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Abstract

Mesentericin Y105 (Mes-Y105) is a bacteriocin secreted by Leuconostoc mesenteroides which is particularly active on Listeria. It is
constituted by 37 residues and reticulated by one disulfide bridge. It has two W residues, W18 and W37, which can be studied by
fluorescence. Two single substituted W/F analogues were synthesized (Mes-Y105/W18 and Mes-Y105/W37) to differentiate the local
environment around each W and to study their changes in the presence of lipid vesicles.

Fluorescence experiments show that, for the pure Trp-analogues, W18 and W37 are fully exposed to solvent whatever pH and buffer
conditions. In the presence of lipid vesicles, both became buried. Lipid affinities were estimated: they are weak for zwitterionic phospholipids
but an order of magnitude higher for negatively charged phosphatidylserine (PS) and phosphatidylglycerol (PG) lipids. On negatively
charged PG lipids, Mes-Y 105 and Mes-Y 105/W37 display comparable lipid affinities. A decrease in lipid affinity is observed for Mes-Y 105/
W18 compared to Mes-Y 105, which means that W37 would seem to be required for increased lipid selectivity. In the lipid-bound state W18
is strongly dehydrated, probably embedded into the acyl chains, while W37 stands more at the interface.

Mes-Y 105 was also studied by polarization modulation infrared reflection absorption spectroscopy (PMIRRAS), alone and in various
phospholipid environments, to obtain structural information and to assess lipid perturbations. At nanomolar concentrations close to those
required for anti-Listeria activity, Mes-Y 105 forms films at the air/water interface and inserts into negatively charged lipid monolayers. In situ
infrared data show that Mes-Y 105 binding only affects the polar head group vibrations while the lipid order of the acyl chains remains
unaffected. The PMIRRAS show that Mes-Y 105 folds into an N-terminal antiparallel p-sheet followed by an a-helix, both structures being
tilted (40°) compared to the normal at the interface, which is in agreement with the thickness estimated by Brewster angle microscopy
(BAM). All these data support the proposal of a new model for Mes-Y105 at the membrane interface.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Mesentericin Y105 (Mes-Y105) is a class Ila bacteriocin
[1] from Leuconostoc mesenteroides, a gram-positive bac-
teria. Mes-Y'105 is constituted by 37 residues and is reticu-
lated by one disulfide bridge between residues Cg and Cy,. Its
sequence is the following: KYYGNGVHCTKSGCSV-
NW,;sGEAASAGIHRLANGGNGFW3; [2]. Mes-Y105 is
efficient and quite selective antibacterial peptide acting
particularly on Listeria monocytogenes down to the nano-
molar concentration range. It is able to severely decrease the
membrane potential of the target cells, but it also modifies
many transport systems [3,4]. The first Mes-Y 105 structure—
function relationships were proposed after purification [5]. In
contrast to other nonspecific lytic peptides, where numerous
sequence changes and deletions can still maintain biological
activity, the complete peptide length and the integrity of the
single disulfide bridge are mandatory for Mes-Y 105 activity.
From CD data of Mes-Y105 in buffer solution and com-
parison with other antimicrobial peptides, a structure was
proposed with an N-terminal capable of involvement in
interaction with a putative receptor while a characteristic
amphipathic a-helix from residues 17 to 31 would allow lipid
binding to the membrane [5]. Several toxins closely related to
Mes-Y 105 were studied by fluorescence to characterize their
interactions with phospholipids [6,7] and by NMR to propose
structures for leucocin A and carnobacteriocin B2 in buffer
solution, in the presence of TFE, and in detergent micelles [8—
10]. Currently, several models for accounting membrane
interactions and cytotoxicity are proposed, while there are still
contradictory structural changes and different mechanisms
for toxin-induced membrane permeabilization [11-14].

Most of the class Ila bacteriocins have several W residues
which allow the monitoring of the toxin behavior by
fluorescence. Mes-Y105 has two W residues at positions
18 and 37. Single substitution analogues of one of them will
allow selective monitoring of the behavior of each one. W18
is almost invariant for class Ila bacteriocins [1]; it was
suggested that it is involved in an amphipathic a-helix. W37
is mandatory for activity [5]. Herein for the first time, the
intrinsic fluorescence of Mes-Y105 has been used to
monitor the behavior of three different synthetic peptides
in solution and in the presence of phospholipid vesicles: (i)
Mes-Y 105, which has the natural toxin sequence and then
fluorescent W18 and W37 residues, (ii) Mes-Y105/W37,
which only differs by the W18—F substitution, and (iii)
Mes-Y 105/W18 with the single W37—F substitution.

In a second step, the tensio-active behavior of Mes-Y 105
and its interactions with phospholipid monolayers have been
studied in the very low concentration range where it displays
activity on cells. Finally the structure and the orientation of
the toxin have been documented using polarization modu-
lation infrared reflection absorption spectroscopy (PMIR-
RAS), a specific IR technique which makes it possible to
obtain spectra of both peptides and their mixtures with lipids
in situ at the air/water interface [15].

2. Materials and methods
2.1. Peptide synthesis

Peptides were synthesized by a standard 9-fluorenylme-
thoxycarbonyl (Fmoc)-based solid-phase method [16], using
an automated synthesizer (Applied Biosystems, model
433A). The Na-Fmoc-amino acids were coupled to the
growing peptide chain using a solution in N-methylpyrro-
lidone with 1-hydroxybenzotriazole (HOBt)-2-(1H-benzo-
triazol-1-yl-1,1,3,3-tetramethyluronium hexafluorophos-
phate (HBTU) in N,N-dimethylformamide. All these
reagents were from Novabiochem (France); other solvents
and reagents used in peptide synthesis were obtained from
SDS and Sigma.

Side-chain protections were as follows: ferz-butyloxy-
carbonyl for lysine; pentamethyl-bihydrobenzofuran-5-sul-
fonyl for arginine; O-fert-butyl ester for glutamic acid; O-
tert-butyl ether for serine, threonine and tyrosine; trityl for
asparagine, cysteine and histidine.

Peptide—resin cleavage and side chain deprotection
reactions were carried out in reagent K [17]. After
filtering to remove the resin followed by ether precip-
itation at low temperature, the crude peptides were
recovered after centrifugation, dissolved in 20% acetic
acid and lyophilized.

Then peptides were purified by preparative reverse-phase
HPLC on a Waters RCM compact preparative cartridge
Deltapak C-18. Homogeneity of the peptides was assessed
by analytical HPLC on a Lichrospher ODS 2 column and
the purified peptides were characterized by electro-spray
mass spectrometry (Applied Biosystems EP165).

The magainin analogue used herein as standard for
PMIRRAS experiments corresponds to magainin 2 with Lys
substitution. It was also obtained by solid state synthesis as
already explained [18]. It was kindly provided by Dr. O.
Siffert.

Peptide concentrations were estimated from the UV
absorption spectra of stock solutions (2 mM) in methanol
using &,g0=5600 M ! em ! and £,40=1000 M~ ! ecm ! for
W and Y, respectively.

2.2. HPLC analysis

The retention times of the peptides eluted in a CH;CN/
water gradient were measured by RP-HPLC on a C, g reverse
phase Purospher RP-18 end-capped semi-preparative column
(125%x4 nm, 5 pm particle size), in conjunction with a Waters
millenium HPLC system as previously described [19].

2.3. Lipids vesicles

EPC was purified in the laboratory; PS and PG were
from Lipid Products (Nutfield, UK); synthetic lipids POPC,
DMPC, DMPG and DPPG were from Avanti Polar Lipids
(Birmingham, AL, USA).
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For monolayer studies concentrated chloroform solutions
were prepared. For vesicle preparation, lipids were first
dried under vacuum, and/or lyophilized. Then they were
hydrated by the buffer used in experiments, degassed under
N, and tip sonicated for a few minutes to get essentially
single unilamellar vesicles (SUVs) as already checked by
different methods [20].

2.4. Fluorescence spectroscopy and lipid binding constant
analysis

Fluorescence measurements were performed on a Spex
Fluoromax spectrometer at 25 °C, generally on excitation at
280 nm with 4-nm band pass. The emission spectra were
always subtracted from that of blanks, i.e., buffer with the
same final amount of lipids. Peptide solutions at 2 uM in
Tris 20 mM buffer pH 7.5 were made up by dilution of a
few milliliters of stock solution in MeOH. Lipid interactions
were performed in situ on the fluorescence cuvette increas-
ing the lipid to peptide molar ratio, Ri, by successive
dropwise additions of concentrated SUV suspensions (6.25
mM in lipids). Buffer at pH=4.5 was obtained by decreasing
the pH of the Tris 20 mM buffer pH 7.5 by progressive
additions of HCI.

The binding constants of Mes-Y 105 for lipid vesicles can
be estimated from the changes of the spectra maximum
emission wavelength (Ay.x) curves analyzed using the
following equation [7,21]:

6= 1= (& —1)—(Ka/n)(e=1)/m (1)

where K4, n and m are the dissociation constant of a lipid—
peptide complex, the number of binding sites per lipid, and
the total lipid concentration, respectively. The relative blue
shift is defined as £=/.ma//max» Amae denoting the maximum
emission wavelength in the absence of lipids, while ¢y, is the
maximal value obtained when all the peptide is bound to
lipid vesicles. The slope of the linear plots of (e—1)=
fl(e—1)/m) gives the Ky/n values.

2.5. Film formation and surface pressure measurements

Monolayer experiments were performed on a computer-
controlled Langmuir film balance (Nima Technology,
Coventry, England). The rectangular trough (V=110 cm?,
$=145 cm?) and the barrier were made of Teflon. The
surface pressure (II) was measured by the Wilhelmy
method using a filter paper plate. The trough was filled
with an aqueous buffer (20 mM Tris, HCI, pH=7.5) using
ultra pure water (Milli-Q, Millipore). The experiments were
carried out at 2512 °C. A few microliters of MeOH peptide
stock solutions were injected into the subphase to define the
total Mes-Y105 concentration. Mixed peptide/lipid films
were obtained as previously described [22]. In short, the
pure lipid was spread first at the air/water interface from
chloroform solutions, then after =15 min the phospholipid
film was slowly compressed up to 30 mN/m. In a second

step, a few microliters of concentrated peptide solutions
were injected into the subphase.

2.6. PMIRRAS spectroscopy

PMIRRAS spectra were recorded on a Nicolet 740
spectrometer equipped with a photovoltaic HgCdTe detector
cooled at 77 K. Generally, 200 or 300 scans were co-added
at a resolution of 4 or 8 cm™' for pure peptide or mixed
peptide/DMPC monolayers, respectively. In short, PMIR-
RAS combines FT-IR reflection spectroscopy with fast
polarization modulation of the incident beam between
parallel (p) and perpendicular (s) polarization. Two-channel
processing of the detected signal makes it possible to obtain
the differential reflectivity spectrum:

AR/R = (Rp — Rs)/(Rp + Rs).Jx.

To remove the contribution of liquid water absorption
and the dependence on Bessel functions J,, the monolayer
spectra are divided by that of the subphase. With an
incidence angle of 75°, transition moments preferentially
oriented in the plane of the interface give intense and
upward oriented bands, while perpendicular ones give
weaker and downward oriented bands [23].

The decomposition of the amide I and amide II spectral
region (1500-1800 cm™') into individual bands was
performed with the Peaksolve (version 3.0, Galactic)
software and analyzed as a sum of Gaussian/Lorentzian
curves, with consecutive optimization of amplitudes, band
positions, half-width and Gaussian/Lorentzian composition
of the individual bands.

2.7. Brewster angle microscopy (BAM) measurements

The morphology of mixed mesentericin/DPPG layers at
the air/water interface was observed using a Brewster angle
microscope (NFT BAMZ2plus, Gottingen, Germany)
mounted on the glass Langmuir trough. The microscope
was equipped with a frequency doubled Nd:Yag laser (532
nm, 20 mW), polarizer, analyser and a CCD camera. The
spatial resolution of the BAM was about 2 um, and the
image size 625x400 pm.

3. Results

3.1. Intrinsic fluorescence study and HPLC analysis of
mesentericin Y105 and its analogues

3.1.1. Peptides free in solution

The emission spectrum of natural Mes-Y 105 is centered
at about 351 nm. Single W analogues, namely Mes-Y 105/
W18 and Mes-Y105/W37, gave rather similar spectra with
weakly different maximum emission positions: 354+2 and
347+2 nm for Mes-Y105/W18 and Mes-Y105/W37,
respectively (Fig. la). In buffer at pH 7.5, the emission
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Fig. 1. Fluorescence emission spectra of mesentericin and its analogues (a)
on excitation at 4.,=280 nm of Mes-Y 105 (—), Mes-Y105/W18 (- - -) and
Mes-Y105/W37 (-@-). (b) Fluorescence emission spectra of Mes-Y 105/
W18 normalized at 2>350 nm; e =280 nm (—); Aexc=295 nm (- - -);
lower trace (—) difference spectrum reflecting Y contribution when
Aexc=280 nm. Tris 20 mM, pH 7.5 buffer, [peptide]=2 uM.

intensities of both single W containing analogues are about
similar and half that of the total emission intensity of the
Mes-Y 105 peptide. On excitation at 295 nm, which
essentially abolishes the Y excitation and allows the
recovery of the only W emission, there is no significant
shape change of the normalized spectra. The Y contribution
on excitation at 280 nm is then estimated by difference and
is very weak and only detectable near 300 nm (Fig. 1b).
Then, on excitation at 280 nm, one can consider that Mes-
Y105 behaves in solution as having essentially two
independent emitting residues W18 and W37 both being
almost fully accessible to buffer. The higher wavelength for
the emission maximum for W37 can be attributed to its
proximity to the ionized CO terminal of the peptide [24].
The lack of significant contribution from Y2 and Y3 could
be due to their quenching probably by amine groups of the
K and NH, terminal group or to Y—W resonance energy
transfer (FRET). However, on dual excitation (280/295 nm)

the ratios of the quantum yields are the same for Mes-Y 105,
Mes-Y 105 analogues and melittin, used as a reference since
it has a single W and lacks Y. Contribution of intramolecular
FRET to Mes-Y105 fluorescence properties can then be
discarded.

3.1.2. HPLC analysis of Mes-Y105

It has been suggested that the affinity for C,g chains on
reverse phase HPLC reflects the ability of a peptide to
interact with membrane and generally parallels the cytotoxic
activity [25]. When eluted in a CH;CN/water gradient, the
retention time, RT, of Mes-Y105 is very short, 1.2 min,
similar to that of the shortest cytolytic pentapeptide KLLLK
already studied and that of a random non-amphipathic LK 15
peptide [26]. This is significantly shorter than those of
magainin analogue or melittin used as reference with RT
values of 3.3 and 5.0 min, respectively. This fits in neatly
with the classic correlation between RT and the very weak
hydrophobic moment for the whole Mes-Y105 peptide
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Fig. 2. Fluorescence of Mes-Y105, Mes-Y105/W18 and Mes-Y105/W37
bound to EPC and PS vesicles. (a) Changes in the maximum emission
wavelengths (Zmaxem) versus Ri (- - - -) interaction with EPC vesicles;
(—) interaction with PS vesicles Mes-Y105 (@); Mes-Y105/W18 (X);
Mes-Y105/W37 (A). (b) Fluorescence emission spectra of Mes-Y 105/
W37 (- - - -) and Mes-Y105/W18 ( ) free and Mes-Y105/W37
(o e o) and Mes-Y105/W18 (—) bound to PS vesicles. Tris 20 mM, pH
7.5 buffer, [peptide]=2 puM.
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when assumed to be in helical structure (it =3.6;
(M)I‘CS:O' 1)'

3.1.3. Peptides in the presence of phospholipids vesicles

When vesicles are added to peptide solutions, different
changes are observed according to the net charge of the
phospholipids. On adding zwitterionic EPC vesicles, very
limited and progressive changes are observed for all the
peptides (Fig. 2a). Even increasing the lipid to peptide molar
ratio, Ri, up to 800—1000 leads to relatively modest blue
shifts of the emission maxima (Table 1), from 6 nm for the
natural peptide and Mes-Y105/W18 up to 89 nm for the
W37 analogue. Concomitantly weak and very progressive
intensity changes are detected. This can be interpreted as a
weak partitioning of the peptides into this zwitterionic lipid.
As a further experiment, when calcein was trapped into EPC
LUVs, dropwise addition of Mes-Y 105 up to Ri=1 fails to
induce any significant leakage of the trapped dye (data not
shown).

On the contrary, on adding negatively charged phos-
pholipid vesicles composed of PS, drastic changes occur
on the emission spectra of Mes-Y105 and its analogues,
even at lower lipid to peptide molar ratio (Ri < 50) (Fig. 2a
and b). For Mes-Y105/W18, the emission maximum shifts
down to 321 nm with a strong quenching; for the Mes-
Y105, it shifts to 336 nm; and for Mes-Y 105/W37, it only
shifts to 340 nm at Ri=100. The very large 26-nm blue
shift of W18 emission indicates an apolar medium around
this residue probably at contact of the lipid chains; the
weaker change by 14 nm of W37 corresponds probably to
an interfacial location of this last residue. Similar data
were obtained using PG as negatively charged lipid. In this
case the changes in spectra are ended at very weak values,
Ri<10. The maximal blue shifts for totally bound peptides

Table 1

are rather similar to those observed for PS and with the
same hierarchy (Table 1).

3.1.4. pH and ionic strength effects

Since interactions are quite sensitive to the lipid’s net
charge, one can wonder what happens on changing the
peptide net charge. Mes-Y 105 contains various charged
groups which can be protonated by lowering the pH below
6: two H residues, at positions 8 and 27, a single E, residue
and free N and C terminal groups of which ionization state
can change on lowering the pH. Considering the bulk pK,
values for a-COOH, o-NH3, K, H, and E, 3.5, 7.5, 10.4, 6.5
and 4.25, respectively [30], one can therefore expect an
increase of the net charge from +2 to +4 on decreasing the
pH from 7.5 to 4.5.

Such a pH change has no effect on the emission
maximum wavelengths of pure peptides in solution which
remain centered at the same position (Table 1), while a
strong quenching occurs in acidic medium and remains
constant from pH 6 to 4.5.

The effect of Mes-Y105 charge changes on interaction
with lipids was investigated using PG vesicles since their
net charge remains constant in the studied pH range.
Decreasing pH results in steeper slopes of the changes in
emission maximum wavelengths induced by lipid addition,
the plateau values are obtained at lower Ri values and the
final blue shift is larger at pH=4.5 (=21 nm) compared to
that measured at pH 7.5 (—14 nm) (Fig. 3a). This can be
interpreted as an increased affinity and a more severe
dehydration of W’s on lowering the pH.

Another relevant experiment to document electrostatic
dominant interactions is to look at its dependence on ionic
strength. Addition of 150 mM NaCl significantly flattened
the changes in A, and finally in 1.7M NaCl there is no

Changes in the maximum emission wavelength (nm) of Mes-Y 105, Mes-Y105/W18 and Mes-Y 105/W37 alone and in the presence of different lipids excess,

and binding constants, K 4/n (uM), in different pH and ionic strength conditions

Free peptides

Peptides bound to lipids (Ri=200)

pH=7.5 pH=4.5 EPC (pH=7.5) PS (pH=7.5) PG (pH=7.5) PG (pH=4.5)

Mes-Y 105

Jmax.em 350 350 344 337 340 329

A —6 —13 —10 —21

Ky/n 217 13 4 (28" 2 (14
Mes-Y105/W18

Jmax.em 346 346 340 322 326 nd

A —6 —24 —20

Ky/n 75 43 nd
Mes-Y105/W37

Jmax.em 354 352 345 340 342 nd

A -9 —14 —12

Ky/n 278 13 nd
Melittin [27] 349 nd 335 331 331 nd
Magainin [28,29] 352 nd nd nd 336 nd
Pediocin PA-1 [6,7] 353 nd 353 333

(+) Plus 150 mM NaCl; nd: not determined.

Fluorescence parameters of melittin and magainin were chosen as standards since these peptides display a single W in their sequence and a strong antimicrobial

activity. Pediocin PA, like Mes-Y 105, belongs to the class Ila bacteriocins.
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Fig. 3. pH and ionic strength changes induced on Mes-Y 105 interaction
with PG vesicles. (a) Maximum emission wavelengths (Amax.em) Variations
versus RiXpH=4.5; (@) pH=7.5, without NaCl (—); NaCl 150 mM (- - - -).
(b) Effect of ionic strength on the maximum emission wavelength (Nyax.em)
of Mes-Y 105 previously bound to PG vesicles. (—-@—) pH=7.5, Ri=30; (—X-)
pH=4.5, Ri=56, [peptide]=2 pM.

longer any detectable shift (Fig. 3a). Conversely, if Mes-
Y105 is first completely bound to lipid vesicles at low ionic
strength (20 mM) before increasing ionic strength by
successive NaCl additions, an immediate and progressive
red shift of A,.c is observed. This results in the total
recovery of the spectra of free peptides for NaC1>400 mM,
whatever the pH of the experiment (Fig. 3b). Therefore, the
lipid binding of Mes-Y 105 is essentially charge-dependent,
totally reversible by moderate ionic strength. This means
that the toxin can be easily released or expelled from the
interface.

3.1.5. Peptidelipid affinity

The changes in the fluorescence parameters (Figs. 2 and
3) allow the estimation of the relative dissociation constant
Kg/n (where n is the number of binding sites per lipid
molecule) applying Eq. (1) and using classic approaches and
approximations [7,21]. The affinities of Mes-Y105 and its
analogues calculated for different lipids in various con-
ditions vary strongly as shown on Table 1.

The smallest K4/n values, in the nanomolar range,
indicate a strong affinity of Mes-Y 105 for the charged lipid
membranes. At pH=7.5, Mes-Y 105 affinity for zwitterionic
EPC vesicles is much weaker than for negatively charged
PS and PG ones. The ratio of these two values compared to
that for EPC gives a selectivity ratio for the charged lipids of
about =20-fold and 55-fold, respectively. At low pH, the
increase of the Mes-Y105 net charge is paralleled by a
twofold increase of the affinity for PG. Conversely,
increasing the ionic strength up to 150 mM results in a
sevenfold decrease of Mes-Y105 affinity for PG vesicles
whatever the pH.

The Mes-Y 105 analogues also have lipid selectivity, their
K4/n values are also stronger for anionic PS vesicles than for
zwitterionic EPC ones. For Mes-Y105/W37, the Ky/n
values and a selectivity ratio =20 were identical to those
of Mes-Y105. For Mes-Y105/W18 reverse changes of Ky/n
for PC and PG were observed; this led to a significant
decrease from 20 to 2 of the selectivity factor. The
comparable affinities measured for Mes-Y105/W37 and
Mes-Y'105 in the same conditions provide evidence for the
conclusion that W18—F substitution has no influence on
the peptide/lipids interactions. However, the different Ky/n
obtained for Mes-Y105/W18 compared to Mes-Y 105 show
that the W37—F substitution changes lipid affinities and
selectivity, and, thus, that W37 plays a specific role at the
membrane interface.

3.2. Surface activity, structure and orientation of
mesentericin studied by PMIRRAS

3.2.1. Behavior of Mes-Y105 free in solution

When Mes-Y105 in solution is introduced in the buffer
subphase of a Langmuir trough in the concentration range of
some tens of nanomolar, the peptide significantly decreases
the surface tension of buffer. The peptide film can be
compressed, and the surface pressure increases smoothly up
to 20 mN/m (Fig. 4). In similar experimental conditions, a
magainin analogue or a strongly lytic ideally amphipathic
LK15 compound (sequence KLLKLLLKLLLKLLK) [22]
yields films which are more stable, up to 30 to 35 mN,
respectively.

The in situ PMIRRAS spectra at the air/water interface
of Mes-Y105 films compressed at 10 and 20 mN/m
display well-resolved but quite broad amide bands (Fig. 5).
The complex amide I domain is centered at = 1652 cm™ ',
with shoulders around 1635/1695 and 1675 cm ™!, corre-
sponding respectively to a-helix, antiparallel 3-sheets and
p-turns [31-34]. A broad and relatively intense amide II
band is centered at 1530 cm™'. The global shape of the
amide I domain of pure Mes-Y105 remains unchanged
when the lateral pressure is increased from 10 to 20 mN/m,
which means that the global secondary structure of Mes-
Y105 is pressure-independent. This compression from 10
to 20 mN/m, which results in a twofold decrease in total
film area, i.e., a twofold higher peptide density in the IR



S. Castano et al. / Biochimica et Biophysica Acta 1668 (2005) 87-98 93

30

25

20

15

IT (mN/m)

10

Y R S T R IR
40 60 80 100 120 140

S (em?)

Fig. 4. Compression isotherms on a Langmuir trough of the cytotoxic
peptides. (—) Mesentericin (Mes-Y105); (- - - -) Magainin. Subphase:
[peptide]=36 nM, 20 mM Tris buffer, HCl, pH=7.5; 7=23 °C.

beam, should result in a global intensity increase. How-
ever, during this process (Fig. 5), the amide I/amide II ratio
increases as well as the 1695 cm™' amide I contribution of
antiparallel B-sheet. This suggests a progressive but slight
reorientation of the antiparallel P-sheets during the
compression from a tilted (=45°) to a flatter orientation
(=25°) [22,35,36]. Magainin analogue and ia-LK15 used
as standards display a narrow amide I band centered at
1655 cm ' and a high amide I/amide II band intensity
ratio, both characteristic of pure a-helical structures with
their long axis essentially parallel to the interface plane
[22,35,37].
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Fig. 5. PMIRRAS spectra of Mes-Y 105 at the air/water interface. (- - -)
IT=10 mN/m; (—) II=20 mN/m. Subphase: 20 mM Tris buffer, HCI,
pH=7.5; T=23 °C.

3.2.2. Interactions of Mes-Y105 with lipid monolayers

Mes-Y 105 injected under preformed lipid monolayers at
a constant lateral pressure (I1,) can induce a relative film
expansion (AS/S). Different behaviors are observed accord-
ing to the lipid composition of the monolayer (DMPC or
DPPQG), the initial lateral pressure (15 or 30 mN/m) and the
ionic conditions in the subphase, either pH 7.5 with 20 mM
Tris buffer or pH 5.5 in pure water. When Mes-Y 105 is
injected under a DMPC monolayer at pH=7.5, whatever the
initial lateral pressure, no AS/S is detected in the Mes-Y 105
concentration range from tens of nanomolar up to 1.5 pM
(data not shown). When Mes-Y105 is injected under a
DPPG monolayer, a significant surface increase is observed
whatever the pH even at a high pressure of 30 mN/m
(Fig. 6). This means that Mes-Y 105 inserts into the packed
monolayer and expands the lipid film. The slope of the AS/S
curve at pH=5.5 is approximately 1.7 greater than that at
pH=7.5, which means a greater expansion of the packed
monolayer at low pH. This could be due to more peptide
bound and/or to a different molecular area of Mes-Y 105 at
the interface.

3.2.3. Structure of Mes-Y105 bound to lipids by PMIRRAS

PMIRRAS spectra are registered after injecting Mes-
Y105 in the subphase under pre-formed lipid monolayers;
different spectra are obtained according to the phospholipid
used. The pure lipid spectra were used as standards; they
show the bands around 1730, 1460 and 1225 cm !,
respectively, due to v(C=O0) ester, 6(CH,) of the acyl
chains and v,4(PO;") of the phosphate group [35].

When Mes-Y 105 is injected in the subphase of a DMPC
monolayer compressed at 30 mN/m, only pure lipid spectra
are detected, even on increasing the peptide concentration
up to 1.5 pM (Fig. 7). In contrast, in the presence of the
magainin analogue and melittin in the subphase, the peptide
vibration bands are readily detected superimposed to those
of the lipids (data not shown).
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Fig. 6. Relative film surface increases due to Mes-Y 105 insertion at IT=30
mN/m in preformed DPPG monolayers on increasing its bulk concentration
in the subphase (7=25 °C). (—M-) Subphase: pure water, pH=5.5. (—@-)
Subphase: 20 mM Tris buffer, HCI, pH=7.5.
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Fig. 7. PMIRRAS spectra of Mes-Y105 in interaction with a DMPC
monolayer IT= 30 mN/m. (...... ) DMPC monolayer; (—) mixed Mes-
Y105/DMPC monolayer. Subphase: Tris buffer 20 mM, HCI, pH=7.5;
7=23 °C.

Conversely, the PMIRRAS spectra of mixed Mes-Y 105/
DPPG monolayers compared to pure DPPG in different pH
subphase conditions (7.5 and 5.5) show the presence of the
peptide due to the amide band contributions (Fig. 8) after
Mes-Y 105 injection under the DPPG monolayer com-
pressed at 30 mN/m to mimic the lateral pressure in a
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Fig. 8. PMIRRAS spectra of Mes-Y105 in interaction with DPPG
monolayers (II= 30 mN/m) on various pH subphase conditions. Top:
pH=7.5: (......) DPPG monolayer, IT= 30 mN/m. (—) Mixed Mes-Y 105/
DPPG monolayer, II= 30 mN/m. Tris 20mM buffer subphase, HCI.
Bottom: pH=5.5: (......) DPPG monolayer, II= 30 mN/m. (—) Mixed
Mes-Y 105/DPPG monolayer, IT= 30mN/m. Subphase: pure water. [Mes-
YlOS]Subpha;e:142 nM.

natural membrane. Moreover, at pH=7.5 there is only a
perturbation on the band characteristic of the lipids
phosphate heads while there is a broadening of the
v(C=0) ester band and an increase of the v(PO, ) intensity
at pH=5.5 (Fig. 8). These changes traduce a reorientation of
the phosphate group and the formation of hydrogen bonds,
respectively, both consecutive to Mes-Y 105 interaction with
the monolayer. At both pHs there is no detectable and
significant changes in the v(CH,),s s bands of the lipid acyl
chains (data not shown).

Fig. 9 displays the subtracted spectra of Mes-Y 105
according to the subphase composition, pH and ionic
strength. At both pHs (7.5, 20 mM Tris buffer and
pH=5.5, pure water), there is a very intense, well-defined
and centered at about 1653 cm ™! amide I contribution, with
shoulders at 1625/1685 cm™' which is characteristic of
mainly a-helix with antiparallel p-sheets contribution. The
amide I/amide II intensity ratio (1.7 at pH=7.5, and 1.2 at
pH=5.5) and the favored P-sheet amide I contribution at
1685 cm™! compared to that at 1625 cm ™' would suggest a
tilt (=50°) both of the «-helix axis compared to the
interface plane and of the B-sheets, the direction of the p-
strands remaining in the interface plane [38].

Then, whatever the pH there is a strong adsorption of the
peptide under the compressed DPPG monolayer and it folds
onto a well-defined and oriented structure.

3.2.4. BAM study of the morphology of mixed Mes-Y105/
DPPG monolayers

The BAM images of a pure DPPG monolayer at 30 mN/
m (Fig. 10a and c) differ according to the subphase pH. At
pH=5.5, the lipid monolayer is in a homogeneous liquid
condensed phase while on pH=7.5 Tris 20 mM subphase,
heterogeneities characterize a two-phase system with the
coexistence of lipids in a liquid condensed phase (contrasted
zone) and lipids in a liquid expanded phase (dark zone).

When Mes-Y105 is injected into the subphase (Fig. 10b
and d), the average normalized gray level, then the
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Fig. 9. Subtracted PMIRRAS spectra of mixed Mes-Y105/DPPG
monolayers from pure DPPG monolayers (I7=30 mN/m). (—) Pure
water subphase, pH=5.5. (---) Tris buffer 20 mM, HCI, pH=7.5. [Mes-
Y 105]subphase=142 nM.
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Fig. 10. BAM images of pure DPPG and mixed Mes-Y105/DPPG
monolayers (I/=30 mN/m). Top: On pure water subphase, pH=5.5. (a)
pure DPPG (GL=100; OS=120); (b) mixed Mes-Y105/DPPG (GL=191;
0S=500). Bottom: On tris buffer 20 mM, HCIl, pH=7.5. (c) Pure DPPG
(GL=91; 0S=120); (d) mixed Mes-Y105/DPPG (GL=134; OS=1000).
[Mes-Y105]subphase=142 nM; GL=gray level; OS=obturation speed.

luminosity, strongly increases from 91 up to 1115 and from
100 up to 795 for the pH=5.5 and pH=7.5 subphases,
respectively. Such luminosity changes are characteristic
both of average thickness and refractive index increases at
the interface consecutive to Mes-Y 105 adsorption. Further-
more, on pH=7.5 subphase, change in the morphology of
the monolayer is observed: the lipid phase transition
disappears and the final state displays a homogenous phase
of very high brightness.

Using the BAM software, a refractive index of 1.47 for
the pure lipid and 1.50 for the mesentericin, it is possible to
estimate the thickness of the layers. Then =26 A is
obtained for the monolayer of pure DPPG at 30 mN/m,
while =60 and =70 A are obtained for the mixed Mes-
Y 105/DPPG monolayers at pH=7.5 and 5.5, respectively.

4. Discussion and conclusions

Previous investigations into class Ila bacteriocins display
some predictions of their structure. The N-terminus of these
peptides is believed to contain P-sheets maintained in a p-
hairpin conformation stabilized by an N-terminal disulfide

bridge, while the C-terminal half has been predicted to adopt
an amphiphilic «-helix [1,8,9]. In a previous work, we
demonstrated using CD spectroscopy in lipid micelles and
vesicles that Mes-Y 105 displays both «-helix and (3-sheet
structure [5,39].

Here, we present the first more systematic study relative
to the structure of Mes-Y 105 in the presence of phospho-
lipids. Our new data will be discussed in four steps, relevant
to the putative mode of action of Mes-Y 105 on membranes.
First, lipid selectivity and affinities will be discussed from
approaches using vesicles and monolayers. Then the lipid-
induced perturbations will be presented before discussing
the secondary structure and orientations of the bound toxin.
Finally, this new information will be used to compare Mes-
Y105 with other class Ila bacteriocins and to discuss their
antibacterial mode of action.

4.1. Mes-Y105 interactions with phospholipid mono- and
bilayers, selectivity, affinities and perturbations induced

When Mes-Y 105 is in the presence of charged lipids, PS
and PG, all the studied physical parameters indicated that
interactions occur in the 100 nM to micromolar concen-
tration range changing both the state of the peptide and that
of the lipids whatever they are in mono- or bilayers. In
similar conditions, all techniques fail to detect significant
amounts of toxin bound to zwitterionic lipids, whether in
mono- or bilayers. On PC monolayers the toxin inserts only
at low film pressure and on vesicles only very high lipid to
peptide ratios allow the detection of weak W fluorescence
changes and make it possible to estimate an affinity.
Moreover, no leakage of fluorescent dye from PC vesicles
was detected up to very high peptide concentrations.
Therefore, Mes-Y 105 selectively interacts with negatively
charged lipids as quantitatively indicated by the up to 107
factor in the affinity constants found by fluorescence for PG
compared to PC. The lipid affinities obtained for PG, from a
few to 28 puM (Table 1), compare quite well with the
estimated values for pediocin PA-1 (=39 pM) for DMPG
and the total lipids from Listeria [7]. The large fluorescence
blue shifts observed for W18 and W37 imply that after
electrostatic interactions which allow charge compensation
at the interface, these residues became strongly dehydrated
probably at the lipid interface. A hydrophobic effect is then
superimposed onto the dominant electrostatic term. This fits
totally with the similar findings on pediocin PA-1 with W
residues at positions 18 and 32 [6]. This selectivity of
charged lipids in Mes-Y105 fits the general picture for
antibacterial peptides as first proposed by Matsuzaki
[13,14].

The high binding sensitivity to even low ionic strength
and the fairly easy dissociation of complexes by moderate
ionic strength (Fig. 3) clearly confirm that affinity is
dominated by the electrostatic term. The hydrophobic effect
is thus not sufficient to maintain an irreversible binding, and
this indicates a lack of deep embedding of the peptide within
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the lipids. This is in agreement with the behavior of Mes-
Y105 on reversed HPLC, it elutes at RT shorter than
magainin, and with the rather low total hydrophobicity,
Hi=—2.85, Mes-Y105 is very probably only adsorbed at
such a lipid interface with a few non-polar residues at the
lipid chains contact. The sevenfold decrease of the affinity
in the presence of modest ionic strength (150 mM) is similar
to those already found for other toxins like myotoxin or
cardiotoxins [20,40,41]. In such cases the binding to lipids
was also strictly lipid charge-dependent.

The twofold increase of the lipid affinity observed on
decreasing pH from 7.5 to 5.5 (Table 1) as well as the 1.7
factor of expansion of compressed DPPG monolayers at pH
5.5 compared to pH 7.5 result from the increased net
positive charge of the peptide due to the protonation of H
residue and NH, terminal, as well as probably the partial
protonation of the E,q carboxylate groups of which pK
values at interface could be significantly increased [42].

The Mes-Y105 analogues qualitatively behave quite
similarly to the parent peptide. Mes-Y105/W18 has affin-
ities similar to Mes-Y105 (Table 1) but the lipid selectivity
of Mes-Y105/W37 varies: the affinity for PC increases
while that for PS decreases threefold resulting only in a
twofold higher affinity for PS compared to PC. Such a
change was not anticipated and cannot be accounted for by
the difference in hydrophobicity of the two residues as
usually defined [43] but probably reflects the peculiar ability
of W35 to settle at the lipid interface [41,44]. The lower
specificity of Mes-Y105/W37 has to be paralleled with the
well-established requirement of W3, for cytolytic activity
[5]. Therefore, in further studies, it would be necessary to
check the consequences on antimicrobial activity of F to W
replacement at position W37.

The lack of any significant lipid perturbation and AS/S
increase on DMPC monolayers, as well as the lack of any
dye escape from PC vesicles, only reflects the lack of
interaction of Mes-Y 105 with the zwitterionic lipids. The
perturbations resulting from peptide interactions with PG
systems are first detected at the mesoscopic level from BAM
pictures, indicating probably changes in the phase stability
as already documented for lipid—protein interactions domi-
nated by electrostatics [45,46]. From IRFT no effect is
detected on the acyl chains vibrations, while changes in the
polar groups are seen on the phosphate and carbonyl
vibration bands. The fact that lipid perturbation remains
localized at the interface is coherent with a very limited
insertion of the peptide which essentially caps the lipids.

4.2. Mesentericin secondary structure and orientation when

phospholipid-bound

As soon as the charges induce the proper positioning of
Mes-Y 105 at interface, the weak total hydrophobicity is not
sufficient to allow an insertion into the lipids, especially at
high pressures which are relevant for biological membranes.
However, the proposed structure with folding of Mes-Y 105

17-31 segment into an amphipathic a-helix [5] allows the
recovery of a 15-residue-long fragment which has a high
hydrophobic moment, up=4.64, i.e., (Up)es=0.310, i.e.,
highly comparable to that of other less specific antibacterial
« helical peptides, (i11)res=0.286 for magainin. The PMIR-
RAS data and the fluorescence conclusions indicate that this
structure could be extended to the CO terminal where the
W37 role should be to “lock” that fragment at the lipid
interface. The contributions from FW will indeed increase
the total hydrophobic stabilizing effect.

Such a structure agrees to some extent with what has
been proposed for Mes-Y105 by CD in solution [5] and
also documented in the presence of lysoPC micelles and
DMPG vesicles [39]. High resolution NMR on Leucocin A
and carnobacteriocin B [8,9] also agree with our data even
though such studies were performed in very different
conditions (very high peptide concentrations bound to
detergent micelles of lyso zwitterionic PC at very extreme
pH 2 value). Our proposal that the CO-terminal is involved
at the membrane interface could allow a lengthening of the
a-helix up to 20 residues. Indeed, even if the presence of
three G residues could destabilize helices in solution, it
was demonstrated to be compatible with such a folding at
the membrane interface [47]. IRFT and CD data are
compatible with such a model, but since their accuracy has
reached its limit it is not possible to certify this
assumption. Mes-Y 105 has a peculiar charge distribution:
at pH 7.5 the amphipathic helix has no net charge, the net
cationic charge being only due to the p-sheeted N-terminal
segment. On the contrary, at low pH the amphipathic helix
acquires a positive charge becoming therefore more similar
to the antibacterial units of the classic antibacterial
peptides. Concomitantly, the net charge on the N-terminal
segment increases and results in an increased affinity for
charged lipids as soon as these species remain strongly
negative. This was shown for PG lipids present in bacterial
membranes and especially in Listeria, for LPS and
sulfatides present in other bacterial membranes but not
for PS or any other carboxylate containing lipids which
also can have a decreased net lipid charge at low pH
[6,7,7-48].

The limited insertion of Mes-Y105 in the DPPG and its
tilted orientation (=50° towards the interface plane)
determined by PMIRRAS are coherent with the thickness
estimation obtained by BAM. Since no reorientation of
chains was observed by PMIRRAS, the lipid thickness does
not change drastically after Mes-Y 105 interaction, then a
Mes-Y105 layer of 34 to 44 A is formed at the interface.
This thickness is compatible neither with that of a flat «-
helix at the interface plane (<16 A) nor with a flat and short
p-sheet. The structure and orientation of Mes-Y105 are
similar at both pH (5.5 and 7.5) then the thicker layer
obtained at pH=5.5 is due to more peptide bound to the lipid
monolayer, which agrees with the higher affinity for the
negatively charged interface of +4 charged Mes-Y105 at
pH=5.5 compared to the +2 Mes-Y 105 at pH=7.5.



S. Castano et al. / Biochimica et Biophysica Acta 1668 (2005) 87-98 97

4.3. Comparison with other class Ila bacteriocins

The interactions documented herein with PG lipids can
be relevant for the mode of action of Mes-Y105 since
target cells, for example Listeria membranes, are PG-rich
[6]. However, the cytotoxic selectivity could require
binding to other charged lipids since the affinities
documented here are not high enough and/or, more
importantly, are too sensitive to ionic strength or the
membrane counter ions. Indeed, more structural data are
required to ensure a definitive model for Mes-Y 105 bound
onto the membrane and to define the exact role of each
one of the three structural motifs (N-terminal P-sheet,
amphipathic a-helix, C terminal domain [9]). The proposal
for a new role of the C terminal has to be checked.
Conversely, looking at Y residues of Mes-Y105 could
generate more direct information on the involvement of the
N-terminal fragment at the contact of lipid negatively
charged groups. This could shed some light on the need or
not for a specific toxin receptor. Finally, these conclusions
of electrostatically dominated binding to some specific
lipid could be sufficient to explain the differences of
affinities and mic’s values of the other class II bacteriocins,
especially their pH toxicity dependence [6]. On the other
hand, with knowledge of many bacteriocin sequences [1],
our study shows that W fluorescence can be used
systematically to monitor interactions, classify their lipid
affinities and to attempt to correlate them with their
cytotoxic activities. As WI8 is almost invariant in the
sequences, it would be a good and sensitive reporter. One
can anticipate that for toxins having a single W18 residue
like carnobacteriocin B2 and bavaricin A [1], the intrinsic
fluorescence should behave similarly to Mes-Y105/W18.
In contrast, as Mes-Y105 and Leucocin A are the shorter
members of that bacteriocin family, it would also be
interesting to look, using single mutation like herein Mes-
Y105/W18, at the behavior of the other bacteriocins’ last
W which is often in position close to 37, but not at the C-
terminal of the toxins. This could differentiate the relative
roles of the W anchor and the C-terminal charge of the
toxins more definitively.
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