterisk (e.d,), whereas constants
o-lysin was dissolved in distilled water acidified to p+B without an asterisk refer to processes on the membrane or
to a final concentration of 200M and stored frozen in 50  association with the membrane. Refer to Figure 5 for a
ulL aliquots in Eppendorf tubes. Prior to use, an aliquot was complete scheme of the model. Fstysin addition to dye-
thawed and kept on ice. Immediately before an experiment, containing POPC LUVs, we have

5 uL of this solution was added to 1 mL of 0.10 M KCI, pH

3.0, to avoid changes in the concentrationdefysin in solution species
solution due to its tendency to stick to glass surfaces. All daT,,
experiments were done at 2€. o = KaTwt K:D,° (7)

In the Kinetic analysis of carboxyfluorescein efflux it is
important to know at what carboxyfluorescein concentration dD,, 5
the dye ceases to be self-quenched. If partially empty vesicles 3~ = 2K, T, — 2k,D,,” — Ki,D,, +
contributed to the fluorescence at later times, that must be 2 ,
included in the analysis of the kinetic traces. To evaluate KeMy,” = Kond Dy, 1 Kyi12Dg (8)
this contribution, carboxyfluorescein fluorescence was mea- M
sured as a funcyon of encap;ulated dye concentration from d_tW = 2K,D,, — 2ki:12|\/|w2 -k, LM, + kM, (9)
1 uM to 50 mM in POPC vesicles. We found that carboxy-
fluorescein self-quenching is essentially abolished only at
concentrations<0.3 mM and that the total carboxyfluores- ,
cein fluorescence varies linearly with the concentration of o_ , 2
dye outside the vesicles. Furthermore, we measured the rate ¢t Kon2-Dw = (Koirz F ko) Do 1 kaMo7(2cL) - (10)
of efflux from vesicles containing different amounts of

outer leaflet species

encapsulated carboxyfluorescein, fromN to 50 mM. The ° — 2k D" — 2(k.n+ kK V(v LIM.2 + LM —
kinetics of carboxyfluorescein efflux were independent of ~dt KaoDo — 2(kao T Kag (oLIMy™ + KoMy
the encapsulated dye concentration (data not shown). A KoM, + 2ky:D, — Ko (v,L)M D, + KyoTins (11)

correction of the fluorescent traces is thus irrelevant. 4D
Model and Data AnalysisThe experimental kinetic data O e k J M2 — KD — LMD+ koT.
were analyzed with the following model. For the dissociation ~ dt Kad (oM™ = kDo — el (L MoDo + iz IT2
in aqueous solution: (12)
ins

dt

T,=D,=M, (2) =k J(v,L)(M,D, + MD;) — 2k,Tins  (13)
where T,, Dy, and M, are solutior-lysin tetramers, dimers,
and monomers, respectively. For binding to and dissociation
from the vesicles:

inner leaflet species

% = — 2K,/ (vL)MZ + 2k ,D; — Ko (v L)M;D; + kg5

My, +L =M, 2) (14)
D, +L =D; (3) db; _ 2
W 0 o Kot (ULIM;™ = kyiD; = Ko (0LIMID; + Ko Ting
where L represents a lipid vesicle and &hd [} represent (15)
monomers and dimers bound to thg outer leaflet of the carboxyfluorescein efflux
membrane. For the membrane-associated processes: e
t
D, =M, =D, (outer leaflet) ) —gt = Kem( — CRo)Tind (L) (16)

M,+ D,=T,s=D;+ M, (translocation) (5) The rate of dye efflux is given by eq 16, where §fs
the fraction of carboxyfluorescein outside the vesicle. This
M;==D; (inner leaflet) (6) expression can be derived by applying the mass action law
to the reaction between the inserted trimer and carboxyfluo-
where [} is a stable, membrane-associated dimer, which is rescein or by using a so-called “radiation boundary condition”
different from the B dimer, and s is a trimer inserted in ~ on the outside surface of the vesicl82), We found
the lipid bilayer, which is the species responsible for dye experimentally that this relation is valid because the dye
efflux. In all equations, species subscripts o or i refer to the efflux profile does not depend on the initial dye concentration
outer or inner leaflets of the lipid bilayer, and subscripts w inside the vesicles (data not shown). All concentrations,
refer to aqueous species. Formation of dmers and whether referring to solution species or membrane-bound
desorption from the inner leaflet into the vesicle interior were species, are expressed relative to the total aqueous solution
not included in the scheme because of the comparativelyvolume, thus the need for thglL correction factors, where
small magnitudes of the corresponding rate constants (seev, = 0.60/2 is the specific molar volume of the peptide on
Results). the membrane (0.60 M), assuming a 15 A average peptide
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width, divided by 2 to correct for the two leaflets of the lipid parameters would result only in a marginal improvement of
bilayer. For example, the concentration of bound monomer the fit). Y, represents all othed-lysin species, withv
relative to the lipid ismy, = Md/(vol), M, being its monomers = 1, 2, .... Both membrane-bound species and
concentration relative to water. In each of the three types of solution species had to be included. This is because the on-
kinetic experiments performed (equilibria in aqueous solu- rates are far from diffusion-limited andtlysin in solution
tion, solution plus vesicles, and reverse experiment), the will collide many times with the membrane before binding,
initial concentrations were calculated from the rate constants, transferring energy to the U6 probe in the process, just like
using the appropriate partition functiodd). Guesses for the  a ligand collides with and bounces off the membrane before
initial concentrations were corrected until self-consistency binding to its receptor3d7), and because some U6 in solution
was achieved in each case. The sets of differential equationgup to about 20%) also contributes to the signal. Equations
were solved by numerical integration with a fifth-order 18 and 19 were fitted to each pair of U6 fluorescence
Runge-Kutta method with constant step siz83). The experiments simultaneously.

numerical solution was directly fitted to the experimental  For the reverse experiment described below in the Results
data with a simplex algorithm. Initial guesses for the rate section, an additional block of equations was added, corre-
constants were obtained from analytical approximations of sponding to the initial state in the donor vesicles preequili-
the equations and from our previous kinetic studies of brated with o-lysin. This block is similar to the block

amphiphile-membrane interaction84, 35). corresponding t@-lysin association to vesicles, eqs-106
For the self-association @f-lysin in water, the partition above. The flowchart for the reverse experiment is thus
function is o-lysin in donor LUVs (no dye)— d-lysin in solution—
o-lysin in acceptor LUVs (dye loaded). The initial conditions
Q, =M, + M, /K5 + M, N(Ki(KD)?) (17) were calculated, as described for the solution case above,

from the partition function

whereK; = Ki,/K,,, Ki = Kj,/K;. The initial concentrations
of the 6-lysin species are then given b, = 6oMw/M;, Dy Ko, M2 M,*
= 0o(Mu/K)/My, andTu = SMuH(KI(KG)/M;, wheredo — Qm= (Mo UKoy | KIKYALK )’ !
is the total concentration @f-lysin at time zero after mixing 2 D1 A2 D
in the stopped-flow systemT,, D., and M,, are the 03
concentrations od-lysin tetramers, dimers, and monomers 2 + 5 (20)
in aqueous solution, and the total concentration of peptide KiKa(vol)
units isMy = 9 In Qu/9 In My,. - ) o

The rates K';, K., K}, andK;,) and initial conditions W_here the equilibrium constants are all dissociation constants
obtained in this fashion were then used for the complete 9'V&"N by*KDl = Kofr1/kons, KO*: Kao/kao, K1 = karlkay, Kz =
scheme. That includes self-association in water and membranekikea K5 = ki/kz, and Kj = ki/kz,. The total o-lysin
associated processes expressed mathematically by-dgs 7~ concentration expressed in terms of peptide units per aqueous
which were used to fit the carboxyfluorescein efflux and the Solution volume is then given byl; = 9 In Qw/d In M,, and
U6 fluorescence curves, by adjusting the remaining rate the cencentratlon of each species is obtained by dividing each
constants. The kinetic traces from the three separate experi{€M in Qm by Mt (36).
ments (carboxyfluorescein efflux, U6 fluorescence in the RESULTS
outer leaflet, U6 fluorescence in both leaflets) for each
concentration of POPC LUVs were first fitted simulta- Kinetics of Carboxyfluorescein EffluXhe time course of
neously. The process was iterated several times, progressivelgarboxyfluorescein efflux is strongly sigmoidal at small lipid
narrowing the bounds imposed on the parameters in orderconcentrations as shown by the effect of adding &\b
to find those values that fit all curves, until a global fit was o-lysin to 25uM POPC vesicles (LUVs) containing the dye
achieved, with only a small range of variation for each rate (Figure 1A). This suggests that a series of steps are required
constant. In the end, each carboxyfluorescein efflux curve before dye efflux occurs3g) or that a cooperative process
was fitted individually, and each pair of U6 experiments is involved @6). The efflux rate depends strongly on lipid
simultaneously, keeping the parameters within the narrow concentration over a range of almost 2 orders of magnitude

Kook  Kiol

M, +

bounds in all cases. (Figure 1A-H): efflux is fastest for the smallest lipid
For the experiments with U6 in the outer leaflet only, the concentration (25«M) and slowest for the largest lipid
kinetics of U6 fluorescence were fitted using concentration (120@M), with the 6-lysin concentration kept
constant (0.5«M). This observation implies that the efflux

Fus(t) = A(yM, + ZVYV) - Z, (18)  rate increases with peptide concentration on the lipid vesicles,

strongly suggesting that the assembly of a critical number
of peptides on the vesicle is a mandatory step for release of
entrapped carboxyfluorescein.

— A _ Kinetics of Fluorescence Energy Transfer from Trp to U6.

Fue®) = Ay (Mo + M) + ZVVY”) % (19) Dye efflux is only the last step in the process dfysin
interaction with POPC LUVs. To propose a detailed mech-

where A, and Z, are the amplitude and zero offset of the anism, it is necessary to probe intermediate steps in the
curves andy is the improved transfer efficiency from the process, determining the location &lysin in the vesicles
bound monomek, relative to all other species, which were as a function of time. Therefore, we investigated the kinetics
attributed the same efficiency of transfer (adding more of Forster energy transfer3@) from the single tryptophan

and with U6 in both leaflets of the vesicles
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1 . S — as 1/(1+ (R/Ry)), as the Trp ind-lysin moves away from
A E U6 in the membrane. The advantage of kinetic over equi-
17T 1 librium measurements is that transients provide additional
information about nonuniform peptide distributions at certain
times, even if the equilibrium distribution may be uniform.
— . LUVs labeled with U6 on the outer leaflet of the bilayer
were prepared by adding U6 from a concentrated solution
0 2 4 6 8 100 10 20 30 40 50 in ethanol to a suspension of preformed lipid vesicles.
Association of the fluorophore with lipid vesicles is fast, with
an on-rate=2 x 10® M~! s and with a dissociation
constant=5 M relative to total lipid, at room temperature
(34, 35). Following 6-lysin addition to the vesicles in the
stopped-flow system, the time course of U6 fluorescence
upon excitation of the Trp was measured. If the peptide
bound to the vesicle and remained monomeric at the
membrane surface, U6 fluorescence should increase until a
plateau was reached. On the other hand, if binding was
followed by any process that increased the average-Trp
U6 distance, such as peptide self-association on the mem-
brane surface, insertion into the bilayer, or even translocation,
05 F 17T ] emission from U6 should increase initially, reach a maxi-
mum, and then decay. The latter was observed experimen-
tally, with a clear decrease in U6 fluorescence following the
initial rise (Figure 2, lower curves, U6 in the outer leaflet
only).
To distinguish between the formation of a stable membrane
2 ] pore andd-lysin translocation across the membrane, a second
é experiment was performed where the U6 fluorophore was
05T 10 1T ] uniformly distributed over both membrane leaflets (U6 and
S 11 10s POPC were codissolved in CHGprior to vesicle prepara-
tion). The U6 concentration in each leaflet (4 mol %) was
08 ; n 1'5 o % 0 500 300 700 200 |dent|9al to its concentration in the'outer leaflet in the first
time (s) time (s) experiment. Ifo-lysin simply associated on the surface or
inserted, forming a stable pore, the two sets should give the

Ficure 1: Kinetics of carboxyfluorescein efflux from POPC LUVs ; :
after o-lysin (0.5,M) addition. The curves correspond to (A) 25, SaMe result, because the U6 in the inner leaflet would not

(B) 50, (C) 100, (D) 200, (E) 300, (F) 400, (G) 600, and (H) 1200 contribute to the signall; if thé-lysin crossed the bilayer
uM lipid. The experimental traces are plotted, showing only every and adsorbed to the inner leaflet, the two sets of U6
third to seventh point for the sake of clarity. The line is the fit of fluorescence experiments should yield different results. The
the theoretical kinetic model to the experimental data (fit parameters 4atg shown in Figure 2 clearly indicate that the latter
gIn:%?\;gi1z—2tilk?atl)thzlgiissesr::(;ghveagﬁ $ bars, which are included tOoccurrec_i: at high peptide concentrations per vesicle-(25
100uM lipid) the peptide translocates to the inner membrane
residue in-lysin (Trp15) to the U6 fluorescent probe located leaflet. The total change in fluorescence after addition of
in the bilayer. Matsuzaki and co-workers have applied this d-lysin is much smaller in the second experiment (U6 in
method to the study of magainin interaction with lipid both leaflets) because the peptide reaches the other side of
vesicles 40, 41), and Wimley and White42) expanded it  the bilayer, where again energy transfer occurs; thus there
for equilibrium topological studies of peptides in membranes. is no decay in the U6 fluorescence. As the peptide density
U6 is a single-chain amphiphile with a fluorescent headgroup on the vesicle is lowered (by increasing the lipid concentra-
that accepts Aster energy transfer from tryptophan, with a tion), the traces for both types of U6 experiments resemble
value of R, =25 A, similar to that for lysomethylcoumarin  each other more and more until, at 60®! lipid, they all
(42), a related lipid fluorophore. The U6 molecule is but merge. This observation indicates that, once the con-
anchored in the bilayer by a tetradecane, saturated hydro-centration ofod-lysin in the vesicles is sufficiently low,
carbon chain, while the fluorophore proper remains above peptide insertion and crossing the membrane become a very
the bilayer, in the agueous mediuB#). Energy transfer from  low probability event. This is confirmed by the extremely
Trpl5 to U6 is expected to be most efficientdiflysin is slow dye release from carboxyfluorescein-loaded vesicles at
bound to the membrane with the Trp in contact with the high lipid concentration (120@M), shown in Figure 1H.
water, not buried in the bilayer or in a peptide aggregate. Two aspects need to be addressed. First, it is noticeable
Note that Trpl5 is not located in the hydrophobic side of thatin symmetrically U6-labeled vesicles, even at high lipid
the §-lysin amphipathiax-helix but in the hydrophilic face  concentration, a decay of the energy transfer is observed
or in the interface between the two sides of the helix, (Figure 2F,G), which is not explained by peptide transloca-
depending on the side chain conformation. Fluorescencetion. Second, as indicated by Wimley and Whit42)(
energy transfer efficiency is significant if the don@rcceptor comparison of results obtained with symmetrically and
distanceRis close to the Fater radiud:, but decays rapidly,  asymmetrically labeled vesicles is meaningful only when the

05 | {1t -

Carboxyfluorescein efflux
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Q
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(U 4 6 § 100 20 40 60 80 100
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U6 fluorescence (arbitrary units)

time (s)

60

40
time (s)

Ficure 2: Kinetics of U6 fluorescence upor Bter energy transfer
from the Trp15 ofd-lysin, following peptide addition (0.GM). In

each panel the upper trace corresponds to U6 in both leaflets of
the bilayer, and the lower trace corresponds to U6 in the outer leaflet
of the bilayer only. The curves correspond to (A) 25, (B) 50, (C)
100, (D) 200, (E) 300, (F) 400, and (G) 62M lipid. The points

are the experimental traces, which are averages of a minimum of
nine shots. The smooth lines through the data are the fits of the

kinetic model. The parameters are exactly the same for each pair

of curves shown in each panel. The global fit parameters are given
in Table 1. The scales of the U6 fluorescence are arbitrary. They
are the same within each panel for both the symmetrically and
asymmetrically U6 labeled vesicles, but they are different for small

and large lipid concentrations [e.g., (A) 25 and (G) a00POPC].
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guantitative treatment was envisaged. Preliminary equilib-
rium measurements of Trpl5 fluorescence as a function of
o-lysin concentration in aqueous solution indicated a sig-
nificant change at kM (data not shown), consistent with
published studies. In fact, it has been proposed dHgsin
occurs as very large aggregates at high concentrations and
as tetramers above /M, which dissociate into monomers
below this concentrationlb, 16). Thus, the association of
o-lysin in solution was investigated in a separate set of
experiments because the presence of aggregates in solution
will influence the observed kinetics of peptidmembrane
interactionso-Lysin solutions (in 0.1 M KCI, pH 3.0) were
diluted into equal volumes of buffer in the stopped-flow
apparatus to finab-lysin concentrations of 0.251.0 uM.

The resulting kinetics and corresponding fits are shown in
Figure 3, where a simultaneous fit to the three curves is
shown. We concluded that, belowuM 6-lysin, tetramers,
dimers, and monomers are in equilibrium, according to eq
1. The molecular rate constants for self-association and
dissociation, obtained from the fits of the corresponding set
of differential equations to the Trp fluorescence decay curves,
are included in Table 1. Those values were then used in the
fits to the complete kinetics of interaction with the POPC
vesicles, below.

Reversibility and Back-Reaction Rateshe molecular rate
constants for the back-reactions in Figure 5 are difficult to
determine from the forward reaction alone because the
overall kinetics of carboxyfluorescein efflux and U6 fluo-
rescence are not very sensitive to the backward rates,
especially the off-rates from the membrane. To determine
the molecular rate constants for the back-reactions and also
to ensure that the process was reversible, we devised the
following “reverse” reaction. In two separate experiments,
POPC LUVs of different concentrations (100 and 460)
containing no dye were incubated with the same amount of
o-lysin (1 uM) and allowed to reach equilibrium (donors),
which takes about 15 min. These suspensions were then
mixed with new, carboxyfluorescein-loaded vesicles (accep-
tors), in such a way that the final, total lipid and peptide
concentrations after mixing were the same in both cases (250
uM POPC, 0.54M peptide). It was expected that when the
peptide/lipid ratio (P/L) in the preincubation was high (1:
100), a large fraction of peptide would be in an aggregated

The latter are more amplified: the vertical bars represent the sameState, whereas when the peptide was preincubated with lipid
signal amplitude (fluorescence counts) in all panels. In each panel,vesicles at low P/L (1:460), the equilibrium would be shifted
the initial point was set to 1, but with larger lipid concentrations to a monomeric state (see Figure 1A,F, where the 50 and

part of the initial binding occurs in the dead time, so there is a
larger uncertainty in the initial value in those cases. Likewise, the
zero level is just the final level, not the absence of energy transfer.
Please note that thé-axis scales vary.

peptide does not induce lipid flip-flop. It is clear from the
discrepancy of the upper and lower traces in Figure 2A that
any flip-flop induced byd-lysin must be slow on the time
scale of this experiment, 20 s. However, slow flip-flop could
still occur. We will return to these two aspects after we have
introduced a detailed kinetic model férlysin action.

o-Lysin Self-Association in Aqueous Solutitins well-
known that 6-lysin aggregates in aqueous solution at
concentrations1 uM (15). Because of signal intensity, it
was not possible to work with concentrations much below
that value; thus thed-lysin self-association in aqueous
solution had to be explicitly included in this study if a

400uM lipid curves have P/L values similar to the two cases
now discussed). Desorption would occur more readily and,
when mixed with fresh carboxyfluorescein-loaded vesicles,
efflux would occur faster. Thus, if our working hypothesis
was correct, the preincubation condition with PA.1:460
should result in faster kinetics of permeabilization of the
acceptor, carboxyfluorescein-loaded vesicles than the pre-
incubation condition with P/Ll= 1:100. This was indeed
observed and is shown in Figure 4. The process is faster
when the peptide concentration on the vesicle is smaller, as
predicted. The experimental curves are also in quantitative
agreement with the time course expected using the rate
constants determined in the kinetic model analysis (see
below), as shown by the calculated curves in Figure 4.
Furthermore, this experiment showed that the association of
o-lysin with POPC is fully reversible. Light scattering at®90
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Ficure 4: Reverse experiment for carboxyfluorescein efflux from
POPC LUVs afteo-lysin addition. Please note that the time scale
is much longer than in Figures 1 and®2Lysin was preequilibrated
with empty vesicles (donors) in two concentrations and then mixed
with carboxyfluorescein-loaded vesicles (acceptors) to the same final
concentrations of lipid and peptide. The data points (only every
tenth point is shown for clarity) are experimental, the line is
calculated from the kinetic model using parametégg€ 12 M1

s, ka1 = 1.2 x 103s71, kap = 21.6 M1s, kg2 = 0.5 st Kefix

= 3.1x 10® M~1s71) in the ranges given in Table 1. Solid symbols
represent a preincubation condition with PA1:460, whereas open

0 2 4 6 8 10 symbols represent a preincubation condition with £/1.:100. Final
condition is P/L= 1:500 in both cases.

Trp fluorescence (arbitrary units)

probably, like the tetramer, stabilized to a large extent by
hydrophobic interactions between the nonpolar faces of the
amphipathico-lysin o-helix (15). After binding ©g), this
dimer dissociates into monomers and essentially does not
re-form because of competition from formation of the dimer
D, which occurs much faster. This stable, membrane-bound
dimer is probably stabilized mainly by electrostatic and Trp
stacking interactions (see below). A stable dimer and a
monomer transiently associate to form a trimer, which
translocates across the lipid bilayer and dissociates rather
quickly inside the vesicle. The trimer translocation step is

coupled with dye efflux.
Ficure 3: Kinetics of dissociation od-lysin aggregates in aqueous P— .
solution. The data points show the intrinsic fluorescence of Trpl5 The results shown in Figure 2 can now be fully explained.

of &-lysin as the aggregates dissociate upon dilution. The fluores- [N the limit of high lipid concentration (approached in Figure

cence units are arbitrary: the initial level was set to 1 and the final 2G), the energy transfer curves are the same for sym-
level to 0, which does not mean that the monomer fluorescence ismetrically and asymmetrically U6-labeled vesicles, but a
zero. Peptide solutions of different initial concentrations were decay is still observed although translocation occurs ex-

diluted into equal volumes of buffer in the stopped-flow apparatus .9 : N
to final 8-lysin concentrations of (A) 0.25, (B) 0.50, and (C) 1.0 tremely slowly. The explanation is that dimerization occurs

uM in terms of peptide units. The lines are fits of the aqueous ON the vesicle surface and the efficiency of energy transfer
solution block of the kinetic model (eqs—B, without the from the o-lysin dimer to U6 is lower than from the
membrane-related terms) to the experimental data points, shown.monomer. We discuss the reasons for the difference in energy
The fit parameters, which are listed in the left column of Table 1, transfer efficiency below. This is incorporated in the model,
are the same for the three curves shown. . .
egs 18 and 19, wherg is the ratio of energy transfer

showed no evidence for vesicle disintegration or formation efficiency (monomer/dimer). Thus, in the limit of infinite
of micellar structures upon interaction wighlysin. lipid concentration, all that happens is that the peptide binds

Detailed Kinetic Model.To gain a better understanding and dimerizes on the vesicle. The rise in the U6 fluorescence
of the mechanism ad-lysin action upon POPC vesicles, we is due to peptide binding; the decay is due to dimerization
developed the kinetic scheme shown in Figure 5, which is (Figure 2F,G). The U6 fluorescence essentially follows the
expressed mathematically by eqs-19. It quantitatively time course of the monomer on the outer leaflet (Figure 6B,
describes the kinetics of carboxyfluorescein release andupper dashed line). At low lipid concentration, with sym-

Forster energy transfer from Trpl5 to U6 up@nlysin metrically U6-labeled vesicles (upper trace of Figure 2A),
binding to POPC vesicles, as seen by the fits shown in the energy transfer still parallels the monomer population
Figures 4. (dashed lines in Figure 6A), but the amplitude of the decrease

Both monomer and dimer must associate with the mem- is much smaller. This is because the frequency of peptide
brane (it is not possible to fit the kinetic traces assuming vesicle collisions is lower, and thus the amount of bound
that only one or the other binds). The solution dirlgris monomer is never very large, as it dimerizes rapidly on the
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Table 1: Rate Constants and Equilibrium Dissociation Constants Derived from the Fits of the Model to the Experimental Data

aqueous solution binding to vesicles membrane
constant mean constant mearsD? constant mead: SD
72x 1PM st Kon1 (3.6+0.2)x 10*Mts?t Kao 0.32+0.06 M1st
K1
40s? Koff1 (6.0£0.3)x 108s? Kdo 0.84+0.1st
1
7.2x 1PMtst Kon2 (3.9+£0.1)x 10*Mts? Ka1 10+2M1tst
2
5.6x 102st Koft2 (1.0£0.05)x 102st ka1 (1.1£0.1)x 108s?
ki
Kaz 18+3M1ts?
ka2 >1.1+05s!
keﬂxb (229j: 06) x 108M~1g?
y 1.9+0.6
Ki=Ky/K,  56uM Koi = kofii/kons ~ 0.17uM Ko=kiko  25M
Kz = Ké2/k:\2 OO??/JM KD2 = koflekonz 026/1M Kl = kdl/kal 0.11 mM

Ko = kaolkaz =61 mM

aThe standard deviations express the variation of the parameters in the fits shown in Figures 1 and 2. They are not, however, the absolute
uncertainties in the rate constants. Because of parameter compensation, the real uncertainties are generally much larger, and we estimate them to
be about 26-50% for most parametersIf ki, andkesx are sufficiently large, there is a strong compensation between the two constants, and only
their ratioky/keix can be determined. Thus, the values shown should be viewed only as lower bounds fag bothkesy; the same applies tid,,
which is derived fromkg,.

*

K* ki
Solution 91 < Solution 92 < Solution
Tetramer ~ . Dimer ~ . Monomer
Tw Ka1 Dy Ka2 My,
Koff2 || kon2 L Koff1 || Kon1lL
Do kg0 Mg ka1 Do
- 9~ ~ .
Dimer -— Monomer Dimer
kap ~ Kd1 out
ka2
m /_. K efix
il
Bilayer .]r.n.‘ner
ins
¢/ Qz*
ka2
M; Kat D; n
Monomer ;\‘ Dimer
Carboxyfluorescein kd1

Ficure 5: Scheme of the detailed kinetic model used to describe the experimental data for carboxyfluorescein efflux and energy transfer
from Trpl5 of d-lysin to U6 in the lipid vesicles. The mathematical formulation of this model is given by ed$.7

surface (low lipid). In asymmetrically labeled vesicles, energy ~ The on-rates of thé-lysin monomer and dimer onto the
transfer decays mainly because of translocation, which lipid vesicles are both similar4 x 10* M~ s, which is
removeso-lysin from contact with U6. far from the diffusion limit,=10® M~' s 1. These values are
To summarize, there are two reasons for U6 fluorescenceone-fifth of those obtained for some 18 amino acid amphi-
decay: (1) dimerization, which corresponds to a small change pathic a-helical peptides=2 x 10° M~* s71 (43), a cyclic
and occurs in both symmetrically and asymmetrically labeled antimicrobial decapeptide, 14 10° M~1 s71 (44), or even
vesicles, and (2) translocation, which corresponds to a largera single-chain lipid amphiphile, 2 10® M~1 s71 (34), at
change and accounts for the large decrease in U6 fluoressimilar temperatures. The off-rates for thdysin monomer
cence at low lipid concentration in asymmetrically labeled and dimer from the membrane are betf.01 s, which is
vesicles. 1 order of magnitude smaller than measurements reported
The values for the best global fit of the kinetic model to for the two peptides in the studies mentiond@, @4). With
the data are listed in Table 1, together with the equilibrium those values for the on- and off-rates, the equilibrium
dissociation constants calculated from those rate constantsdissociation constants are both close to A\ in terms of

The constank,, for formation of theDg dimer was not fitted lipid, which corresponds taG°® = —9 kcal/mol ford-lysin
because it is determined, given all the other constants, from(monomer or dimer) binding to a POPC LUV. This free
the thermodynamic cycle in Figure 5ko = energy change is similar to that found for magainin and some

Kao(KonKoft2) (Koft1/Kon1) 2(K /K vo- related peptides binding to POPC membranes, ab8lkcal/
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Ficure 6: Time dependence of the populations of the various
o-lysin species calculated from the kinetic model, given as the
fraction of peptide units in each form relative to the total peptide
units. (A) 25uM lipid (P/L = 1:50). (B) 1200uM lipid (P/L =
1:2400). The)-lysin concentration is 0.6M in both cases. In both
panels, the dotted line is the carboxyfluorescein efflux, the solid
line is the inserted trimer{30 in (A) andx 300 in (B)], the dashed

lines are monomers on the outer and inner surface of the vesicle

membrane, and the dashedbtted lines are dimers on the outer

Pokorny et al.

concentrations the effect is completely negligible. This is
because, at high lipid, P/L is small and the peptide perturba-
tion of the bilayer is minimal. Thus, slow lipid flip-flop,
occurring at the rates documented in the literature, in the
presence of amphipathic peptides, does not affect our results
to any meaningful extent.

DISCUSSION

The kinetics ofd-lysin association with large lipid vesicles
and the consequent release of an entrapped dye were studied
by stopped-flow fluorescence. In one type of experiment,
addition ofo-lysin elicited the release of carboxyfluorescein
from vesicles loaded with a self-quenching dye concentration,
which resulted in an increase in carboxyfluorescein fluores-
cence as a function of time. The kinetics of this process were
markedly sigmoidal at high P/L (1:5€1:200). Release of
carboxyfluorescein was fastest when small concentrations
of lipid were used, becoming very slow at large lipid
concentrations, for the same peptide concentration. This is
exactly opposite to a normal second-order reaction between
vesicles and peptides and clearly suggested that a cooperative
process occurs between the membrane-bound peptides, which
is crucial for membrane penetration lylysin and dye
release. The simplest way to account for these observations
is thatd-lysin aggregation on the vesicle is a necessary step
for dye release.

A second type of experiment addressed the question of
whetherd-lysin inserts into the membrane forming a stable
pore, probably multimeric, or simply crosses the membrane
of the vesicle, thereby perturbing its structure and thus
leading to carboxyfluorescein release. This was achieved by
incorporating in the bilayer a fluorescent probe (U6) that is
an acceptor for Fster energy transfer from Trp15, the single
tryptophan residue od-lysin. This experiment was per-
formed in two variants, with U6 on the outer leaflet only
and with U6 in both leaflets of the bilayer. The results

and inner surface of the vesicle membrane. In the cases ofindicated that at large peptide concentration on the vesicles
monomers and dimers the curve that rises first represents the speciefow lipid concentration)-lysin inserts only transiently and
on the outer leaflet, that which rises last the species on the innercrosses the membrane to the inside of the vesicle. At small

leaflet. They both converge at the end of the two plots.

peptide concentration on the vesicle (high lipid concentration)

mol (19), but because mole fraction-based units were used little translocation occurred: essentiallylysin stays ad-

in that study, we must adé-2 kcal/mol kT In 55.5) to
our value for purposes of comparison.
Finally, the influence of slow lipid flip-flop on our kinetic

sorbed to the outer leaflet of the bilayer, and peptide insertion
occurs very slowly. The small carboxyfluorescein release
observed at these high lipid concentrations results from rare

ana'ysis can be evaluated. Two other amph|path|c peptidesitranslocation events. This Strengthens the hypotheSiS that

magainin #5) and mastoparan X46), have been shown to

o-lysin aggregation on the vesicle surface is an essential step

induce flip-flop in phospholipid vesicles. In unperturbed for membrane penetration.

vesicles, lipid flip-flop is extremely slow, but in the presence

To substantiate this qualitative interpretation, the experi-

of those peptides it occurs with a time constant of the order mental data were analyzed quantitatively using a detailed
of 5 min. To assess the effect of peptide-induced lipid flip- kinetic model. Out of a large number of different models
flop on our results, a trimer-induced lipid randomization was tested, this is the simplest that can describe the experimental
incorporated in our kinetic scheme. The corresponding rate results. No other model, including those postulating that
was adjusted so that the randomization process would occumpeptide aggregates other than trimers (dimers, tetramers,
in the same time scale as the results published for magaininhexamers) were involved in insertion, could fit simulta-
(45), for a P/L= 1:100, which was approximately the ratio neously the two types of U6 fluorescence experiments and
used in those experiments. For low lipid concentrations, the carboxyfluorescein efflux experiments over the entire
namely 50uM, for which P/L= 1:100, a very slight effect  range of lipid concentrations. For example, a model in which
is observed in the energy transfer curve for asymmetrically the dimer itself inserts and translocates across the bilayer is
U6-labeled vesicles, but this effect is totally eliminated by able to describe the carboxyfluorescein efflux and the energy
very small changes in the rates constants, all well within transfer to U6 data between 25 and 200 lipid but fails at

the ranges of variation indicated in Table 1. At high lipid higher lipid concentrations. This observation emphasizes the
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authors 47), the dimer allows for two sets of intermolecular
ion pairs, Asp4-Lys26 and Aspl1-Lys22, in addition to two
sets of intramolecular ion pairs, C-terminus-Lys25 and
Aspl8-Lys14. Moreover, the Trp residues are in close
proximity, and stacking interactions could be involved in
further stabilizing the dimer. This model also explains why
the energy transfer to U6 decreases upon dimer formation:
with the Trp residues on the inside of the dimer, the average
distance to any U6 probe increases compared to the
monomet-U6 average distance. The Gibbs free energy for
dimer formation on the membrane, calculated from the rate
constantkai/kys, is AG°; = —5.5 kcal/mol.

In contrast, trimer formation is only very marginally
favored, withAG°, = —1.7 kcal/mol at most. The inserted
trimer is not a stable species: it appears to be designed to
FiGUrRe 7: Top: Model of thed-lysin monomer. The view shown ~ @void getting irreversibly trapped in the membrane. Its
is looking onto the hydrophilic surface. The hydrophobic residues lifetime is 1kg, < 1s. It is of interest to realize that it is the
are shown in dark. Bottom: Model od-lysin dimer on the  steady-state concentration of inserted trimer that determines
bmeg‘htg@?r? Stﬂagi' same view as %%O‘Aes- Tgaerggirﬁgs ?gi'gd;:rf‘dteﬂwe rate of carboxyfluorescein efflux, not the rate of trimer
tr?/e nitroge?]s of theyl?ys amine groups. Th% Trp res)ilduegs arg shown!NSertion (Figure 6.)’ which (_1063 not parallel efflux. The fact_
in dark. The monomer structure was taken from the Protein Data that the process is reversible, as we have shown here, is
Bank entry 1dhl 47). The drawing shown here was generated with consistent with translocation ab-lysin and not with a
Molscript (69). micellization process that might occur if the peptide inserted

stably into the bilayer. Matsuzaki and co-workers have
importance of using a very wide range of lipid concentrations argued that, in the case of the antimicrobial peptide magainin,
when trying to estimate aggregate sizes from this type of the concentration of transient pores decreases with time, as
analysis. The proposed mechanism, with constant parametersmagainin translocates into lipid vesicle40( 48). This is
is in good agreement with the experimental kinetic curves consistent with the mechanism proposed heredfdysin,
at all lipid concentrations, spanning almost 2 orders of which clearly indicates that the concentration of the inserted
magnitude. species goes through a maximum (Figure 6).

The quantitative analysis can be summarized as follows, The results reported here indicate that a significant bilayer
with reference to Figures 5 and 6. A tetramer exists in disturbance, sufficient for dye efflux and peptide transloca-
solution, which dissociates into dimers and monomers below tion, can be caused by a small peptide aggregate. To try to
about 1uM peptide, as shown by other investigatois},( understand this observation, we propose the following model,
15) and by the present quantitative analysis of éhlysin which is necessarily speculative because of the transient
dilution experiments in aqueous solution. Monomer concen- nature of the inserted trimer. In addition to the present results,
tration on the vesicle initially increases, following binding a few observations are pertinent to the formulation of the
to the outer leaflet. The self-association &fysin on the model. First, the diameter of anm-helix is only slightly
membrane surface is several orders of magnitude slower tharsmaller than the thickness of the hydrophobic acyl chain
expected for diffusion-limited aggregation. Still, a quasi- region of a fluid phospholipid monolayer, about 15 49).
equilibrium is reached very quickly on the membrane (Figure Second, peptidelipid bilayer interactions depend strongly
6), the concentration of monomers and dimers bound to theon the polar angle of an amphipathichelix (50—52), the
vesicle surface remaining essentially constant after an initial angle subtended by the polar face of the helix. Third, peptides
transient. A monomer and a dimer then associate to form ashorter than the thickness of the hydrophobic bilayer core,
short-lived trimer, which rapidly translocates to the inside such as mastoparan (14 amino acids), or even shorter
of the vesicle. Thus, the peptide surface concentration synthetic peptides are also able to permeabilize membranes
decreases on the outer leaflet of the bilayer with a concomi- (53), which is hard to reconcile with a helix orientation
tant decrease in the probability of trimer formation. On the perpendicular to the membrane plane. Our model is repre-
inner leaflet of the membrane, a new equilibrium is estab- sented pictorially in Figure 8, which shows the sequence of
lished between bound monomers and dimers. At any pointevents that result in dye efflux and peptide translocation.
in time monomers and dimers constitute over 90% of the Initially, a dimer (antiparallel) and a monomer associate. A
total 6-lysin population. The inserted species is always a very trimer forms on the membrane surface and sinks into the
minor component, about 1% at 28\ lipid and 0.1% at  outer bilayer leaflet, in a manner analogous to a “sinking
1200uM. raft”. This is accompanied by a slight bending of the helices,

The stable, membrane-bound dimer is the dominant speciessinking deeper in the middle, so that their hydrophilic
on the vesicle (Figure 6), which is in agreement with a recent terminals remain initially in contact with water. The helices
article (L6). Careful examination of the structure &flysin then move deeper by a combination of relative rotation and
in ana-helical conformation47) shows that two monomers  downward movement. The hydrophobic residues remain in
lying side by side in an antiparallel orientation, with the contact with the lipid acyl chains, and the hydrophilic faces
hydrophobic faces of the helices in contact with the of the helices line a cavity, in the center of the trimer, through
membrane surface, exhibit maximal interactions between thewhich dye efflux occurs. A suggestion of the organization
charges on the peptide (Figure 7). As pointed out by those of the most unstable intermediate is shown in Figure 9,

K14 K25
" (* ukes
| \../
\ B = /
\
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3

Ficure 9: Model of the most unstable intermediate, showing a
cavity lined by hydrophilic residues in the center. N or C indicate

the N- and C-termini. The helices are slightly bent in the middle,
‘ . approximately at the Trpl15 residue, so that the lipids next to the
{ helix termini are in contact with a hydrophobic region of the peptide.
also has a Pro residue in the middle, which appears to be
essential for function56). In d-lysin, the bulky Trp at

position 15 could induce a slight bend in the helix, away
from the Trp, at that point. It is possible that the Phe-Gly

residues in magainin function similarly. Second, for some
‘ 55 5?;? peptides, namely, GALAY7), magainin-2 $8), and several

@ ? related synthetic peptide$1), addition of phosphatidyl-
%S g [; U\Ej ’g&% ethanolamine (PE) reduces peptide insertion, and addition
of the peptide to PE stabilizes the bilayer structure relative
to the inverted hexagonal phase. The common aspect to these

observations is that peptide insertion appears to be coupled
with high bilayer curvature. Third, for some peptides, namely,
éi 1;\;(%21 I! ;S SES?;E cecropins %9, 60) and dermaseptinty, 62), the active
species appears to be at most a dimer. Magainin-2 has been
ig { g[ 69' ‘%j@ g) postulated to form a pore or to translocate across the bilayer
as a large aggregate, but recently it has become apparent
that a crucial role is played by a dimer, as indicated by the

functional synergism with PGLa4{, 63—65), another
ﬁg«( /( @ é( E > )3 magainin-related peptide. How a dimer can form a pore, with

the peptides perpendicular to the membrane plane, is not
{ immediately obvious, but our model would provide a
reasonable explanation. In general, the aggregate size of the

translocating species might depend on the polar angle of the

, . amphipathic helix. Smaller polar angles should favor smaller
Ficure 8: Model of the sequence of events of peptide trimer tid t h | | | I
insertion and translocation across a lipid bilayer. Théelical peptide aggregates, whereas larger polar angles (smaller

peptides are shown as cross sections, the darker half-circleshydrophobic faces) would require more peptides for the
representing the hydrophobic faces and the ligher half-circles the aggregate to be able to sink into the membrane. The

polar faces. The polar angle far-lysin is 180. From top to  synergism between different peptides may reflect an optimal
bottom: Initially, a trimer forms on the surface of the phospholipid combination of polar angles.

vesicle and sinks into the outer bilayer leaflet, in a manner analogous Iti devi . h .
to a sinking raft. In the most unstable intermediate states (central |t 1S NOt easy to devise an experiment to test the existence

pictures) a cavity is formed, through which dye efflux occurs. The of transient states. But if it were possible to dynamically
translocation is completed in a process symmetrical to insertion follow the orientation of the helices relative to the bilayer
and the trimer emerges on the inside of the vesicle. plane, our sinking raft model would make a prediction that

is different from most other models, namely, those postulat-
corresponding to the steps in the center of Figure 8. Theing a pore or a torus. Unlike those models, which predict
helices, in the bilayer, are not exactly aligned parallel, but that the peptide is perpendicular to the lipid bilayer at some
bent in the middle. We must stress that all intermediates arepoint, the present model predicts that the helices are always
presumed unstable until complete translocation occurs.  parallel to the bilayer plane.

The model is proposed here for a trimer but could easily = We do not know how general this type of mechanism
apply to other aggregate sizes, namely, dimers or tetramersmight be, but many other peptides that have been assumed
There are several additional observations consistent with thisto form stable pores might actually share it. We must point
model. First, many amphipathic peptides appear to have aout that our experiments were performed always at relatively
hinge or to be bent in the middle. The cecropins have a Gly small P/L ratios because we believe this is the most relevant
or Pro-Gly residues close to the middle of the sequence,range, given the fact that these peptides are secreted into
which in some cases breaks the helbd,(55). Buforin-2 the surrounding medium and are therefore unlikely to
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accumulate to very large amounts on one given target. It is
possible that at much larger concentrations of peptide other

forms of interaction with a membrane are preferred, which
could ultimately lead to breakdown of vesicles into micelles
or discoidal particles1, 66, 67). Crossing the membrane

may provide a route for the peptide to enter the cell and
interact with targets located in the cytoplasm, in which case
release of cell contents might not be the purpose but rather

an unavoidable side effect of toxin translocation. A recent

study observed no obvious correlation between the ability

of a variety of antimicrobial peptides to dissipate the
membrane potential in whol€. coli cells and their minimal
inhibitory concentrationg8). To exert their effects, however,

cytolytic peptides have to interact with the plasma membrane,

no matter what their final target may be. A detailed and
quantitative understanding of this interaction is therefore
essential.

NOTE ADDED IN PROOF

A model for the translocation and aggregation of cecropin

A, which closely resembles the sinking raft model presented
here, has been proposed by Silvestro and Axelsen to explain
the fact that this peptide maintains an orientation parallel to

the

bilayer plane at all stages of its interaction with the

membrane 70).
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