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Abstract

This paper reports the effects of microcin J25 (MccJ25) on the microviscosity and permeability of phospholipid vesicles of
different compositions. The results obtained indicate that MccJ25 interacts with egg L-o-phosphatidylcholine (PC) vesicles as
demonstrated by peptide intrinsic fluorescence determinations. The interaction depends on the lipid composition of the
vesicles. MccJ25 interaction induces a significant fluidity increase of egg PC vesicles. This effect is time and concentration
dependent. Both trimethyl ammonium 1,6-diphenyl-1,3,5-hexatriene and 1,6-diphenyl-1,3,5-hexatriene gave the same results.
The microviscosity of L-o-phosphatidylcholine dipalmitoyl small unilamellar vesicles (SUVs) was affected while that of L-o-
phosphatidylcholine dimyristoyl vesicles was not, indicating that the effect was strongly dependent on the chain length of
fatty acids. On the other hand, negatively charged L-a-phosphatidyl-pr-glycerol (PG) vesicles remarkably inhibited the
peptide effect. Nevertheless vesicles composed of L-o-phosphatidylethanolamine:PG:cardiolipin (7:2:1), a composition
resembling bacterial membrane, were sensitive to the Mccl25 effect. Mccl25 effectively dissipated the valinomycin-induced
membrane potential, but induced only a modest leakage (5%) of the trapped Tb*3—dipicolinic acid complex. These results
indicate that the peptides interact and perturb the bilayer of SUVs. The relationships between this effect and bactericidal
action remain to be elucidated. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Microcins form a miscellaneous group of low mo-
lecular mass peptide antibiotics produced by diverse
strains of Enterobacteriaceae, mostly Escherichia coli

Abbreviations: DMPC, L-a-phosphatidylcholine dimyristoyl;
PC, L-o-phosphatidylcholine; PG, L-o-phosphatidyl-pL-glycerol;
PE, L-o-phosphatidylethanolamine; DPPC, L-o-phosphatidylcho-
line dipalmitoyl; DLPC, L-o-phosphatidylcholine dilauroyl; CL,
cardiolipin; DPH, 1,6-diphenyl-1,3,5-hexatriene; TMA-DPH, tri-
methyl ammonium 1,6-diphenyl-1,3,5-hexatriene; DPA, dipico-
linic acid; MccJ25, microcin J25
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[1]. They have been classified into immunity groups
(A, B, C, D, E and H) [2]. Underlying this classifi-
cation is the assumption that each immunity group
represents a unique structure with a unique mode of
action. Microcin J25 (MccJ25) is the single represen-
tative of the immunity group J [3]. This microcin,
produced by an E. coli strain isolated from human
feces is highly active on some pathogenic Salmonella
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and Shigella species [3]. MccJ25 production occurs
during the stationary phase of growth [3]. Four plas-
mid genes involved in MccJ25 production and im-
munity have been defined [4]. The nucleotide se-
quencing of the MccJ25 production genes has been
determined [5].

The structure of McclJ25 was elucidated based on
mass spectrometry and nuclear magnetic resonance
spectroscopy [6]. This study shows MccJ25 to be a
highly hydrophobic cyclic peptide of 21 unmodified
amino acid residues. The McclJ25 sequence is cyclo-
(GYFSIPTGIGVFYEPVHGAGG) [5,6]. Since only
tyrosine residues determine the peptide fluorescence,
it is a class A peptide. The quantum yield of a tyrosyl
residue is extremely sensitive to the environment and
structural group around it [7].

The detailed mechanism of cell death by the pep-
tide is not clearly known yet. At minimal inhibitory
concentration, MccJ25 induces susceptible cell fila-
mentation, suggesting that the molecular target is a
factor directly involved in cell division. However, a
possible effect at the membrane level cannot be dis-
carded due to the high peptide hydrophobicity. In
addition, there have been various reports of natural
peptides with small molecular weights that induce the
permeabilization of membranes, e.g. colicin A [8],
magainins [9], nisin [10], bacteriocins [11], sapecins
[12], defensins [13] and even some microcins [1,2].

We are interested in the membrane-perturbing
ability of MccJ25. Here, we studied microcin’s fluo-
rescent tyrosine by measuring its interaction with
membrane models. In addition, the effect on the
acyl chain microviscosity and the membrane poten-
tial was investigated. These experiments enabled an
evaluation of the membrane interaction of McclJ25.

2. Materials and methods
2.1. Materials

L-o-Phosphatidylcholine (PC), L-o-phosphatidyl-
ethanolamine (PE), L-a-phosphatidyl-pL-glycerol
(PG) and cardiolipin (CL) were purchased from
Avanti Polar Lipids. All lipids were pure, as checked
by thin layer chromatography, and used without fur-
ther purification. Valinomycin was purchased from
Sigma USA, and the fluorescent dyes 3,3’-dipro-

pylthiadicarbocyanine iodide (DiSC;(5)), merocya-
nine 540, 1,6-diphenyl-1,3,5-hexatriene (DPH) and
1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hex-
atriene, p-toluenesulfonate (TMA-DPH) from Mo-
lecular Probes.

2.2. Purification of microcin

MccJ25 was typically purified from 1 1 cultures
of E. coli K-12 strain MC4100 [F araD 139
AlargF-lac)205 A~ flbB5301 ptsF>s relAl rpsL150
deoCl] harboring pTUC 202, a high-copy-number
recombinant plasmid [4]. The cells were grown in
M9 minimal medium to the stationary phase and,
after removing the bacteria by centrifugation at
12000 X g for 20 min, the supernatant was applied
to a preparative C8 cartridge (BontElut, Varian,
Les Ulis, France). The column was consecutively
washed with methanol:water, 20:80 (v/v) and then
45:55 (vlv), before the microcin was eluted with
methanol:water, 80:20 (v/v). This crude Meccl25
was further purified by reverse phase-high perform-
ance liquid chromatography (RP-HPLC) on a semi-
preparative uBundapack C18, 10 um, 300X 19 mm
column (Waters) with acetonitrile:water (TFA 0.1%)
20:100 (v/v) gradient as eluent and a flow rate of
2 ml/min, using a Gilson liquid chromatograph.
The purity of the microcin preparation was 97%,
which appeared homogeneous in two different sys-
tems of analytical RP-HPLC. The MccJ25 purified
with this procedure was used to elucidate its cyclic
structure and the amino acid sequence [6].

2.3. Preparation of liposomes

Lipids dissolved in CHCl;:methanol (9:1, v/v)
dried under nitrogen stream, were resuspended in
20 mM Tris-HCI, pH 7.4. To obtain small unilamel-
lar vesicles (SUVs), the formed multilamellar lipo-
somes were subjected to sonication for 20 min,
with intervals of 15 s, at 5°C, using a Branson son-
icator. To eliminate large particles, the suspension
was centrifuged at 12000X g in a fixed angle rotor
centrifuge.

The liposomes with DPH or TMA-DPH were pre-
pared by adding a fluorescent probe to the lipid sus-
pension before drying the mixture. After resuspen-
sion the lipid/probe molar ratio was 0.1%.
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2.4. Fluorescence spectroscopy

MccJ25 was excited at 275 nm and the intrinsic
fluorescence spectra or emission at single wavelength
(310 nm) were recorded. Corrections were made for
buffer fluorescence and dilutions. These measure-
ments were performed using an SLM Instruments
4800 spectrophotofluorometer. The bandwidth was
generally 4.0 nm for the fluorescence spectra.
Mccl25 spectra were measured in the absence and
presence of different liposome concentrations. The
spectra were corrected subtracting liposome contri-
bution and instrument response factors.

The steady-state DPH or TMA-DPH fluorescence
polarization (P) measurements were obtained using
an SLM Instruments 4800 fluorimeter T-format
(SLM Aminco, Urbana, IL, USA) equipped with a
thermostatic cuvette holder. The excitation wave-
length was 360 nm and all the fluorescence was col-
lected through a cutoff filter (Corning 3-73). Polar-
ization values were calculated according to standard
procedure [14]. The MccJ25 effect was recorded im-
mediately after the addition to the liposome suspen-
sion.

2.5. Leakage of liposome contents

The release of liposomal content was measured
using a Tb+3*—dipicolinic acid (DPA) assay [15].
Phospholipid vesicles containing the fluorescent com-
plex Tb™3-DPA, suspended in 20 mM Tris—HClI,
1 mM EDTA buffer, pH 7.4, were placed into a
quartz cuvette. The fluorescence decrease (excitation
wavelength: 270 nm, emission wavelength: 530 nm)
due to leakage of the complex was measured imme-
diately and after 30 min of MccJ25 addition.

2.6. Membrane potential generation in liposomes

Liposomes prepared in 50 mM potassium phos-
phate buffer (pH 7.4), were diluted 100-fold in 50
mM sodium phosphate buffer (pH 7.4). The final
concentration of phospholipid was 50 uM. Upon
addition of the K%t ionophore valinomycin (37 or
5 nM) a membrane potential (A%, interior negative)
can be generated. The reaction was performed at
25°C in an SLM Instruments 4800 spectrophoto-
fluorometer, and the AY¥Y was followed with the
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Fig. 1. Interaction of MccJ25 with liposomes. (A) Intrinsic fluo-
rescence emission spectra of MccJ25 in 20 mM Tris-HCI buffer,
pH 7.4, in the absence (solid line) and in the presence of 12.5
uM (dashed line), 50 uM (dot-dash line) and 100 uM (dotted
line) of egg PC vesicles. Excitation wavelength: 275 nm. Peptide
concentration: 15 uM. (B) Ratio of the fluorescence emission
intensity at 310 nm of MccJ25 versus concentration of egg PC
(-®@-), DMPC (-+-) and DLPC (-O-) vesicles. Fy and F are the
fluorescence intensity in the absence and in the presence of lipo-
somes, respectively. Values are expressed as mean*S.D. (n=>75).

incorporation of the fluorescent dyes DiSCs(5)
(500 nM) (excitation wavelength: 622 nm; emission
wavelength: 675 nm) or merocyanine 540 (37 nM)
(excitation wavelength: 550 nm; emission wave-
length: 580 nm).

3. Results

3.1. Steady-state fluorescence associated with
interaction of MccJ25 to liposomes

Fig. 1A shows typical intrinsic fluorescence spectra
of MccJ25 at neutral pH in the absence and presence
of an increasing concentration of SUV egg PC. The
emission maximum of the McclJ25 fluorescence spec-
tra was 310 nm. The tyrosine fluorescence shown by
Mcc]25 is relatively weak, Ry =0.25 (see [7]). Upon
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Fig. 2. Effect of MccJ25 on the fluorescence polarization values of DPH incorporated into egg PC liposomes as a function of time.
DPH-labeled egg PC liposomes resuspended in 20 mM Tris—-HCI buffer, pH 7.4, were incubated at 30°C in the absence of Mccl25
(-0-) and in the presence of 5 UM (-O-), 7 UM (-a-), 10 uM (-v-) and 15 uM (-O-) MccJ25. At defined times the DPH polarization
values were determined. Insert: APjgmin 1S plotted against the Mcc]25 concentration (APjgmin = Po—Promin; Po and Piomin are the
fluorescence polarization values in the absence or presence of Mccl]25).

addition of egg PC liposomes into a solution con-
taining McclJ25 peptide, the steady-state intensity of
tyrosine fluorescence decreases. The drastic decrease
of the fluorescence intensity observed seems to be
clearly dependent on the lipid vesicle composition.
In fact, when tyrosine fluorescence represented by
the F/F, ratio is plotted against the lipid concentra-
tion of different composition vesicles, a 25% decrease
of the F/F, ratio was obtained with 100 uM egg PC
vesicles. Similar results were obtained with L-o-phos-
phatidylcholine dipalmitoyl (DPPC) vesicles and
PE:PG:CL (7:2:1) vesicles (not shown). However,
the same concentration of rL-a-phosphatidylcholine
dimyristoyl (DMPC) vesicles or L-o-phosphatidyl-
choline dilauroyl (DLPC) vesicles did not change
the ratio significantly (Fig. 1B).

3.2. Effect of MccJ25 on the microviscosity of
phospholipid vesicles

The fluorescence depolarization of DPH and
TMA-DPH can be used as an indicator for the rel-
ative microviscosity of the phospholipid bilayer

[16,17]. Fig. 2 shows the time course profile of de-
creasing fluorescence polarization values of DPH in-
corporated into small unilamellar PC vesicles after
the addition of different concentrations of MccJ25.
In the absence of peptide, the polarization values
remained constant for several hours. In contrast,
after peptide addition an abrupt decrease is observed
during 5 min, followed by a further decrease until a
plateau is reached after 10 min. As can be seen in
Fig. 2, insert, the extension changes of polarization
values at 10 min (AP) were dependent on the MccJ25
concentration (maximum effect around 15 uM).
DPH is known to be located within the hydropho-
bic core of the lipid bilayer. On the other hand, cat-
ionic TMA-DPH is anchored in close proximity to
the lipid bilayer surface [18]. We have used, sepa-
rately, both fluorescent probes to determine the ef-
fects of MccJ25 on the core and on the surface of the
egg PC bilayer. Experiments were carried out at
30°C. Similar results were obtained with both fluo-
rescent probes, indicating that the perturbation in-
duced by the polypeptide involved either the interior
or the surface of the membrane (results not shown).
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3.3. Dependence of the lipid composition vesicles on
the MccJ25 effect

SUVs of different phospholipid composition were
used to study the dependence of the vesicle charge
and physical state of the lipid on the action of
MccJ25. Table 1 shows the change of DPH polar-
ization values (AP) after 10 min of incubation of
liposomes composed of different phospholipid with
MccJ25. The experiments were carried out at 30°C.

As described previously, addition of Mccl25 to
pure egg PC vesicles, decreases significantly DPH
polarization values. In contrast, egg PG vesicles
which confer a high-density negative charge on the
vesicle surface were resistant to the peptide-induced
polarization changes. However, with egg PC:egg PG
(7:3), a binary mixture where the negative density
charge on the liposome surface was diminished, the
MccJ25 effect was observed again. In addition,
vesicles composed of a complex phospholipid mix-
ture of PE:PG:CL (7:2:1), which resemble the bac-
teria membrane, were sensitive to the MccJ25 effect.

Results with SUVs composed of pure species of
DLPC, DMPC and DPPC are also included in Table
1. MccJ25 induced a DPH polarization value de-
crease when acting on DPPC liposomes, showing
the importance of the acyl chain length. Additional
experiments showing the importance of the acyl
chain length can be seen in Fig. 3. The effect of
MccJ25 on the polarization value (AP) after a 10
min incubation observed with egg PC liposomes
was inhibited by the incorporation of DMPC. The
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Fig. 3. Influence of fatty acid length chain on the APjgmi, val-
ues induced by MccJ25. Pure egg PC, egg PC:DMPC (1:1),
egg PC:DMPC (1:9) or DMPC-liposomes labeled with DPH,
as described in Section 2, were incubated at 30°C with MccJ25
at a final concentration of 15 uM. The APjymi, was calculated
as mentioned above. The results are expressed as the
mean*S.D. (n=4).

inhibition was dependent of the PC/DMPC relation-
ship used.

The physical state of lipids does not seem to cor-
relate with the MccJ25 effect. The maximum decrease
obtained is about 0.026 steady-state polarization
units with lipids in either the gel or liquid/crystal
phase (see Table 1).

3.4. Effect of MccJ25 on the permeability of
phospholipid vesicles

Permeability studies were carried out by two differ-
ent methods: (A) dissipation of the membrane po-
tential generated in liposomes by valinomycin and

Table 1
Different polarization values of DPH incorporated into liposomes of different phospholipid composition
Liposome composition Net charge Physical state AP0 min
Egg PC zwitterion liquid/crystal 0.026 +0.001
Egg PG negative liquid/crystal 0.002 £0.001
Egg PClegg PG (7:3) zwitterion liquid/crystal 0.027 +£0.002
Egg PClegg PE (7:3) zwitterion liquid/crystal 0.027 £0.003
Egg PE/egg PG (7:3) negative liquid/crystal 0.018 £0.003
Egg PE/egg PG/CL (7:2:1) negative - 0.020 £0.003
DLPC zwitterion liquid/crystal 0.003 £0.001
DMPC zwitterion liquid/crystal 0.006 £0.002
gel 0.003 +0.001
DPPC zwitterion gel 0.031£0.004

The DPH-labeled liposomes were incubated with 10 uM McclJ25 at 30°C, and APjomin Were calculated by subtracting P values ob-
tained at 0 and 10 min of incubation. Polarization values of DMPC vesicles in the gel state were determined at 10°C. Values are ex-

pressed as mean*S.D. (n=4).
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Fig. 4. Effect of MccJ25 on the membrane potential (A, inside
negative) in liposomes. K*-loaded egg PC (solid line) and PC/
PG/CL (7:2:1) liposomes (dotted line) in 50 mM potassium
phosphate (pH 7.4) were diluted 100-fold in 50 mM sodium
phosphate (pH 7.4). At the indicated times valinomycin (37
nM) or MccJ25 (15 uM) was added. Changes in membrane po-
tential were measured as fluorescence changes of the indicator
probe, DiSCs(5) (excitation wavelength: 622 nm, emission
wavelength: 675 nm), as described in Section 2.

(B) the leakage of low molecular weight markers
from SUVs using the fluorescent complex Tb*3—
DPA (MW 530), as described in Section 2.

The influence of MccJ25 on egg PC or PC:PG:CL
(7:2:1) liposomes with artificially imposed K™ diffu-
sion potential was investigated. K*-loaded liposomes
were diluted 200-fold with isotonic buffer, potassium-
free, according to Section 2. Upon addition of the
K™ ionophore valinomycin, a A¥ (inside negative)
was generated as indicated by the potential-sensitive
fluorescent probe DiSC;(5) (Fig. 4). The membrane
potential imposed by valinomycin was stable for up
to 2 h (data not shown). After addition of MccJ25
(15 uM), a significant dissipation of the A¥ can be
seen. Identical results were obtained with the fluores-
cent probe, merocyanine 540 (not shown). This
clearly indicates that MccJ25 makes the liposomal
membrane permeable to ions. No fluorescence
changes were observed with K*-loaded liposomes di-

luted in K* buffer upon the addition of valinomycin
or MccJ25 (data not shown).

Mccl25 was unable to induce a significant leakage
of the Tb*3-DPA complex. The aqueous content re-
lease was never higher than 5% for all the vesicle
compositions tested (result not shown).

4. Discussion

Intrinsic fluorescence, a very sensitive technique
for studying lipid—protein interaction [19], has shown
that MccJ25 positively interacts with phospholipid
vesicles. The observed decreased tyrosine fluores-
cence, induced by the presence of egg PC vesicles,
indicates the environment modification of the phe-
nolic residue of tyrosine, resulting from structural
changes or self-quenching aggregates of the peptide
on the membrane surface. Furthermore, the change
of the intrinsic fluorescence of MccJ25 was depen-
dent on the phospholipid composition. As seen in
Fig. 1B, decreased tyrosine fluorescence has not
been observed with DMPC and DLPC vesicles.

Mccl25 interacts with egg PC vesicles inducing
microviscosity changes assayed by polarization fluo-
rescence of DPH and TMA-DPH incorporated into
the vesicles. This effect was time and concentration
dependent. The microviscosity change was also
found to be strongly sensitive to the lipid composi-
tion of the bilayer. The experiments clearly showed
that the peptide interacts with egg PC and DPPC
vesicles modifying their microviscosity, but not with
DMPC, DLPC and PG vesicles. In addition, incor-
poration of DMPC into egg PC vesicles inhibited the
Mccl25 effect. In this respect, two general conclu-
sions can be deducted: (i) microviscosity changes
were dependent on the presence of a negative charge
on the vesicle surface, since PG vesicles did not show
any MeccJ25 effect. At pH 7.4, Mcc]25 should be
negatively charged, due to the carboxylic group of
the glutamate residue. Therefore, the inhibitory effect
of PG can be explained in terms of electrostatic re-
pulsion between the same charges of the phospholip-
id and the peptide. It is important to emphasize that
the incorporation of up to 30% of PG into PC
vesicles or a mixture of PE:PG:CL (7:2:1), a com-
position similar to the bacteria membrane, did not
modify the peptide effect. (ii)) Microviscosity changes
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were dependent on the fatty acid length of the phos-
pholipid vesicles, since the effect was observed with
DPPC vesicles but not with DMPC and DLPC
vesicles. The fact that DLPC, DMPC and DPPC,
although having the same head group, behave differ-
ently suggests that some physicochemical properties
of the bilayer (depending on the acyl chain length),
rather than specific molecular recognition by the pep-
tide, regulate the Mccl25 effect.

We show that MccJ25 conducts transmembrane
ion movements in egg PC liposomes and this activity
is specific for small ion solutes, since leakage of the
Tb3-DPA complex is practically null.

Several mechanisms have been proposed for pep-
tide-induced membrane permeabilization and consid-
erable controversy still exists [20]. Alamethicin forms
the barrel-stave channel [21], cecropins are suggested
to act by the ‘carpet-like mechanism’ [22] and 18L
model peptides deteriorate the bilayer barrier prop-
erty imposing positive and negative curvature on the
membrane [23]. The results presented here do not
allow us to classify the MccJ25 action within one
of the described mechanisms, but show that there is
no need for an integral membrane component that
serves as a receptor for the peptide to permeabilize
the membrane.

It is well known that a number of proteins mediate
septum formation during cell division [24]. Microcin
of the type J group such as MccJ25 is thought to
mediate its bactericidal effect by interfering with
cell division [3], however, additional effects on cell
membrane permeabilization cannot be discarded. In
this paper we show that MccJ25 interacts with arti-
ficial phospholipid vesicles inducing microviscosity
changes and further disordering of the bilayer struc-
ture up to membrane permeabilization. If this action
is pertinent to the mode of action of MccJ25 in vivo,
it remains to be elucidated and is under study in our
laboratory.
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