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Abstract. Nisin, a prominent member of the lantibiotic Introduction
family of antimicrobial agents, has wide application as a
food preservative despite poor understanding of its moddlisin, a 34-residue (3353 Da) post-translationally modi-
of action. Fluorescence recovery after photobleachindied lantibiotic, is produced by various strains lcdcto-
has been used with planar lipid bilayers as a model memeoccus lactisubspactis. This peptide has antimicrobial
brane system to examine how nisin might interact withactivity against a broad range of Gram-positive bacteria
the surface of bacterial cells. Nisin associates with pla-and spores and has therefore gained wide use in the food
nar lipid bilayers in the absence of an applied membranéndustry as a natural preservative (Hurst, 1981; Delves-
potential causing an array of effects consistent with adBroughton, 1990; Molitor & Sahl, 1991). As a member
sorption of nisin onto the membrane surface which in-of a class of bacteriocins termed the lantibiotics, the
volves inhibition of the lateral diffusion and fluorescence structure of nisin is defined by the unusual amino acids
of the lipid probe N-(7--1,2,3-benzoxadiazol-4-yl) phos- dehydroalanine and dehydrobutyrine (Jung, 1991). The
phatidylethanolamine (NBD-PE) and a reduction of thethioether groups of these amino acids form the intrachain
capacitance of the bilayer. Nisin adsorption is dependensulfide-bridged rings, lanthionine argtmethyllanthio-
on phospholipid composition. In the presence of dio-nine, which hinder the formation of regular secondary
leoylphosphatidylcholine (PC): cardiolipin (CL) 4:1, the structure (Fig. 1). Apart from these defined rings, nisin
rate of lateral mobility of phospholipid is reduced to 61% appears to have an unstructured conformation with a cen-
of the control level which decreases to a value of 46%iral flexible hinge (van de Ven et al., 1991). Although
when CL is replaced by 1-palmitoyl-2-oleoylphospha-the conformation changes in the N-terminus when nisin
tidylserine (PS). These effects on bilayer parameters arenters a membrane-mimicking environment (sodium do-
transient, and with time the values return to near originaldecyl sulfate, dodecylphosphocholine micelles), this
levels. High electrical conductivity is observed on ap-does not seem to affect the general fold of the molecule
plication of a voltage ramp suggesting that insertion into(van de Hooven et al., 1993). Nisin contains three ly-
the membrane follows surface association. Results haveines and two histidines, but no acidic residues, and
been interpreted in terms of a model in which nisin ini- therefore possesses a net positive charge.
tially binds to the surface of the membrane causing a  Despite its widespread use, the mode of action of
modulation of bilayer properties. nisin at the molecular level is not clear. The majority of
the evidence indicates that the primary target for nisin
action is the cytoplasmic membrane. This was first sug-
gested by Ramseier (1960) who concluded that nisin was
acting as a surfactant. More recent evidence suggests
that the mechanism of action involves insertion of nisin
into the cytoplasmic membrane leading to loss of low M
Present addressSchool of Biological Sciences, University of East compou.nds such as ions, amino acids and AT.P' This
Anglia, Norwich NR4 7TJ, UK results in breakdown of the membrane potential and
complete cessation of biosynthetic activity (Ruhr & Sahl,
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Fig. 1. Schematic representation of the structure of nisin. Unusual residues are highlighted in bold. Dha, dehydroalanine: Dhb, dehydrobutyrin
Ala-S-Ala, lanthionine; Ala-S-AbuB-methyllanthionine.

Bierbaum, 1995). Studies with membrane vesicles ananechanism of action to those offered by other artificial

intact cells have demonstrated a requirement for an emrmembrane systems.

ergized membrane for nisin activity (Sahl, Kordel &

Benz, 1987; Sahl, 1991). This conclusion has been re- i

inforced by studies with bacteria and liposomes whichMaterials and Methods

imply that the components of the proton motive force are

necessary for nisin action (Gao, Abee & Konings, 1991;MATERIALS

Bruno, Kaiser & Montville, 1992; Okereke & Montville,

1992; Garcerat al., 1993). Cardiolipin (CL), dioleoylphosphatidylcholine (PC) and 1-palmitoyl-
Planar lipid bilayers (PLBs) comprise a powerful 2-oleoylphosphatidylserine (PS) were purchased from Avanti Polar

: - s : Lipids (Alabaster, AL). The fluorescent phospholipid analogues, N-(7-
approach for analysis of permeability modifiers (Miller, nitro-1,2,3-benzoxadiazol-4-yl) phosphatidylethanolamine (NBD-PE)

1983). Nisin activity in PLBs appears to be dependent,, fiyorescein-phosphatidylethanolamine (Fluorescein-PE), were pur-
on a transmembrane electrical potential with a threshol@hased from Molecular Probes (Eugene, OR).

conditional on the amount of anionic phospholipid pre- Nisin (50,000 U/mg) was obtained from Aplin and Barrett (Trow-

sent (Sahl et al., 1987; Benz, Jung & Sahl, 1991), Thebridge, Wilts, UK) and was used without further purification. A 10

use of PLBs to study nisin action has led to the hypoth-mg/ml stock of nisin in 0.0 HCl was prepared fresh each day. Other

esis that depolarization of the membrane is due to thfhemicals used were of high purity and were purchased from Sigma
. St. Louis, MO).

formation of voltage-dependent channels. It appear ouis, MO)

likely that an electrostatic interaction between the cat-

ionic groups of nisin and the negatively charged phosPLANAR LiPID BiLAYER (PLB) FORMATION

phate groups of phospholipid is involved in the initial

stages of interaction between nisin and the membrane é/'rtually “solvent-free” PLBs were formed according to the method

an antagonistic effect of isolated phospholipid Comp(,)-o Montal & Mueller (1972), using apparatus as described by Ladha et

. . L 77 al. (1996). A 25um thick Teflon film containing a small circular hole
nents was observed on the biological activity of NISIN ot area 200-40Qum? formed by electrical discharge, was clamped

(Henning, Metz & Hammes, 1986). The proposal for anpetween the two halves of a chamber machined from Teflon. Each half
electrostatic interaction is supported by the effect of nisincell was fitted with a silica glass window. Thus, once assembled the
on Iiposome fluidity. The greatest reduction in quidity, cell contained a compartment divided by the Teflon septum containing
determined by anisotropy with Iiposomes Containing an-? ;ingle hole which c_ould be observed through the optical Window_s.
ionic |ipidS was consistent with an interaction of nisin Prior to bilayer formation the area around the hole was precoated with

' 1% (v/v) hexadecane in hexane. After evaporation of hexane, the com-

with charged phospholipid head groups (Kordel, SChu"erpartment was filled with filtered, unbufferedM KCI (pH 5.2-5.6) to

& Sahl, 1989). This electrostatic interaction has beery jeye| apove the hole. Lipid, 6.5min hexane, incorporating NBD-

suggested to cause a local perturbation of the phosph®t at 1% molar ratio, was layered onto the buffer surface in each
lipid dynamics of the liposomal bilayer structure (Dries- compartment and the hexane was allowed to evaporate. The formation
sen et al., 1995)_ of a bilayer was monitored optically through a microscope, and elec-

To explore in more depth the effect of nisin on the trically via capacitance measurements, as the level of solution in the
trans-compartment was lowered to below the level of the hole and then

biophysical properties of membranes, fluorescence re-° . o
. raised again to original levels.

covery after photobleachlng (FRAP) measurements were Temperature was maintained between 22-24°C. Membrane po-
performed on “solvent-free” PLBs (Ladha et al., 1996), tentials were recordedis with respect totrans which was held at

in the presence and absence of nisin. This technique e@round. Thus a negative potential (indicated as -) means that the
ables measurement of the lateral diffusion of phospho<harge on theis-side of the bilayer is negative. Nisin was added to the

lipids within the bilayer while simultaneously gaining an ¢is compartment. Membrane current was measured under voltage
estimate of the effect on membrane structure by moni_clam_p conditions using a Iow_n0|§e operational _ampllfler connectgd to
toring capacitance. It has therefore been possible to Obai: pair of Ag/AgClI electrodes in direct contact with aqueous solutions.

h I eff f nisi L ith he amplified signal was simultaneously displayed on an oscilloscope
serve the overall effect of nisin association with, andand recorded on a chart recorder or DAT tape. The imposition of a

insertion in, the membrane on a range of bilayer param=100 or +100 mV voltage-clamp was continuous throughout each rel-
eters thereby providing alternative insights into itsevant experiment, apart from when capacitance measurements were
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taken in parallel with lateral diffusion and fluorescence measurementswheree, is the permittivity of a vacuum (8.854 x ki3
For construction of a current-voltage\() relationship applied voltage |:m—1) A, is the area of the membrane afy, is the
was ramped over the range +140 mV, for 45 sec in each direCtioncapacitance of the membrane. The relative permittivity

The membrane RC time constant was of the order of 2 sec thus the . X .
of membrane dielectrics,, was taken to be 2.2, which

measured-V relationship approximated its steady state. Currents gen- . . ‘
erated by nisin were too great to be measured when amplified at pocorre.sl:)onds. to the hydrophoblc core dielectric constant
tentials over —100 mV. and is relative to the chain length of the appropriate

alkane.

FLUORESCENCERECOVERY AFTER PHOTOBLEACHING

FRAP was used to measure the lateral diffusion of the quorescenResults

probe NBD-PE in virtually “solvent-free” PLBs as described by

Ladha, Mackie & Clark (1994) and Ladha et al. (1996). A conven-

tional FRAP setup based on an upright Nikon Optiphor microscope wad\ISIN CAUSES A REDUCTION IN THE RATE OF LATERAL
modified to enable measurements of phospholipid mobility in PLBs. DIFFUSION OF MEMBRANE PHOSPHOLIPID

After formation of a bilayer with acceptable capacitance a laser spot, of

diameter (1¢%) 3.3 um, was focused on the center of the bilayer. The _. " .. ..
spot size was small enough for the bilayer to act as a “near infinite” Figure A shows that the addition of nisin to tloes-side

reservoir. At least five FRAP measurements were recorded prior to thf & representative “solvent-free” PLB comprising
addition of nisin. Nisin was added to a final concentration ofi®@  PC:CL 4:1 molar ratio resulted in a decrease in the lateral
and the resulting medium was neutralized immediately by the additiondiffusion coefficient of NBD-PE from 96 x I8 cn?

of an equivalent volume of 0.02 KOH which had been observed to  sec¢? to 56 x 10° cn? sec? after 55 min. Equivalent
maintain pH equality on either side of the membrane. Measurementﬂata for several biIayers are summarized in the Table,

were taken every 5-10 min for the duration of the experiment. FRAP, e the diffusion coefficient minimum is expressed as
data were analyzed using nonlinear least-squares fitting to an expres-

sion defining the time dependence of fluorescence recovery observef percentage of the Valu_e before addition O_f _msm' It is
with a circular beam of Gaussian cross-sectional intensity as follows (YNoteworthy that controls in the absence of nisin revealed

guerabide, Schmidt & Yguerabide, 1982): no consistent or significant change in lateral diffusion
coefficient for periods in excess of 90 min (FigDR
F(0) + F()(t/Bp) The nisin-induced decrease in lateral diffusion coeffi-
F(t) = 1+ (t/prp) (1) cient was dependent on the lipid composition of the bi-
D.

layer and on the amount of negative charge present
f(Table). When bilayers were composed solely of PC,
the lateral diffusion coefficient of NBD-PE reached a
minimum of 63% of control. The inclusion of anionic
phospholipids in the bilayer led to further reductions in
the diffusion coefficient. The effect of incorporating a
molar ratio of 20% PS led to a minimum value of dif-
fusion coefficient that was 46% of the control value, and

whereF(t) is the observed fluorescence as a function o
time, F(0) andF(«) are respectively the intensities of the
fluorescence immediately, and at finite time after the
bleach pulsep is the depth of bleach parameter angl
is the diffusion time. The lateral diffusion coefficiem,
is given byD = w?/4_5, wherew is the half-width at 1

height of the laser beam at its point of focus on the, ; 0
membrane. The extent of recoveryi(é.e., the percent- this value was reduced to 32% of the control when PS

. - i as included to a final ratio of 1:1 with PC. When nega-
?hgee;;g?gsbsl’ligril.uorophores inthe membrane, is given b))tlivve charge was supplied by CL as opposed to PS, the

inhibition in diffusion rate appeared more comparable

F() — F(0) with that of PC alone. However, further experiments in-
%R=m X 100, (2) dicated that the inclusion of elevated amounts of CL led
to an additional reduction the diffusion coefficient com-

where F(t < 0) is the prebleach fluorescence (Wolf, Pa"ed to control valuegigta not showp

1989). Ten FRAP curves were collected for every mea-S or igme.trz?r?ljl(g'(;?r:noﬁchter]g'Zgé'.?g:%?f]:%enm ‘p(’)a;)saglb'
surement and were averaged before analysis. ved withi ! I ISIn p y

reflecting the first contact nisin makes with the bilayer
surface. A further and more substantial reduction in dif-
APPARENT MEMBRANE THICKNESS ESTIMATION fusion coefficient always followed between 35 and 60
min after nisin addition. With time, the constraints im-
The decrease in capacitance can be used to calculate thesed by nisin on phospholipid diffusion eased and mo-
apparent increase in thickness of the hydrophobic regioiility approached values in the region of the initial or
of the membraney,,, control levels. These data provide strong evidence that
nisin, on contacting the surface of the bilayer, adsorbs
_%o & Ay 3) and thereby hinders the lateral diffusion of phospholipid

O Cu containing entrained NBD-PE.
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Fig. 2. Time-dependent effect of 10m nisin on @) lateral diffusion coefficient,B) capacitance, andCj fluorescence for a bilayer of area 0.035

mm? formed from PC:CL 4:1 containing NBD-PE, 1% molar ratio, in the presence of unbuffewedl, pH 5.2. The lateral diffusion coefficient

and fluorescence were derived from an average of 10 FRAP curves with standard errors of less than 5%. Capacitance was monitored immedia
after each set of FRAP readings had been collected. These recordings from a single bilayer are representative examples from a series of
independent determination®) Representative control experiment with conditions identical to thoge @) but in the absence of nisin.

Measurements were carried out with Fluorescein-PBhe decrease in capacitance amounted to 71% (Table).
as an alternative reporter molecule in the lipid systemThe capacitance decrease implied that nisin was affect-
PC:CL 4:1. The reduction in the lateral diffusion coef- ing the hydrophobic core of the membrane. Thus, the
ficient was 65% of control and hence in good agreemensurface-association of nisin may be followed by partial
with the value observed with NBD-PE (Table), henceinsertion into the central region of the bilayer. Again,
confirming that the observed effect was not a nisin-nisin-free controls revealed no discernable change in ca-
NBD-PE specific interaction. The percentage recoverypacitance for periods in excess of 80 min (FiB)2 Fur-
of fluorescence after each photobleaching experiment othermore, nonspecific interactions of nisin were moni-
the membrane was total (i.e., 100%) and varied by ndored using an unpunctured Teflon film. The film was
more than an average of 4%. Therefore all phospholippretreated and lipid and nisin were added as usual. Ca-
ids in the measuring domain were mobile and no immo-pacitance was observed to decrease by 0.9 pF over 2 hr,
bile fractions were formed. a change of 2% in background capacitance levels. This

eliminated the possibility of nonselective interactions be-

tween nisin and Teflon. In a separate control experi-
EFFECT OF NISIN ONPLB CAPACITANCE ment, with a bilayer formed from PC:CL 4:1, the nisin-

induced decrease in capacitance was observed in the ab-
The principal decrease in the lateral diffusion coefficientsence of NBD-PE. In this case capacitance reduced to
on addition of nisin coincided with a decrease in capaci-68% of control thereby showing that the reduction in ca-
tance of the bilayer (200 to 133 pF for the representativepacitance was independent of the presence of NBD-PE.
PLB comprising PC:CL 4:1 in Fig.B). In six bilayers The change in capacitance was dependent on the
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Table. Time-dependent effect of 1@m nisin on the maximum percentage change from pre-nisin
values of lateral diffusion coefficient, capacitance, and fluorescence on bilayers of various compo-
sitions all containing NBD-PE at 1% molar ratio level

Lipid % Control levet

composition

(molar ratio) Diffusion Capacitance Fluorescence Apparent change
coefficient in membrane

thickness (nm)

PC:CL 4:1 61+4 71+3 60+0 +10.2

PC:PS 4:1 46+ 4 77+3 76+1 +6.3

PC:PS 1:1 32+1 87+1 ND +2.2

PC 63+1 114+ 4 71+3 -1.0

PC:CL 4:1 +100 mV 54+2 70+5 61+3 +9.3

PC:CL 4:1 -100 mV 51+2 LEAK 51+1

The values shown are maximal effects recorded between 35 and 60 min after addition of nisin, and
are given as the mean st for between 3 and 6 PLBs.

aTypical absolute values for controlsf(Fig. 2) were of the order of 100 x 1®cn? sec? for the
diffusion coefficient; 220 pF for capacitance; 600 units for fluorescence.

PND = not determined.

lipid composition of the bilayer. When PC was the sole PC:CL 4:1 PLB during which no measurements were
phospholipid component of the bilayer, capacitance intaken until the nisin-induced capacitance drop was ob-
creased rather than decreased (Table). The increase served. The reduction in fluorescence in this case was
capacitance with PC PLBs upon the addition of nisin wasot due to photobleaching, and was determined to be
permanent and no tendency for a return to a lower valu®1% of the control ¢f. Table). This confirmed that the
was observed. However, a reduction from control valuesiisin-dependent effect was different from the photo-
was facilitated by the presence of negative charge at thbleaching that occurs with continued illumination of the
bilayer surface. When the head groups are composed difilayer with the laser beam. When the alternative Fluo-
CL or PS, nisin must associate in a manner which in-rescein-PE probe was used the measured suppression of
volves interaction with the central core of the bilayer. fluorescence was 65% of control, thus verifying that the
An apparent change in membrane thickness, which hasffect of nisin on fluorescence was probe independent.
been estimated from the capacitance data (see Materials As with the capacitance and diffusion coefficient,
and Methods) and the values given in Table, is inducedhe decrease in fluorescence, when compared to the con-
by nisin. The greatest increase in apparent thickness wesol, varied with the amount and type of negative charge
observed with CL, as opposed to PS, a point which mighpresent. The reduction in fluorescence to 60% of the
indicate that CL provides a hydrophobic environmentcontrol in the presence of CL was greater than the nisin-
which is more easily modified by nisin. dependent reduction to 76% of control observed when
Figure 2 also demonstrates that capacitance, alonBS provided the negative charge (Table).
with the lateral diffusion coefficient, exhibited a ten-
dency to return to near-original values.

EFFecT OFNISIN IN THE PRESENCE OF

TRANSMEMBRANE POTENTIAL
ErFFecT oFNISIN ON THE FLUORESCENCE oFNBD-PE

Addition of nisin to the bilayer caused a rapid (10 min) Bilayers containing low levels of CL were inherently
decline in NBD-PE fluorescence (FigC2 This was more stable than those incorporating PS. Therefore the
followed by a larger decrease (420 to 250 units in thelipid composition PC:CL 4:1 was selected for a compari-
representative PC:CL 4:1 bilayer in FigCRwhich co-  son of the effects on nisin action of applying transmem-
incided with the decrease in capacitance and diffusiorbrane potentials of +100 or =100 mV. The nisin-induced
coefficient. Subsequently, fluorescence spontaneouslyeduction in the lateral diffusion coefficient of NBD-PE
increased with time, again corresponding with the othemwas enhanced in the presence of a potential, but the
parameters, albeit to a lesser degree. With every FRARffect was polarity independent (Table). This enhance-
measurement performed, the fluorescence of the bilayement may have been due to electrically induced stress
decreased slightly. To obtain a true measurement of theaused by field strength effects of the transbilayer po-
decrease in fluorescence, a control was performed with gential. The impact on capacitance in the presence of a
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- 10 1 (nA) nisin through the combined measurement of nisin effects
I on PLB conductivity and capacitance. Simultaneous
FRAP measurements on the PLBs have enabled nisin
Ls o < effects on the lateral diffusion and fluorescence emission
r of a fluorescent lipid probe to be deduced. Inspection of
combined data, shown in Figs. 2 and 3, reveals a com-
plex sequence of events indicated by changes in fluores-
cence intensity and lateral diffusion and precede alter-
Vv (mV) ations in capacitance, and subsequently membrane
o I conductivity.
o S - S The fluorescence intensity and lateral diffusion data
show two distinct phases of behavior following addition
. i of nisin. Firstly, a relatively rapid decrease in the fluo-
- -10 rescence intensity and lateral diffusion of NBD-PE oc-
curs following addition of nisin to theis-side of the
DOPC:CL 4:1 containing NBD-PE at 1% molar ratio. Nisin was added bilayer which is no_t acpompanled by a _Chang_e In capaci-
to thecis-side of the bilayer at 1Qum final concentration. A voltage ~tance. The reduction in fluorescence intensity does not
ramp (140 mV) was applied after completion of FRAP measurementd€cover with time but rather stabilizes approximately 10
and current flow across the membrane was recorded. Saturation of thenin after addition of nisin at a new intermediate level.
o s oo S Tk s gl SuCh @ change in fuorescence is consistent wih the
frgm 3 reglicates. {,®,-140t0 +140 ?nv;;,lm, +140 t?)lr—’140 mv) tran.sfer of the NB[.)'PE molety into a more .hy.droph|I|c
environment, possibly caused by the proximity of the
ositive charges present on the nisin molecule resulting
n electrostatic interactions with the anionic head groups

T .
-150 =100 -50 0 [ 50 1
o

Fig. 3. Current-voltage plot of a bilayer, area 0.035 Afiormed from

membrane potential was more substantial. When the a|

plied potential wagis-negative, nisin altered the stability of . - -
. ; X . phospholipid at the bilayer interface. The surface
of the bilayer such that it became leaky to ion flow. This harge of the membrane will be active over a short dis-

effect on capacitance suggests that negative potentiaﬁsjlnce (Debye length of 3 A, in the conditions of these
facilitate insertion of nisin into the membrane, thereby '

causing leakage which did not occur when the potentiaerpe”mems) and will affect the homogeneous distribu-

at the surface of the bilayer was zero or positive (Table). lon .Of surrounding ions such that p(_)smvely charged_|ons
Fluorescence was also affected as emissions were rg_artlally compensate for the negative charge density of

duced in presence of an applied negative potential. phospholipids at the PLB surface. However, nisin mol-
ecules that diffuse close enough to the negative charges

of the bilayer surface would be drawn closer to the mem-
brane surface, perhaps forming intermolecular nisin-

Macroscopic measurements of bilayer conductivity werdinkages concomitantly. The persistence of the decrease
made within 2 min of completing FRAP measurementsin fluorescence intensity suggests that a constant number
once parameter values had returned to near-original levof NBD-PE molecules remain in close association with
els (time = 90 min, Fig. 2). A voltage ramp from zero the adsorbed molecule.
mV was imposed on the bilayer in positive and negative A reduction in lateral diffusion coefficient of NBD-
directions and the current flow was measured. Figure E accompanies the decrease in fluorescence intensity.
shows that thd-V relationship was strongly rectifying However, in contrast, the reduction in diffusion coeffi-
and exhibited greater membrane conductance when theent is transient and this parameter recovers almost to
potential clamped across the membrane eiggiegative.  pre-addition levels some 30 min after the addition of
Furthermore, thé-V relationship exhibited distinct hys- nisin. This observation is important as it suggests that
teresis, with larger currents being recorded at positivewith time lateral diffusion of a large majority of NBD-PE
going voltages. These results indicate that time- andnolecules is no longer affected by the nisin associated
voltage-dependent events play a critical role in the apwith the PLB. Thus, the physical barriers to lateral dif-
pearance of nisin-induced membrane conductance.  fusion imposed by the adsorbed nisin disappear. We are
reduced to speculate as to why this may be. One plau-
Discussion sible explanation could involve a time-dependent aggre-
gation of adsorbed nisin. If nisin aggregates assemble
through random collisional processes, this would reduce
the surface area of the PLB coated by nisin and remove
The approaches used in the present work yield signifithe barriers to NBD-PE lateral diffusion, thus forming a
cant insights into the structure-function relationships ofvital critical step in pore assembly within the membrane.

CONDUCTIVITY

NiSIN-MEMBRANE SURFACE ASSOCIATION AND INSERTION
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If the randomly distributed adsorbed nisin monomers re-NisIN-INDUCED MEMBRANE CONDUCTIVITY
main associated with their complement of lipid at the
PLB surface, this would lead to a maintained reduction in o . o .
fluorescence intensity. As nisin monomers aggregate, of he initial interaction of nisin occurs in the absence of a
assemble, nonbound NBD-PE could perhaps diffusénembrane potential. A conducting configuration most
more freely in the PLB. Driessen et al. (1995) demon-likely requires aggregation of nisin monomers and their
strated that nisin electrostatically interacts with anionicinsertion into the membrane, though the involvement of
charge if present on the bilayer surface and suggested membrane potential in these processes is unclear. Ap-
that nisin may then become bound as a partially neutralplication of a voltage ramp to nisin-associated bilayers
ized complex on the lipid surface, which could compriseresults in a rapid increase in conductivity with greater
an intermediate in pore formation. current flow at negative potentials. A membrane poten-
The second phase in the association process occutil has been shown to enhance the effect of nisin on
over 35 to 60 min after the addition of nisin. At this liposomal interactions (Driessen et al., 1995). Large
stage, fluorescence intensity, capacitance and lateral difnolecules were not released from liposomes, thus a
fusion all decrease substantially. This is consistent withmode of action of nisin involving membrane solubiliza-
a significant reordering of the lipid in the PLB. The tion or surfactant activity can be eliminated (Garfceta
large reduction in fluorescence intensity reflects theal., 1993). A largecis-negative conductivity was ob-
transfer of NBD moieties to a more polar environmentserved here and has not been reported previously. Un-
and the increase in capacitance is consistent with a sultable openings that fluctuated over a wide range of con-
stantial thickening of the hydrophobic core of the PLB. ductances have been observed in the presencecist a
Such a thickening process could result from the insertiomositive transbilayer potential of sufficient magnitude
of nisin aggregates into the membrane and the subsgvhen negative phospholipid charge was supplied by PS
quent perturbation to the ordering of the lipid acyl chain (Sahl et al., 1987; Benz et al., 1991). The increased sol-
that this involves. Indeed nisin is capable of altering theyent content of the black lipid bilayer system used by
phase transition temperature on interaction with lipo-sah| et al. (1987), compared to the “solvent-free” PLBs
somes composed of dimyristoylphosphatidylcholineysed here, could affect the structure of the peptide ag-
(DMPC): dimyristoylphosphatidylserine (DMPS) 4:1 gregate in the hydrophobic section of the bilayer and
(Kordel et al., 1989) and a decrease in NBD-PE fluoresperhaps influence its response to applied voltage (Montal
cence has been shown to occur when phospholipids urg \yeller, 1972). Additionally, the presence of CL, a

dergo phase segregation (Hong et al., 1988). The intefy5ior component of Gram-positive bacterial membranes,
action of nisin with negatively charged phospholipids, Ny the artificial membrane may indicate involvement of

particular CL, at the bilayer surface seems to encouradthis lipid in the opposing polarity dependence we ob-
penetration of the hydrophobic region. serveg here. PP gp y dep

It is possi_ble th_at r_"Si” par“a.‘"y inserts into the_ The model we advance for nisin-membrane interac-
r_nembra_ne wh_|le r_nalntalnmg a residual surface_ assoCiggy, js largely consistent with that recently proposed by
tion. Th|§ hotion Is supported by recent studies N 3 iessen et al. (1995). Association of nisin with the
nisin variant in which a tryptophan has been substitute embrane phospholipid head groups appears to be fol-

by site-directed mutagenesis for isoleucine at position 3 wed by acareqation on the membrane surface and the
(Martin et al., 1996). Tryptophan fluorescence quench- y aggreg

ing by spin-labeled lipids verified that position 30 in- formation of multimers which may partially insert into

serted deeper into the bilayer in the presence of CL, ag}e. hé/dr(_)phoblc dcorte_-f:)rmmg structurets that ?redc?pable
opposed to PE, and comparison with similar studies orf! Inducing conductivity In résponse 1o applied trans-

other lantibiotics in which fluorescence quenching Wasmembrane potentials.
assayed in the N-terminal domain, and the known flex-
ibility in the_hlnge region .Of residues 20 to 21, leads to This work was supported by the BBSRC. Many thanks to Dr. Frans
the conclusion that a portion of the nisin molecule MaYMaathuis for helpful discussions and to Dr. Helen Dodd for critically
remain surface-associated even after membrane insertiQBading this manuscript.
of the C-terminus.

Interestingly, the parameters observed in the present
study are transient and once the conductivity signal in-
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