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ABSTRACT: O-Lysin is a 26-residue, amphipathig;helical peptide of bacterial origin. Its specificity is to

some extent complementary to that of antimicrobial peptides. Therefore, understanding its mechanism is
important for the more general goal of understanding the interaction of amphipathic peptides with
membranes. In this article, we show thaiysin induces graded efflux of the contents of phosphatidylcholine
vesicles. In view of this finding, carboxyfluorescein efflux kinetics were re-examined. In addition, peptide-
induced lipid flip-flop was directly measured using fluorescence energy transfer between two lipid
fluorophores initially placed on opposite leaflets of the bilayer. Carboxyfluorescein efflux and lipid flip-
flop occur with essentially identical rate constants. On the basis of a detailed, quantitative analysis of the
kinetics of peptide-vesicle interactions, we conclude that the peptide translocates across the bilayer as a
small, transient aggregate, most likely a trimer. Dye efflux and lipid flip-flop occur concomitantly with

the transient peptide-induced perturbation of the membrane. The experimental data are interpreted by
comparing the predictions of the available models for the mechanism of action of amphipdubiical
peptides. We demonstrate how the combination of the quantitative kinetic analysis, graded efflux, and
reversibility of the peptidevesicle interaction can be used to reject several models for this particular
peptide. Two models are compatible with the data, the toroidal pore model and the sinking raft model.
On the basis of the small aggregate size, a trimer, the latter appears to be more plausible. Some significant
modifications are introduced in the sinking raft model to take into account the new finding of graded dye
release. Furthermore, we present an explanation for the phenomenon of graded release in general, which,
contrary to all-or-none efflux, has not been well-understood.

As traditional antibiotics have met with increasing acquired because alb-amino acid analogues of magainin-2 are as
bacterial resistance, antimicrobial peptides have receivedantimicrobial as the natural allform (8, 9). Thus, target
considerable attention as a basis for new alternatives. Manycell specificity appears to be determined by the lipid bilayer
of these peptides form an amphipathidelix upon binding itself. One of the favored hypotheses is that prokaryotic
to lipid membranes. An understanding of the mechanism of versus eukaryotic specificity arises because antimicrobial
action of these peptides seems to be necessary for thepeptides are cationic and bacterial membrane lipids are
development of improved antibiotics based on a rational anionic 6, 10, 11). In contrast, the lipids of the outer leaflet
design. To do this, we must answer four major questions. of eukaryotic membranes are zwitterionic. If charge were

The first question concerns specificity. Antimicrobial the only factor, however, magainin-2 would be equally
peptides produced by higher organisms are not toxic for the effective toward lipid membranes of different anionic lipids,
cells that produce them. However, very similar peptides are but its efficiency in lysing phosphatidylglycerol and phos-
secreted by prokaryotes and are toxic for higher organisms.phatidylserine vesicles differs by 1 order of magnitutia) (

The family of amphipathica-helical peptides is quite  Furthermore, other cationic peptides, especially the insect
numerous and has been extensively studiedej, but an  venom mastoparans and melittin, are very nonspecific. Thus,
examination of the amino acid sequences shows that thereaithough charge certainly plays an important rd&, @n

is neither a consensus between peptides from differentynderstanding of the specificity of peptides is still lacking.
organisms nor a clefar' d'St'.nCt'On between generally toxic The second question concerns the molecular mechanism
and specifically antimicrobial peptides. One of the most

s & o o . -, of vesicle disruption. Several models have been proposed
studied is magainin-2, an amphibian antimicrobial peptide for the structure that is responsible for peptide-induced
(7), which is specific against prokaryotes. No cell surface P bep

receptors appear to be involved in a recognition mechanismm.embrane dlsrupthn. We shall call this struct_urg a pore,
without necessarily implying that a stable hole is involved.

- ) S ) -~ a( f The barrel-stave model ) is the oldest model and borrows
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staves form a barrel). A minimum number of peptides the cationic peptide penetratidd), which consists of a helix
(usually at least 6) is thought to be necessary for formation derived from a transcription factor, it has been argued that
of a channel. This model has been proposed to account forthe charge imbalance resulting from peptide binding to the
the action of many peptides, but only alamethicin appears membrane provides the energy needed to translocate across
to be consistent with it. It is very questionable for melittin the bilayer.

(14) and not consistent with experimental data éelysin A distinction between these models has been sought in
(15). The toroidal hole modellg, 17), first proposed for structural studies but also by the analysis of dye efflux
magainin, states that the peptides remain associated with theinetics from lipid vesicles. However, only very rarely have
phospholipid headgroup region of the bilayer, locally induc- the models been confronted quantitatively. There have been
ing a high-curvature fold in the bilayer, so that the two a few rare instances of approximate solutions of models with
leaflets of the bilayer communicate directly at a torus lined quantitative comparison with experimen®3(24), but most

by the peptides. In contrast with the barrel-stave model, the studies used only semiquantitative or qualitative tests. In this
tori are short-lived, reversibly forming structures, such that, article, we address the three last questions using the peptide
at equilibrium, the peptides are distributed over both leaflets -lysin, secreted byptaphylococcus aureud-Lysin is a 26-

of the bilayer. The carpet modéb)(proposes that peptides amino acid residue, hemolytic peptide with no net charge at
adsorb to the membrane surface until, at a high, critical neutral pH 25—28). The peptide is largely unstructured, at
concentration, they coat the almost entire outer membranelow concentrations, in aqueous solutions, while adopting an
surface of the vesicle, like a carpet. At this point, the peptides amphipathica-helical conformation at high concentrations
work like a detergent, leading to a disintegration of the in aqueous solution, in organic solvents, and when bound to
membrane. The sinking raft model proposes side-by-side micelles or lipid membrane29—31). Several biophysical
aggregation on the membrane, with the peptide helicestechniques were used to characterize the interactiorysin
parallel to the surface, forming a “raft” that sinks into the with multilamellar vesicles (ML\A (32). Molecular modeling
outer bilayer leaflet 15). A sideways insertion was first and the observation of voltage-dependent channels in phos-
proposed to explain the conservation of parallel orientation pholipid bilayers 83) suggested thad-lysin forms a hex-

of cecropin A helices relative to the membraid8)( As the americ, barrel-stave pore in the membrane. However, steady-
helices sink deeper into the bilayer, the hydrophobic residuesstate and time-resolved fluorescence data indicate that the
remain in contact with the lipid acyl chains, while the major membrane-bound species is a dimer on the bilayer
hydrophilic faces of the helices line a hole, in the center of surface 84), in agreement with previous molecular modeling
the multimer. The two-state model9) is a “higher-level” (35). More recently, we proposed a kinetic mechanidr) (
model in the sense that it incorporates features of some ofthat provided a quantitative description of the binding and
the basic models described. It was developed to account forinteraction ofo-lysin with phosphatidylcholine vesicles. This
the observation that some peptides, such as the magaininsanalysis suggested thadysin crosses the bilayer as a short-
are surface-adsorbed at low peptide-to-lipid ratios (P/L) and lived trimer, with concomitant bilayer permeabilization,
insert into the bilayer at high P/116, 20). The model predicts  according to the sinking raft model. Here we revise some
a sharp transition from a surface-adsorbed state (the S-stateaspects of that analysis, further develop our model, and make
to a stable, membrane-inserted state (the I-state) at a criticala quantitative comparison of the experimental data for this
peptide concentration on the membrane surface. Adsorptionpeptide with the predictions of the different models. This
of peptides causes bilayer thinning until, when a critical analysis leads to a quantitative explanation of the mechanism
membrane thickness is reached, a concerted peptide insertionf graded release by amphipathic peptides in general.
occurs, similar to a phase transition.

The third question concerns the mechanism of vesicle MATERIALS AND METHODS
leakage. When peptide-induced membrane disruption occurs, Chemicals. POPC (1-palmitoyl-2-oleoy$nglycero-3-
leakage of the contents of a lipid vesicle can be graded or phosphocholine) was purchased in a chloroform solution
all-or-none. That is, if release of an encapsulated dye is notform Avanti Polar Lipids, Inc. U6 [44{,N-dimethyl-
complete, have all vesicles leaked approximately the sameN-tetradecylammonium)methyl(7-hydroxycoumarin)chlo-
amount of dye? Or are there two vesicle populations, oneride], 8-aminonaphthalene-1,3,6-trisulfonic acid, disodium
that released almost everything and another that retained itssalt (ANTS), andp-xylene bispyridinium bromide (DPX)
contents? The answer to this question provides valuablewere purchased from Molecular Probes. Carboxyfluorescein
information, allowing for a distinction between different (99%) was from ACROS. Organic solvents p.A. were
models of peptide action, as we will show here. purchased from Merck. Lipids and probes were tested by

The fourth question concerns the thermodynamic driving TLC and used without further purification.
force for peptide-induced membrane disruption. Notwith-  d-Lysin. d-Lysin (formyl-NH-Met-Ala-GIn-Asp-lle-lle-
standing electrostatic potential-driven insertion in cells, this Ser-Thr-lle-Gly-Asp-Leu-Val-Lys-Trp-lle-lle-Asp-Thr-Val-
guestion needs to be addressed for simple lipid vesicles. In
the barrel-stave model, the inserted peptide is presumed to *Abbreviations: PC, phosphatidylcholine; PE, phosphatidylethanol-

be a low free energy state. In the toroidal and sinking raft g_rlni”e? |Pr(13’ Pr?ot'.sdprl‘aﬂdlwg'ygi;g?c F:j_s, p.h?sﬁhﬁtidy'ﬁetr.g‘el?hDI.LPC-
.o . - . . llauroylphosphnatidyicholine; , dimyristoylphospnatiaylicholine;
models, th_e driving force IS the eqwhpraﬂon of peptide DPPC, dipalmitoylphosphatidylcholine; POPC, 1-palmitoyl-2-ole-
concentrations across the bilayer. In this case, how do theoylphosphatidylcholine; POPG, 1-palmitoyl-2-oleoylphosphatidylglyc-
peptides overcome the high free energy state that is erol; NBD-DOPEN-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)dioleoylphos-

represented by the pore? For example, the human antimi-Phatidylethanolamine; U6, AN-dimethyl-N-tetradecylammonium)-
- . . methyl(7-hydroxycoumarin)chloride; LUV, large unilamellar vesicle;
crobial peptide LL-37 has been proposed to induce curvaturey v, multilameilar vesicle; SUV, small unilamellar vesicle; PIL,

strain and cross the bilayer via the torus mo@d) (But for peptide-to-lipid ratio.
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Asn-Lys-Phe-Thr-Lys-Lys-COOH) was a gift from Dr. H. incubation with dithionite, for 5 min, at a final concentration

Birkbeck. Its purification was described previouslyp(36). of 25 mM (40, 41). Dithionite was removed from the external

For the stopped-flow fluorescence measurements, lyophilizedmedium through gel filtration through a Sephadex-G25

o-lysin was dissolved in distilled water acidified to pH 3, to column. U6 was added externally to the vesicles from a 0.50

a final concentration of 20@M, and stored frozen in 100  mM stock solution in ethanol to a final concentration of 1%

uL aliquots in Eppendorf tubes. Prior to being used, an of the lipid in the outer monolayer of the vesicles, just prior

aliquot was thawed and kept on ice. Immediately before an to the kinetics experiment. U6 was excited at 350 nm, and

experiment, SuL of this solution was added to 1 mL of 0.10 NBD emission was recorded at 550 nm. All experiments

M KCI (pH 3.0) to avoid changes in the concentration of were carried out at ambient temperature (approximately 22

o-lysin in solution due to its tendency to stick to glass °C).

surfaces. Correction of Carboxyfluorescein Efflux for Quenching
Preparation of Large Unilamellar Vesicles (LUV$OPC Effects.Because partially empty vesicles contribute to the

solutions in chloroform were placed in a round-bottomed fluorescence at later times, the theoretical kinetic curves were

flask, and the solvent was rapidly evaporated using a rotary corrected for this contribution. This correction changes the

evaporator (Bohi R-114A) at 60°C. The lipid film was then calculated curves slightly; however, its effect on the fit

placed under vacuum for-8 h and hydrated by the addition parameter values is very minor. For a 108 suspension

of buffer to give a final lipid concentration of 10 mM. The of LUVs, the volume inside the vesicleg) is approximately

suspension of multilamellar vesicles was subjected to five 3.0 x 10* mL/mL of solution, assuming approximately

freeze-thaw cycles. It was then extruded 10 times through spherical vesicles with a diameter of 100 nm. An estimate

two stacked Nuclepore polycarbonate filters with a pore size of 2.6 x 10-4 mL was made by Parente and Lend2), Let

of 0.1 um, using a water-jacketed high-pressure extruder ci, andcey be the concentrations of carboxyfluorescein inside

from Lipex Biomembranes Inc. The suspension was diluted and outside the vesicles, respectively. The quenching function

in buffer to the desired concentration and used for fluores- is described well in refi3

cence measurements. The buffer consisted of 20 MM MOPS

(pH 7.5) containing 100 mM KCI, 0.01 mM EGTA, and Q(X) = 0.040+ g 0074k (1)

0.02% NaN. For experiments using fluorophores encapsu-

lated in POPC vesicles, the lipid film was hydrated in 20 wherex is the carboxyfluorescein concentration. Let §F(

mM MOPS (pH 7.5), 0.01 mM EGTA, and 0.02% NgN be the function that describes the increase in the level of

containing a KCI concentration adjusted to give the same carboxyfluorescein outside the vesicles. In the simplest case,

osmolarity as 100 mM KCI. For carboxyfluorescein (50 this would be a simple exponential function

mM), no KCI was needed; for ANTS and DPX (5 mM each),

70 mM KCI was included, and for DPX (45 mM), 30 mM CFt)=1-— g K

KCl was included. Following extrusion, fluorophore-contain-

ing LUVs were passed through a Sephadex-G25 column toln general, it is a smooth function varying from 0 to 1. Then,

separate the dye in the external buffer from the vesicles. Lipid

concentrations were assayed by the Bartlett phosphate i

method 87), modified as previously described), with Cn(t) = Cn(O§ [1 — CFO1 + 3 2)

the absorbance read at 580 nm. G
Fluorescence ExperimentSteady-state quoresc_ence mea- V.c,.(0)CF()

surements (ANTS/DPX assay) were performed in an SLM- Coull) = — Vv (3)

Aminco 8100 spectrofluorimeter. In the ANTS/DPX assay, 0
which was performed as described in detail in ré8sand ) o ) )
39, excitation was at 365 nm (8 nm slit Wldth) and emission Now the fluorescence outside and inside the vesicles is

was at 515 nm (16 nm slit width). The kinetics of the

tryptophan (Trp) fluorescence change upon peptide dilution Foult) = QlCou{)]CoudVs (4)
were followed with a Hi-Tech SF-61 stopped-flow fluorim-
eter. Samples were excited at 285 nm, and the fluorescence Fin(t) = Qlci,(H]cin(t)V, (5)

intensity was monitored by collecting Trp emission through

a WG320 long-pass filter (Schott). The kinetics of carboxy- And the total fluorescence is

fluorescein efflux or energy transfer between U6 and NBD

were obtained using an SLM-Aminco 8100, or a Fluoromax, F(t) = Fy(t) + Fi ()
spectrofluorimeter, adapted with a RX2000 rapid kinetics

spectrometer accessory (Applied Photophysics), equipped F(t) = ¢,(0)V{Q[c,(DICF®) + Q[c,(D][1 — CF®]}
with an RX pneumatic drive accessory (Applied Photophys- (6)
ics). Carboxyfluorescein efflux was measured by the relief

of self-quenching of fluorescence, measured by excitation The initial and final fluorescence values are thus

at 470 nm and emission at 520 nm. In the experiments with

fluorescence energy transfer between U6 and NBD, 1 mol F(0) = ci,(0)V;Q[cir(0)] (7)
% NBD-DOPE was codissolved with POPC, dried under
vacuum, and hydrated in buffer to a final lipid concentration F() = ¢,(0)V;Q[c;,(0)Vi/ V] (8)

of 5 mM. After extrusion, NBD-DOPE in the outer mem-
brane leaflet was reduced to a nonfluorescent derivative viaFinally, the observed carboxyfluorescein fluorescence is
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F(t) — F(O) _ db, )
F(e0) — F(0) - ot Ko (WoL)M™ — k1 D; — K/ (0o LIMID; + Ky Ting
QeaOICFO + Qleou I — CFO) ~ Qe O] o (17)
Qlci(O)Vi/V,] — Q[ci,(0)] Carboxyfluorescein efflux:
- - o dCF
Model and Data AnalysisThe experimental kinetic data out _ _ :
were analyzed with the model depicted in Figure 2, which dt Ke(1 ~ CFou)Tind/(voL) (18)

is slightly modified from our previous versioi%). In the o
forward experiment, desorption from the inner leaflet into Lipid flip-flop:
the vesicle interior was not included in the scheme because d[lipid]
1 I - in .

2:; ntshtz n;:somparatlvely small magnitudes of the off-rate = kﬂip—f|op(0-5_ lipid] )T, J(v.L) (19)

That scheme was translated into a set of coupled, nonlinear. ) , . .
differential equations, which constitute the kinetic model. "€ apparent rate “constant” for insertiéy depends on
The following scheme is specific for a trimer as the inserted Mémbrane curvature strain, which is itself caused by a
aggregate, but was appropriately modified for the other tyloesdn‘ference in the concentrations qf thg pep_t|de bound to the
of aggregates that were studied. All rate constants referring®Uter and inner leaflets of the lipid bilayer:

to solution processes are marked with an asterisk (€., Ko = KATPlouier — [Pline)
whereas constants without an asterisk refer to association " outer innev _ .
with the membrane or processes on the membrane. In the if [P]outer > [Plinner (Kin = 0 otherwise) (20)

following, Ty, Dy, andM,, are the concentrations of solution ) )
d-lysin tetramers, dimers, and monometsiepresents the ~ WNere [Phuer and [Plner are the concentrations of peptide
concentration of lipid vesicleM, and D, represent the chains bound to the outer and inner leaflets of the bilayer,
concentrations of monomers and dimers bound to the outer"®SPectively, anék, is a true constant. The justification for
leaflet of the membranéyl andD; represent the concentra- €4 20 will be further d_eveloped m_the ReSL_JIts. All concentra-
tions of monomers and dimers bound to the inner leaflet, ions, whether referring to solution species or membrane-
respectively, and@is is the concentration of a trimer inserted  Pound species, are expressed relative to the total aqueous
in the lipid bilayer, which is the species responsible for dye Solution volume. Therefore, terms involving products of

efflux. Solution species: membrane-bound species are divided by the fagtgrwhere
vo (=0.60/2) is the specific molar volume of the peptide on
dT,, the membrane (0.60 M), assuming a 15 A average peptide
o —K; T, + K5D,2 (10) width, divided by 2 to correct for the two leaflets of the lipid

bilayer. For example, the concentration of bound monomer
dD relative to the Ilipid ) equals Mo/(zljoL), M, being its
W — 2 _ 2 _ concentration relative to water. Initial concentrations were
dt 2KirTu = 2D = KD + 1M, calculated from the rate constants. The sets of differential
Konk Dy + KoiiaDy (11) equations were solved by numerical integration with a fifth-
order Runge-Kutta method with a constant step size),
w ) The numerical solution was directly fitted to the experimental
- 2k Dy, — 2 M, — Kok M,, + koy M, (12) data with a simplex algorithm. In the analysis of carboxy-
fluorescein efflux and lipid flip-flop, the rate constankg(
Outer-leaflet species: K., ki, and Kj,) and initial conditions obtained for the
equilibria in aqueous solution were used as fixed parameters.
o ) The remaining rate constants (membrane association and self-
at = KontkMy, = Koia Mg + 2Ky3Dg — 2K,/ (v L)M” — association on the membrane) were adjusted by a global fit.
For the reverse experiment, an additional block of equa-
i/ (2L IMoDo + Ky Tins (13) tions was added, corresponding to the initial state in the donor
vesicles pre-equilibrated wit-lysin. This block is similar
_ _ 2 _ to the block corresponding to association dfysin with
= kond-Du = (kotz + kao)Do + kel (vl )Mo vesicles (egs 1:317). The initial conditions were calculated
Ki/(v,L)IM D, + Ky Tins (14) from the integrated equations in the forward reaction setting
the time to 15 min, which was the preincubation time of
o-lysin with empty vesicles.
Ki/(v,L)(M D, + MD;) — 2k, T (15) For the analysis of lipid flip-flop experiments, it was
necessary to determine the dependence of energy transfer
efficiency on the concentrations of U6 and NBD-DOPE. This
was done empirically by measuring the fluorescence intensity
dM. emitted by NBD at 550 nm upon excitation of U6 at 350
1= _Zkall(UoL)Miz + 2ky;,D; — ki /(v,L)MD; + nm, as a function of the concentrations of both fluorophores
dt uniformly incorporated in POPC LUVs. This concentration
Ki2Tins (16) dependence is shown in Figure 1. It is apparent that, although

dD,
dt

dTins —

dt

Inner-leaflet species:
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Sr 0.8 Tw at Dw a2 Mw
2
é kDHQ “ konz kc'm \ kam
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Ficure 1: Empirical determination of the dependence ofgter ¥
(fluorescence) energy transfer between U6 and NBD-DOPE as a K
function of the concentration of the two fluorophores. U6 and NBD- . D, —di M,
DOPE were incorporated at concentrations between 0.2 and 2.0  Carboxyfluorescein Dimer K Monomer

mol % in POPC LUVs, and the fluorescence intensity was al

measured. Excitation of U6 was at 350 nm (U6), and emission of FIGURE2: Kinetic mechanism of carboxyfluorescein efflux or lipid
NBD was at 550 nm (NBD). (A) The NBD-DOPE concentration flip-flop induced by o-lysin in POPC LUVs. The mathematical
in POPC LUVs is fixed at 0.2€), 0.5 (), 1.0 @), 1.5 ), and translation of this scheme is given by eqs—HD. Lipid flip-flop
2.0 mol % (1), and the concentration of U6 is varied. (B) The U6 follows the same scheme, except that the rate constant for efflux
concentration in POPC LUVs is fixed at 0.@) 0.5 ), 1.0 ), (etix) is replaced by the rate constant for flip-flokui§—op)-
1.5 (©), and 2.0 mol % 4), and the concentration of NBD-DOPE
is varied. This experiment shows that, to a reasonable approxima-data was performed by translating the scheme of Figure 2
tion, energy transfer depends linearly on the concentration of both into a set of coupled differential equations (eqs-19) that
\Fl)vrf?igﬁstf:g ttvr\]/g é?gggs‘;frgﬁg dri?ﬂh?ﬂignizpchsgsrirt;]gn;a{:wgvir:{::h were solved numerically and globally fitted to the data. From
each probe at 1 mol % was initially incorporated in thé outer or this analysis, the ,membrane'mserted agg_regate (Flglf're 2)
inner leaflet of the bilayer. appears to be a trimer or a tetramer. The lines shown in the
figures along with the experimental results always represent
a linear dependence of energy transfer efficiency on con-the fits for a trimer model, which yielded the best fits.
centration is not to be expected in general, the dependenceqowever, the fits to the tetramer model were not significantly
is approximately linear for the range used in this work worse. The rate constants for peptide self-association in
(fluorophore concentration in the lipid of1 mol %). solution were determined independently and used as fixed
Therefore, a linear dependence on the concentrations of bothconstants in the efflux and flip-flop analysis. The inserted
fluorophores was assumed in the equation used to fit the aggregate is responsible for inducing both carboxyfluorescein
flip-flop kinetics data. For the concentrations of the lipid efflux and lipid flip-flop. It acts as an enzyme that catalyzes
probes in the inner monolayer, we have (an identical equationthese two “reactions”. Other quantitative treatments have
applies to the outer monolayer) identified the time course of “pore” formation with dye efflux
24, 45—48), which is not strictly correct. More accurately,
energy transfet] = constantx [NBD];,(){U6]ix(t) (21) Ehe pore s)hould be treated asya catalyst. Accordingly,ythe
Where the concentrations of NBD-DOPE and U6 are obtained reaction and the rate equation for efflux or flip-flop should
from eq 19. It is assumed that the flip-flop rates are have the general form
approximately the same for both fluorophores. It is not X. +Pr=X_  + pP*
expected that the quality of the fits would improve signifi- n out
cantly with addition of an extra parameter.

dXi, -
RESULTS dt X

General Outline and Interpretation of the Kineti&everal whereP* is the pore concentration in the membradeis
aspects of the interactions éflysin with POPC LUVs were  the concentration of the entrapped dye or lipid that flips,
examined: (1) kinetics of peptide-induced efflux of initially andk is a bimolecular rate constant.
entrapped carboxyfluorescein, (2) kinetics of peptide-induced In what follows, we present, first, the results that establish
lipid flip-flop, and (3) mechanism of peptide-induced dye the mechanism of dye release, second, the kinetic results that
release. The results have led to the proposal of the kineticlead to the scheme of Figure 2, and, third, a physical
scheme shown in Figure 2 for interpreting the data globally. interpretation of the kinetics.
This scheme incorporates some simplifications and some Mechanism of Release of Fluorescent Dyes from POPC
essential modifications relative to our previous modé)( Vesicles. Although when P/L > 1/200, the release of
which are necessary to account for new observations. All encapsulated dye (carboxyfluorescein) inducedddysin
kinetic data, which relate té-lysin aggregation in aqueous from POPC vesicles is essentially complete, for smaller P/L
solution, carboxyfluorescein efflux from lipid vesicles in- dye release becomes incomplete. It was therefore important
duced by the peptide, and lipid flip-flop, can be understood to investigate whether the release was graded or all-or-none
with the same kinetic mechanism. Analysis of the kinetic because this provides valuable information about the mech-
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£ Ficure 4: Kinetics of carboxyfluorescein efflux from POPC LUVs

after addition ofd-lysin (0.5uM). The curves, from left (fastest)
. e max b to right (slowest), correspond to 25, 50, 100, 200, 300, and 400
release. The quenching function insi@ = Fi/F; ™, whichisthe 1 jinig. The data were normalized by the Triton X-100 release
ratio of ANTS fluorescence inside the vesicle in the preseRge ( eyels, The lines represent the fits of the theoretical kinetic model
and absenceH™) of quencher (DPX), is plotted against the to the experimental data. The curves are shown for the first 100 s.
ANTS fraction outside the vesiclef, (corrected for incomplete  The last 10 s for the three slower curves are shown on the right
entrapment as described in 1&9). The horizontal line would be (from top to bottom, 200, 300, and 4@M lipid). The parameters
the result expected for an all-or-none release. Release is clearlyfor the global fit that is shown are as followsg,, = 3.96 x 108
graded. The solid line represents a fit of eq 22 to the data points, M~-1s1 ky; = 13.7 ST, kyp=1.57 x 18M2s71 ks = 0.88 s,
which are averages and standard deviations from two separatéek,, = 9.51 x 10 M1 5L, kynp = 3.46 x 108 ML 5L, koiry =
samples. The fit parameters are as followg; = 50 M1, K, = 1.05x 10257%, ke = 5.47 x 1078 571 (calculated) ken = 1.02
220 M1, anda. = 0.22. x 108 M~1 s7L, andkep = 7.00 x 10 M~1 s°%. The parameter
values for dissociation and association in solution are given in
anism of d-lysin action. If a vesicle sample shows 50% Figure 7. Because Triton X-100 release levels have an uncertainty
release after peptide addition and release is graded, then alpf ~10%, an amplitude factor between 0.9 and 1.05 was included.

. . . . . For the fits that are shown, the amplitude factor values are 0.936,
vesicles in that population have retained approximately half 0.911, 0.941, 0.907, 1.04, and 1.04 for 25, 50, 100, 200, 300. and

of the dye. But if release is all-or-none, half of the vesicles 400 4M lipid, respectively. The result of the same global fit is
have released all of the dye, whereas the other half retainedshown in Figures 57 for the reverse experiment, lipid flip-flop,

it entirely. The mechanism of leakage from POPC LUVs and peptide dissociation in solution, respectively.

induced byd-lysin was determined using the ANTS/DPX

assay 88, 39). In this method, a fluorophore (ANTS) and a  best fit value) is the static quenching constant, an@.22,
quencher (DPX) are co-encapsulated in lipid vesicles and best fit value) is the ratio of the rates of release of DPX to
the degree of quenching inside the vesicles is monitored asANTS, which indicates that DPX efflux is'5 times faster

a function of increasing concentrations of added peptide. If than ANTS efflux. All-or-none efflux would correspond to
the mechanism of release is all-or-none, the degree ofa horizontal line in the plot.

quenching inside is independent of peptide concentration Kinetics of Carboxyfluorescein Efflux from POPC Vesi-
because the contents of the vesicles that did not I'E|eaSQ:|es: Forward Reactionln our previous work 15), car-

anything remain unaltered. If the mechanism is graded, efflux poxyfluorescein efflux curves were normalized to the ap-
of ANTS and DPX occurs and the fluorescence from the parent final fluorescence level. However, we have now found
interior of the vesicles increases because quenching is ahat carboxyfluorescein release is essentially complete for
bimolecular process, which becomes less efficient as bothpigh p/L, but not for low P/L £1/400). Therefore, we have
ANTS and DPX become diluted. The results, shown in repeated the efflux kinetics experiments and normalized the
Figure 3, clearly indicate that release is graded. The datacyryes to Triton X-100 release level-Lysin (to a final
were corrected for incomplete entrapmes)(and analyzed  concentration of 0.:M) was mixed with POPC LUVs
according to ref 38. Equation 22, with the parameters given yarying in concentration between 25 and 404 (in terms

Ficure 3: ANTS/DPX assay to determine the mechanism of

below, is the solid line represented in Figure 3: of lipid). Triton X-100 was added, to a final concentration
of 1%, to dissolve the vesicles and give the maximum
Q, = Fi possible fluorescence level. The experimental results are the
Fre gray lines shown in Figure 4. The curves are sigmoit8),(

especially at high P/L (2aM lipid). A strong dependence
= 1 on lipid concentration is observed, the reaction becoming
[1+ KDPX]o(1 — fi)“l[1 + KJIDPX]o(1 — o)1 slower with an increasing lipid concentration, contrary to
simple bimolecular kinetics. The reason is that the reaction
whereF; and are the fluorescence intensities from the rate increases with P/L, suggesting that binding of a critical
vesicle interior with and without quencher (DPX), respec- number of peptides or their aggregation on the membrane is
tively, [DPX]o (5 mM) is the initial concentration of DPX  necessary for dye efflux to occur. A priori, the sigmoidal
encapsulated (which is the same as [ANTi®]our assay),  shape of the curve can arise for different reasons. It may
four is the ANTS fraction outside the vesicldég [50 M1, reflect cooperativity in peptide aggregatiofg), or it may
this value, given by Ladokhin et al3§), coincides with our indicate that several steps occur prior to the observable event
best fit] is the dynamic quenching constakt, (220 M1, (dye efflux) 60). Therefore, sigmoidicity is not a diagnostic

max
I:i
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. . LUVs. Farster energy transfer between U6 and NBD-DOPE was
FIGURE 5: Reverse experiment of carboxyfluorescein efflux from ysed to monitor lipid flip-flop. Initially, NBD-DOPE was incor-

POPC LUVs induced by-lysin. Donor vesicles were prepared by  porated only in the inner monolayer of POPC vesicles (treated with
preincubating 1uM o-lysin with 100 or 460uM POPC (empty  dijthionite), and U6 was only in the outer monolayer (added
LUVs) for 15 min, and the kinetics were followed after the samples externally from solution). When peptide is added to these asym-
were mixed with acceptor vesicles (containing dye) so that the final metric vesicles, the distributions of two fluorophores are randomized
concentration of POPC was 2aM in both cases The final-lysin across the bilayer and the extent of energy transfer between them
concentration was 0.xM, after mixing, in the stopped-flow  jncreases. The excitation of U6 was at 350 nm, and the emission
experiment. The efflux fraction is normalized to the Triton X-100 of NBD at 550 nm was recorded. Experimental curves, in gray,
release level. The amplitude factors were 1.0 in both curves. The correspond to the same set of different lipid concentrations as in
lines are the result of a global fit, with exactly the same parameters Figure 4, from left (fastest) to right (slowest), 25, 50, 100, 200,
used in Figures 4, 6, and 7. 300, and 40(:M lipid. The data were normalized to the initial
fluorescence. The peptide concentration wasgb(final). The

by itself. The lines in Figure 4 show the global fits of the lines are the result of a global fit, with exactly the same parameters
kinetic model with a trimer as the inserted aggregate (pore). Used in Figures 4, 5, and 7.

Kinetics of Carboxyfluorescein Efflux: Rerse Reaction.
The rate of carboxyfluorescein efflux was also measured in asymmetric vesicles, the distributions of two fluorophores
areverse reaction. That is, beginning witysin associated  are randomized across the bilayer and the level of energy
with POPC vesicles without the encapsulated dye, the transfer between them increases. Lipid flip-flop was found
kinetics were followed when those vesicles were mixed with to be very fast (Figure 6), with the same rate as carboxy-
carboxyfluorescein-containing vesicles. The final levels of fluorescein efflux. The intrinsic lipid equilibration time in
dye release were determined by the Triton X-100 assay tothe absence of peptide is1l h (data not shown). We had
be ~70%. This experiment is essential both for assessing previously reported data for energy transfer between Trp-
the reversibility of the reaction and for estimating the back 15 of 6-lysin and U6 incorporated in the outer leaflet of
reaction rates (desorption from vesicles and dissociation of POPC vesicles1). Assuming slow lipid flip-flop, we had
peptide aggregates). The forward reaction is all but insensi-interpreted a decrease in the level of energy transfer with
tive to those back rates. More importantly, the forward dye time as being indicative of the peptide moving away from
efflux experiment alone does not permit us to distinguish the U6 probe. The results presented here show that the
between different aggregate numbers in the pore state. Thisprevious interpretation is not completely correct: the extent
distinction only becomes possible if the reverse reaction is of energy transfer between U6 and Trp-15 decreases mainly
also taken into account. The results are shown in Figure 5.as a consequence of net U6 flip-flop to the inner monolayer
The overall kinetics are much slower than in the forward of the lipid vesicle, although there is also a contribution from
reaction because they are now dominated by the slow peptide translocation. These flip-flop data can be fitted with
dissociation ob-lysin from the vesicles. The process is faster our kinetic mechanism, with the exact same parameter values
if P/L is smaller in the preincubation. The smooth lines are as the carboxyfluorescein efflux data, as shown by the
the global fits of the kinetic model. smooth curves in Figure 6. The rate constants for lipid flip-

Kinetics of Peptide-Induced Lipid Flip-FlopMeasure- flop and dye efflux are, in fact, the same.
ments of lipid flip-flop induced by amphipathic peptides Kinetics of Dissociation od-Lysin Aggregates in Aqueous
reported in the literature typically yield characteristic times Solution.d-Lysin forms large aggregates in aqueous solution
on the order of a few minutes. On this basis, we had assumedat high concentrations and mainly tetramers above and close
that this was a slow process comparedttysin-induced to 1 uM (30), with further dissociation below this concentra-
dye efflux (15). Now, a direct assessment of lipid flip-flop  tion (30, 34). The dissociation kinetics @f-lysin in aqueous
in the presence ob-lysin was obtained by measuring the solution reported here extend the number of initial peptide
level of Faster energy transfer5() between two fluoro- concentrationsd-Lysin solutions (in 0.1 M KCI at pH 3.0)
phores, U6 and NBD-DOPE. Both fluorophores were initially were diluted into equal volumes of buffer, in the stopped-
incorporated, at concentrations of 1 mol % in the lipid. NBD- flow apparatus, to finab-lysin concentrations of 0.25, 0.30,
DOPE was restricted to the inner monolayer of the POPC 0.35, 0.40, 0.50, 0.75, and 1.01. The results are shown in
vesicles, by inactivation of the NBD fluorophore on the Figure 7, where the best simultaneous fit to the all data sets
outside by reduction with dithionite. U6 was added externally is shown by the smooth curves. Belowddysin concen-
from solution, afterward; therefore, it was initially only in  traiton of 1uM, tetramers, dimers, and monomers are in
the outer monolayer. When peptide is added to theseequilibrium, according to eqs 2. The molecular rate
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Ficure 7: Dissociation ofd-lysin in aqueous solutiond-Lysin
solutions (in 0.1 M KCl at pH 3.0) were diluted into equal volumes

of buffer in the stopped-flow apparatus to finglysin concentra-

tions of 0.25 (top curve), 0.30, 0.35, 0.40, 0.50, 0.75, and:MO0
(bottom curve). The data (in gray) show the intrinsic Trp fluores-
cence as a function of time, normalized to the initial fluorescence
for each curve. The best simultaneous fit of eqs-12 to the all

data sets is shown by the solid lines. The parameter values are as

. = 1 e —-1g1 — 2

fcjlllows. K*ﬂ__ 3.057 kg ilqux 1M~ s kg, = 8.0 107 Ficure 8: Sinking raft model for peptide-induced transient pore
s, andk, = 1.0 x 10° M~* s7%. The data for the 0.25, 0.5, and  formation and peptide translocation across the lipid bilayer. The
1.0uM curves are from reiS. a-helices are shown as cross sections, the darker half-circles
representing the hydrophobic faces and the ligher half-circles the
Table 1. Rate Constants Derived from the Fits of the Model to the polar faces. The polar angle férlysin is 18C. Initially (top),
Experimental Data binding of peptides creates a mass imbalance across the lipid bilayer
with a consequent increase in local curvature. Some peptide self-
association occurs, and the aggregate sinks deeper into the

Aqueous Solution

Ky (Mll s 210 membrane (sinking raft). Transient higher aggregates form (trimers
K (57 8 here) and perturb the bilayer, catalyzing both dye efflux and lipid
Ko(M™1s™) 1x10¢ flip-flop (center). As peptide translocation is completed, the mass
ki2(s7) 8x 1072 balance across the bilayer is restored and the rate of efflux becomes

Binding to Vesicles very slow, leading to incomplete, graded efflux from the vesicle.

trimer tetramer concomitantly with peptide translocation and that translo-
kont (M71s79) 1x 10 1x 10 cation takes place only if the bilayer is perturbed by a
kart (S) 1x10 3x 102 curvature strain. Because this curvature strain arises from a
t’;fZZ;'Eg,l)s ) gi 18; o i?rgﬁ mass imbalance across the bilayer and because this mass
z imbalance is caused by tl@undpeptide itself (see Figure
Membrane 8, top), we have postulated that the insertion specific rate,
trimer tetramer kin, is not constant, but is given by (eq 20)
Kas(M~1s71) 4 x 107 3x 1?
Ka1 (Sfi)2 » 10 0.1 kin = kaz([P]outer_ [P]inner)
iy o e Zo 10 if [P]outer > [Pliner (o = O otherwise)
Ket® (M~1s7h) 1x 10 1x 10
Kiip—fiop® (M~1579) 7 x 10 7 x 10 where [Pluer and [Plner are the concentrations of peptide

akorz Was not fitted. It is determined by the thermodynamic cycle chains bound to the outer and inner leaflets of the bilayer,
in Figure 2. If ks, and kesy are sufficiently large, there is a strong ~ respectively, andts2 is a true constant. After initial binding
compensation between the two constants and only gy ratio from solution, the peptide concentration is larger in the outer
can be det_ermined. Thus, the values shown here should be viewed 0n|ymon0|ayer' curvature strain increases, and peptide translo-
as approximate lower bounds for bdd and kerx. cation and dye efflux are fast. Once equilibration of peptide

concentrations inside and outside the vesicle is achieved, not
constants for self-association and dissociation, obtained fromonly does the thermodynamic driving force (concentration
the fits of the corresponding set of differential equations to difference) for translocation vanish but the insertion specific
the Trp fluorescence decay curves, are included in Table 1.rate,k;, also becomes zero, as the bound peptide concentra-
Those values limit the number of parameters allowed to vary tion is also equal on both sides of the bilayer. The curvature
in the fit of the complete kinetic scheme to the carboxy- strain disappears, and efflux stops. This is the explanation
fluorescein efflux data. of graded release.

Kinetic Model and Quantitatie Analysis of DataOur data The kinetic model of Figure 2 is able to quantitatively
were quantitatively interpreted with the kinetic model shown describe all data sets with the same parameter values, which
in Figure 2. Table 1 indicates the order of magnitude is nontrivial because these data correspond to four different
estimates of the best parameters for both trimer and tetrameitypes of experiments (Figures-Z). The lines shown in those
models. This new version of our model provides a simple figures are the result of a global fit. The parameter set is
but quantitative explanation for partial, graded dye release given in Table 1. This set, however, is not unique because
from lipid vesicles. We propose that dye efflux occurs of some strong parameter compensation. The values given
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in the table should be viewed as order of magnitude estimatesvesicle over a long time period. In this scenario, however,
for the rate constants. The exact values used in the fits shownrthe fits to the experimental data are poor.

are indicated in the legends of Figures 4 and 7. Various sets Implications for Models of Peptide Actiohet us note,

of models following the same general scheme were tried, first, that our type of analysis is not necessarily the only
varying the aggregate size and details of the individual steps.possible way of interpreting the kinetic data. It is possible
The fits are not very sensitive to fine details of the model, that an altogether different type of model, for example,
such as the number of intermediates preceding the effectiveinvolving an even greater role for the lipid in communicating
pore or the exact order of the individual steps. On the other peptide interactions, in the absence of direct peptide contacts,
hand, estimation of aggregate size is quite robust. Modelscould explain the observations reported here. What is clear
in which the transiently inserted state is a trimer or a tetramer is that for models that include bringing together a certain
fit the data very well globally. (Excellent fits can be obtained number of peptides in the membrane, an effective pore
for individual curves if the parameters are allowed to deviate involving a transient trimer (or, at most, a tetramer) is
slightly from the best global fit values.) The trimer model consistent with the experimental kinetics of dye efflux and
fits slightly better than the tetramer, but the difference is lipid flip-flop, whereas larger peptide assemblies are not.
not sufficient to discard the latter. However, with a dimeric These results have important implications for the plausibility
or hexameric transient pore, it is not possible to obtain a of several models commonly used to describe the mode of
good global fit. The forward efflux data alone could be fitted, action of antimicrobialg-helical, amphipathic peptides. The

but not together with the reverse reaction. barrel-stave model is not compatible with graded dye release.
Once formed, a number of barrel-stave pores remain embed-
DISCUSSION ded in the membrane, probably in dynamical equilibrium

o ) with monomers. This situation would always result in the
We have presented a quantitative analysis of dye efflux complete release of vesicle contents, as long as a finite
and lipid flip-flop kinetics induced by-lysin, an amphi- — h mper of pores exist, which is in accordance with an all-
pathic, a-helical peptide. We have also demonstrated that or-none mechanism. Furthermore, the lipid flip-flop data
the mechanism of dye release is graded. This allows us t041gye strongly against the barrel-stave pore, although the
significantly narrow the range of models that can be applied ,odel cannot be excluded on this basis alone. First, the
to peptide-induced leakage of vesicle contents, for the caseparel-stave should not perturb the membrane more than an
of o-lysin. The importance of a quantitative analysis in the jtegral membrane protein, which is not expected to enhance
s_electlo_n or rejection of models is emphasized in this flip-flop as indicated by the effect of rhodopsif3). Some
discussion. synthetic hydrophobic peptides, such as those of the WALP
Explanation of Graded Release from VesiclEse prob- and KALP families 40, 64), do enhance lipid flip-flop, and
lem of whether peptide-induced release of an encapsulatedare likely to be inserted in the membrane in the orientation
dye from phospholipid vesicles follows a graded or an all- proposed for the barrel-stave model. However, the charac-
or-none mechanism has been debated over the last 10 yearseristic time for flip-flop in the presence of those peptides is
Release appears to be all-or-none for GALA)( HNP-2 on the order of hours4Q, 64), whereas)-lysin accelerates

(52), pardaxin §3), a cecropin A-melittin hybridg4), and, the process to a time scale of seconds. Second, and most
at a high P/L, viscotoxin A355). Less clearly, indolicidin importantly, the fact that dye efflux and lipid flip-flop occur
(from POPC) §6) and cecropin A%7) may also yield all- with exactly the same rate strongly suggests that the two

or-none release. The mechanism is graded for diphtheriaprocesses occur because of the same transient perturbation
toxin fragment A b8), reduced HNP-252), mastoparan X  of the bilayer, as suggested previously by other researchers
(48, 59), mastoparanHoliste3 (59), indolicidin (from POPG) (17). There is no reason to expect that lipid flip-flop will
(56), Ac-Trp-Leus (60), and, at a low P/L, viscotoxin A3  correlate with the rate of dye flow through a channel type
(55). Initial data for melittin indicated all-or-none release of pore, although we cannot absolutely exclude a fortuitous
(61), but later the mechanism was shown to be graé&jl ( coincidence. In the carpet model, a large number of bound
The mechanism of all-or-none release is well understood peptides is presumed to coat the outer leaflet of the bilayer,
(24): at a low P/L, some vesicles do not have enough forming a “carpet”, before membrane disruption occés (
peptides bound, thus preventing formation of a peptide This model is inconsistent with our results, first, because
aggregate required for pore formation. Dye release occursd-lysin-induced carboxyfluorescein efflux promptly occurs
from only those vesicles that contain a sufficient number of even with only~20 peptides per vesicld$) and, second,
bound peptides. In contrast, graded release has not been wellbecause the carpet model predicts that vesicle disruption leads
understood. We propose that, in graded release, efflux ofto micellization, which is inconsistent with graded dye
contents occurs while the membrane is under curvature strainyeleased-Lysin does not induce vesicle micellization at a
which arises because of an imbalance in the membrane-boundow P/L. This is true at least when the PA.1/50 in POPC
peptide concentration across the bilayer. Once equilibration (15), the P/L < 1/10 in DPPC 81), and the P/L< 1/60 in

is established, membrane curvature strain disappears, peptid®MPC 32). In POPC, micellization should actually occur
translocation occurs at a negligible rate, and efflux stops. only at very large P/L values because chain unsaturation
To the best of our knowledge, this is the first time that a appears to protect lipid vesicles from peptide-induced mi-
plausible mechanism is shown to explain graded releasecellization @5) or to reduce the efficiency of pore formation
quantitatively. An alternative explanation is that graded (66). The largest P/L reached in the experiments presented
release would be a consequence of very slow pore formation.here is 1/50. Even if the carpet model is modified, removing
Using our quantitative model, this appears to be the only the prediction of vesicle disintegration (micellization),
other way of obtaining incomplete dye release from one establishing a peptide carpet would appear formally to be a
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very large number of peptides in the aggregate in the kinetic other authors 18, 21, 66, 71, 72), but is invoked here to
model. But if, as we found, a hexamer aggregate is too large quantitatively explain graded release of vesicle contents.
to fit the data, anything larger will not fit either. The two- Recently, Binder and Lindblon2@) used a similar idea to
state model 16, 19, 20) shares some of the same problems explain the translocation of the Trojan peptide penetratin
of the carpet model. It does not predict vesicle disintegration across the bilayer. Unliké-lysin, which has no charge,
but simply that a “phase transition” occurs at a critical penetratin has an effectivé5 charge. Instead of a mass
concentration of surface-bound peptides, from a parallel to imbalance, those authors invoke a charge imbalance that
a perpendicular orientation relative to the membrane surface.gives rise to an electric field across the membrane, which
The model is inconsistent with our results because, if a causes penetratin translocation through an “electroporation”
collective reorientation were required, the effective aggregate type mechanism.
size would be very large. Furthermore, the insertion would  Most a-helical, amphipathic peptides remain largely
be a very low-probability event as soon as the surface peptideoriented parallel to the membrane, at least at low P/L values
concentration becomes very small, whereas we observed(16, 18, 20, 21, 73, 74), and appear to associate side by side
relatively rapid efflux with as few as 20 peptides/vesicle. (15, 18, 34, 75). Recently, it was shown show that the peptide
What appears to be consistent with these data is that a smalMSI-78, a magainin-2 analogue, not only inhibits thet
aggregate forms, which is responsible for inducing both dye H; transition but also induces the formation of thepgHase
efflux and lipid flip-flop at the same rate. Moreover, this in POPC {6). Inhibition of the L, — H, phase transition is
aggregate inserts in the membrane only transiently, as theusually taken as an indication that the peptides associate
peptide translocates to the inside of the vesicle. What remainsmainly with the headgroup region of the bilayer. This effect
to be understood is the structure of this transient pore. has been observed for magainin-22f and six of its
Nature of the PoreTwo models for the peptide pore are analogues (7). Furthermore, for the human antimicrobial
compatible with these experimental observations. One is thepeptide LL-37 specifically labeled withN, the orientation
toroidal hole model, originally proposed for magainir6y, of the 5N—'H bonds of the peptide bound to oriented lipid
and shown to be a transient structué&{69). A peptide- bilayers was determined by NMRI). It was shown that
lipid hole is formed with the peptides perpendicular to the LL-37 is always parallel to the membrane under a variety
membrane plane, generating a high-curvature region thatof conditions. The authors argu2lf that, between the barrel-
enhances lipid flip-flop 17). Evidence for this type of holes  stave, membrane micellization, and the toroidal hole model,
has been produced by Huang and collaborators using orientedhe latter best explains their results. However, it appears to
CD and neutron diffraction 10, 70). However, those us that the sinking raft model not only is consistent with
structures were obtained at large P/L values. Presumably, athose results but even provides a more natural understanding.
a low P/L, they form only transienth6{—69). The question
is whether the structures observed at very high P/L valuesACKNOWLEDGMENT
are re_Ievant to the low-P/L regime, which _is propably the  \we thank Dr. Harry Birkbeck for providing-lysin.
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