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Peptide AS-48 induces ion permeation, which is accompanied by the collapse of the cytoplasmic membrane
potential, in sensitive bacteria. Active transport by cytoplasmic membrane vesicles is also impaired by AS-48.
At low concentrations, this peptide also causes permeability of liposomes to low-molecular-weight compounds
without a requirement for a membrane potential. Higher antibiotic concentrations induce severe disorganiza-
tion, which is visualized under electron microscopy as aggregation and formation of multilamellar structures.
Electrical measurements suggest that AS-48 can form channels in lipid bilayers.

The production of bacteriocins and other antibacterial
substances by group D enterococci is well documented (2, 5,
11, 17), although broad-spectrum inhibitors are rarely found.
In addition, the mode of action of most of the antibacterial
substances in this group has not been studied extensively.
An enterococcal strain isolated in our laboratory (Entero-
coccus faecalis subsp. liquefaciens S-48) produces two
inhibitory substances: bacteriocin Bc-48, which has a mo-

lecular mass of 77 kDa and is described elsewhere (14a), and
antibiotic AS-48. This peptide has been purified from culture
supernatants of strain S-48 and its nonbacteriocinogenic
mutant A-48-32. Reversed-phase liquid chromatography
analysis revealed a single peptide with a molecular mass of
7.4 kDa, as estimated from its amino acid composition (4).
AS-48 is rich in basic and neutral amino acids and has an

isoelectric point close to 10.5. It resembles other antimicro-
bial peptides, such as nisin (8), Pep-5 (23), and the small
bacteriocin C3603 (9). AS-48 is encoded by the 56-kb conju-
gative plasmid pMB2, which was transferred to plasmid-free
E. faecalis OG1X. This plasmid carries the genes for immu-
nity and for the production of AS-48 (15).

Peptide AS-48 has a broad inhibitory spectrum against
gram-positive and gram-negative bacteria. Its bactericidal
effect is mediated through the inhibition of amino acid
uptake, 02 consumption, and the alteration of the cytoplas-
mic content of K+ and Na+ ions (6). AS-48 also induces
bacteriolysis in several gram-positive bacteria after pro-
longed incubation, an effect that is considered to be second-
ary.

This paper describes the effects of AS-48 on the perme-
ability of whole cells and cytoplasmic membrane vesicles
derived from sensitive bacteria. Its action on artificial mem-
branes (liposomes) is also discussed with regard to changes
in permeability and morphological alterations observed un-

der electron microscopy. The formation of channels in lipid
bilayers is also suggested.

MATERIALS AND METHODS

Bacterial strains and growth media. E. faecalis S-47 was

isolated in our laboratory and described elsewhere (5). Other
bacteria used were purchased from culture collections or

* Corresponding author.

belonged to our laboratory collection. E. faecalis S-47 was

grown in brain heart infusion broth (Becton Dickinson and
Co., Paramus, N.J.). Other bacterial strains were grown in
Luria broth at 37°C under agitation.

Chemicals. All radioactive materials were purchased from
DuPont, NEN Research Products, Boston, Mass. N,N'-
dicyclohexylcarbodiimide (DCCD), valinomycin, lysozyme,
RNase, DNase, and L-ot-phosphatidylcholine were pur-
chased from Sigma Chemical Co., St. Louis, Mo. AS-48 was

purified in our laboratory as described elsewhere (4).
Preparation of rubidium-loaded cells and rubidium uptake.

Cultures growing in brain heart infusion broth were har-
vested by centrifugation at the mid-logarithmic phase (opti-
cal density at 620 nm, 0.1 to 0.2) and washed and resus-

pended in 25 mM Tris-maleate buffer (pH 7.4) containing 1%
glucose, 5 ,uM potassium phosphate, and 5 mM MgSO4.
Portions of the cell suspensions were incubated with 86Rb+
(2.72 mCi/mg; 6 ,uCi/ml) at 37°C for 30 min. Loaded cells
were centrifuged, resuspended in fresh buffer without rubid-
ium, and incubated with AS-48. For Rb+ uptake experi-
ments, the cell suspensions were preincubated for 2 min at
37°C with AS-48 or buffer before 86Rb+ (6 ,uCi/ml) was

added.
Aliquots (100 RI) were removed at desired intervals and

filtered through Whatman GF/C filters. The filters were

washed twice with 2 ml of 25 mM Tris-maleate buffer (pH
7.4). Once dry, they were placed in vials, to which scintil-
lation fluid was added. The radioactivity retained in the
filters was measured in a Beckman scintillation counter.
Measurement of the membrane potential. Cells were grown

in brain heart infusion broth to an optical density at 620 nm
of 0.7, centrifuged, and washed twice and resuspended in 25
mM Tris-maleate buffer (pH 7.4) containing 10 mM MgSO4.
The suspension was used either immediatedly or after 1 h of
incubation at 37°C. For experiments with energized cells, 10
mM glucose was added. [3H]tetraphenylphosphonium
([3H]TPP+) (39.5 Ci/mmol) was added to a concentration of
6 ,uCi/ml. AS-48 was added to a final concentration of 15
,ug/ml. Controls were treated with 2 p.M DCCD. Duplicate
portions (100 ,u1 each) were removed periodically, filtered
through Whatman GF/C filters, and washed twice with 3 ml
of buffer. Samples were corrected for nonspecific binding of
[3H]TPP+ by subtraction of the counts of 10% butanol-
treated aliquots. The membrane potential (Alp) was calcu-
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lated from the Nernst equation, Ai = 2.3 x R x (TIF) x
log(TPP+ in/TPP+ out). Internal water space and cell protein
were determined as described by Kobayashi and Unemoto
(13) and Sheffield et al. (25), respectively.

Preparation of membrane vesicles. Escherichia coli mem-
brane vesicles were prepared as described by Bisschop and
Konings (1), except that 40 mM potassium phosphate buffer
(pH 7.2) was used throughout. The vesicles obtained were
finally resuspended in this buffer to a concentration of 1.4
mg/ml.

E. faecalis vesicles were prepared by resuspension of the
cells from overnight growth to 0.1 g (wet weight) per ml in 10
ml of 50 mM Tris-maleate buffer (pH 7.4) containing 25%
sucrose and 2 mM MgSO4 and further incubation with
lysozyme (10 mg) for 90 min at 37°C. The resulting proto-
plasts were collected by centrifugation (5,000 x g for 20 min)
and resuspended in 5 ml of 50 mM Tris-maleate buffer (pH
7.4) containing 100 mM KCl and 5 mM MgSO4. After the
addition of DNase and RNase (50 ,ug/ml each), the suspen-
sion was manually homogenized with a Potter-Elvehjem
homogenizer while being kept in ice and diluted to 150 ml
with buffer. The mixture was centrifuged at 4,000 x g for 15
min to remove debris. The vesicles were collected by
centrifugation (48,000 x g for 40 min) and resuspended in the
same buffer at 4 mg of protein per ml.
The vesicles were kept in Eppendorf tubes and frozen in

liquid nitrogen. The preparations were stored at -75°C and
thawed in a water bath at 40°C before use. The vesicles were
never refrozen for further use.
For efflux experiments, E. coli vesicles were diluted 1:100

in the original buffer and incubated at 25°C under aeration in
the presence of L-[2,3,4,5-3H]proline (112 Ci/mmol) (final
concentration, 3 ,uCi/ml). After 5 min of preincubation,
active transport was started by the addition of ascorbate-
phenazine methosulfate (Asc/PMS) (20 mM and 100 ,uM,
respectively).
The uptake of leucine mediated by valinomycin-induced

potassium efflux in E. faecalis vesicles was measured as
described by Otto et al. (18); the vesicles were diluted
100-fold in 50 mM Tris-maleate buffer (pH 7.4) containing
100 mM choline chloride and 1 FM valinomycin. L-[4,5-
3H]leucine (120 Ci/mmol) was added to a final concentration
of 3 ,uCi/ml, and the mixture was incubated at 25°C.
At desired times of incubation, AS-48 was added to E.

faecalis and E. coli vesicles to a final concentration of 4
,ug/ml. Aliquots (100 RI) were removed periodically, filtered
through Millipore GSTF02500 filters (0.22-,um pore size),
and washed twice with 2 ml of ice-cold 100 mM lithium
chloride containing 5 mM unlabeled amino acid. Once dry,
the filters were counted for retained radioactivity.

Preparation of freeze-thaw vesicles. Asolectin vesicles
were prepared with L-a-phosphatidylcholine from soybeans
(type IV-S; Sigma) without further purification. Asolectin
(40 mg) was homogenized in 2 ml of buffer (20 mM sodium
phosphate [pH 7.2]) by sonication in a bath-type sonicator
(Bransonic 12), and the labeled precursors 86Rb+ (2.72
mCi/mg), [5,6-3H]uridine (48 Ci/mmol), L-[U-'4C]aspartic
acid (224 mCi/mmol), and [carboxyl-14C]dextran (0.6 mCi/g;
Mw, 50,000 to 70,000) were added to final concentrations of
0.5, 3, 3, and 1 p.Ci/ml, respectively. The mixture was
sonicated until it became opalescent, frozen in liquid nitro-
gen, and thawed rapidly in a water bath at 45°C. The
suspension was clarified by brief sonication (10 to 30 s) and
chromatographed on Sephadex G-25 or Sephacryl S-200 (for
dextran-loaded liposomes) columns (0.5 by 10 cm; flow rate,
ca. 0.5 ml/min) with sodium phosphate buffer to remove the

untrapped radioactivity. Vesicles were diluted 100-fold in
this buffer before use. To impose a K+ diffusion potential,
we prepared vesicles in sodium phosphate buffer containing
100 mM KCl and diluted them 100-fold in buffer containing
100 mM choline chloride. A potential of ca. 120 mV (nega-
tive inside) was generated by the addition of 3 ,uM valino-
mycin.
For efflux experiments, portions (100 RI) of the vesicle

suspensions were removed periodically, filtered through
Millipore GSTF02500 filters, and washed with 2 ml of 100
mM lithium chloride. The radioactivity retained in the filters
was measured.

Electron microscopy of vesicles. Samples of lipid vesicles
obtained by sonication as described above were applied to
Formvar-coated copper grids at a concentration of 2.5 mg/
ml, washed with 20 mM sodium phosphate buffer (pH 7.2),
and stained with 2% uranyl acetate for 30 s for observation
under a Zeiss 902 electron microscope.
Conductance measurements. Planar phospholipid bilayer

membranes (ca. 1-mm2 area) were formed by the brush
technique (16) across a hole in a sheet of Teflon separating
two compartments (3 ml) of a Teflon chamber containing
buffered solutions. The lipid used was asolectin (type IV-S;
Sigma) from which neutral lipids had been extracted with
acetone (10). Symmetrical solutions of 10 mM N-2-hydrox-
yethylpiperazine-N'-2-ethanesulfonic acid (HEPES) con-
taining 100 mM KCl, 3 mM CaCl2, 3 mM MgCl2, and 0.1 mM
EDTA (pH 7.0) in Millipore Milli-Q water bathed the mem-
branes.

Electrical measurements were made at room temperature
under voltage clamp conditions with a single pair of calomel
electrodes contacting the solutions through saturated KCl
junctions. After formation of a membrane and determination
of its high resistance (108 Q cm2), an aliquot of AS-48 (3 ,ug)
was added to one compartment (cis side). The voltage of this
side was set to zero. The conductance of the membrane (g)
in symmetrical salt solutions is defined as current divided by
voltage; in the absence of AS-48, g is about 10 pS.

RESULTS

Effect of AS-48 on rubidium retention and uptake. Previous
experiments showed that AS-48 causes an inhibition of
amino acid uptake in E. faecalis. Determinations by atomic
absorption spectrophotometry of the cell contents of K+ and
Na+ ions also indicated significant differences between con-
trols and cells treated with AS-48 (6). Therefore, we studied
the capacities of several types of bacterial cells to maintain
internal Rb+ or to accumulate external Rb+ as an analog of
K+ in the presence of AS-48, since this method leads to
more accurate determinations in a shorter time. The addition
of AS-48 to E. faecalis cells loaded with rubidium induced a
rapid efflux of this ion. Loaded cells lost more than 95% of
the accumulated 86Rb+ after 5 min of incubation with AS-48
(10 ,ug/ml), while the controls maintained most of the initial
concentration during the entire assay (30 min) (Fig. 1A).
Other bacteria, such as Corynebacterium glutamicum
CECT78 or Bacillus subtilis, lost 92 and 83% of the accumu-
lated rubidium, respectively, after 5 min of incubation with
the same concentration of AS-48 (data not shown).
Some gram-negative bacteria which are sensitive to AS-48

require higher concentrations of this antibiotic for inhibition
but also exhibit alterations similar to those of gram-positive
bacteria upon incubation with AS-48 (inhibition of synthesis,
amino acid uptake, and respiration) (7). In our experiments,
the amount of radioactivity retained by cells loaded with
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FIG. 1. Effect of AS-48 on 86Rb+ retention (A) and uptake (B) in
E. faecalis S-47. (A) The cells were loaded with 'Rb+ and washed
and resuspended in 25 mM Tris-maleate buffer (pH 7.4) containing
1% glucose. The suspension was incubated at 37°C with AS-48
(arrowhead). (B) The cells were washed and resuspended in the
same buffer, and the suspension was divided. AS-48 was added to
one portion (arrowhead) and 'Rb+ was added to both. The percent
uptake represents the percentage of added label taken up. Symbols:
0, controls; 0, effect of AS-48 (10 ,ug/ml).

rubidium and incubated with AS-48 was investigated. After
10 min of incubation with this antibiotic (70 ,ug/ml), E. coli
U-9, Salmonella typhimurium LT2, and Klebsiella pneumo-
niae CECT141 lost significant percentages (75, 76, and 49%,
respectively) of the radioactivity incorporated. These results
suggest that AS-48 inhibits gram-negative bacteria through
the same membrane-damaging mechanism as that responsi-
ble for the inhibition of E. faecalis.

In separate experiments, the effect of AS-48 on the accu-
mulation of external 86Rb+ by E. faecalis S-47 was tested.
As expected, E. faecalis cells preincubated with AS-48 for a
short time (2 min) failed to incorporate external rubidium,
while a steady accumulation was observed in the controls
(Fig. 1B).

Influence of AS-48 on the cytoplasmic membrane potential
of whole cells. All of the above-described results on the
biological effects of peptide AS-48 suggest that the cytoplas-
mic membrane is the primary target for its action. A failure
to incorporate rubidium (as an analog of potassium) and to
retain cytoplasmic rubidium or potassium must have severe
effects on the membrane potential of sensitive microorgan-
isms. The effect of AS-48 on this parameter was monitored
by measuring the distribution of the lipophilic cation TPP+ in
E. faecalis S-47, in cells both at rest and energized with
glucose. The estimated membrane potential ranged from
-65 to -72 mV, values which correspond to those obtained
by other authors (12). The addition of AS-48 led to a rapid
decrease in the membrane potential, comparable to the effect
of the ATPase inhibitor DCCD (Fig. 2A).
No differences were found in the action of AS-48 on cells

at rest or energized with glucose, although the membrane
potential was slightly higher in the latter (Fig. 2B). Never-
theless, the incorporation of TPP+ by cells starved after
incubation at 37°C for 1 h was too low to allow significant
measurements. Abolition of the membrane potential by
AS-48 would rapidly impair the transport of amino acids and
other substrates, resulting in the inhibition of biosynthetic
pathways and cell replication. The free diffusion of ions
across the membrane would also alter the pH gradient and

Time (min)
FIG. 2. Effect of AS-48 on the membrane potential of E. faecalis

S-47. A4 was calculated from the [3H]TPP+ distribution as described
in the text. (A) Resting cells. (B) Cells energized with 1% glucose
(Glu). Symbols: 0, controls; *, effect ofDCCD (2 ,uM); *, effect of
AS-48 (lS jig/ml).

the cytoplasmic pH, although no measurements of these
parameters have been made.

Effect of AS-48 on cytoplasmic membrane vesicles. Since
the cytoplasmic membrane seems to be the primary target
for AS-48, we decided to determine the effects of this peptide
on membrane vesicles from sensitive microorganisms (e.g.,
gram-negative bacteria) in which the different degrees of
sensitivity to AS-48 could be related to the presence of an
outer membrane. Asc/PMS-energized vesicles from E. coli
U-9, which is more resistant than is E. faecalis, proved
highly sensitive to a low concentration of AS-48 (4 ,ug/ml),
which brought about a rapid impairment of proline uptake
and a loss of preaccumulated amino acid (Fig. 3A).
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FIG. 3. (A) Accumulation (0) of L-[2,3,4,5-3H]proline by E. coli
cytoplasmic membrane vesicles and efflux (0) of the amino acid
upon the addition of AS-48 (arrow). Vesicles were prepared as
described in the text and diluted 1:100 in buffer. After the addition of
labeled proline and incubation for 5 min, transport was started by
the addition of Asc/PMS. In separate experiments, vesicles were
incubated with AS-48 for 3 min before the addition of Asc/PMS (-).
(B) E. faecalis vesicles were diluted 1:100 in 50 mM Tris-maleate
buffer (pH 7.4) containing 100 mM choline chloride, 1 ,uM valino-
mycin, and L-[4,53H]leucine. The accumulation of labeled leucine
was measured in controls (0) and in vesicles incubated with AS-48
(arrowhead) (0). The concentration of AS-48 was 4 ,ug/ml for all
experiments. Portions (100 IlI) of each vesicle preparation were
filtered through Millipore GSTF02500 filters and washed twice with
buffer. Amino acid transport is expressed as nanomoles per milli-
gram of protein.
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FIG. 4. Efflux of 86Rb+ (A), [5,63H]uridine (B), and [carboxyl-
14C]dextran (C) from L-a-phosphatidylcholine (asolectin) liposomes
mediated by the addition of AS-48 (5 ,ug/ml) (0). 0, Controls. (D)
Liposomes loaded with uridine (0) were incubated for 5 min with
increasing antibiotic concentrations. Liposomes loaded with [car-
boxyl-14C]dextran were incubated with increasing antibiotic concen-
trations for 5 min (O) or 15 min (L). Liposomes were prepared in 20
mM potassium phosphate buffer (pH 7.2) as described in the text
and diluted 1:100 in this buffer before use. Aliquots (100 ,ul) from
controls and from portions treated with AS-48 were collected on
Millipore GSTF02500 filters.

In separate experiments, cells were preincubated with
labeled proline and AS-48 for 3 min. The addition of Asc/
PMS resulted in a negligible increase in the amount of
radioactivity retained in the filters (Fig. 3A), indicating that
the capacity of the vesicles to carry out active transport
upon energization was impaired by previous incubation with
AS-48 without a requirement for a preexisting membrane
potential.
The uptake of labeled leucine promoted by valinomycin-

induced potassium efflux in E. faecalis vesicles was equally
impaired by a low concentration of AS-48 (4 ,ug/ml). Preac-
cumulated leucine was also lost upon treatment with the
antibiotic (Fig. 3B). Thus, the removal of the cell envelopes
did not diminish the sensitivity of E. faecalis cells. E. coli
vesicles were more sensitive to AS-48 at 4 pg/ml than were
intact cells, in which the effects of AS-48 were observed at
concentrations 10 to 15 times higher (7).

Effect of AS-48 on artificial asolectin vesicles. To determine
the capacity of peptide AS-48 to interact with artificial
membranes, we prepared liposomes and loaded them with
labeled rubidium, uridine, or aspartic acid. The addition of
AS-48 (5 ,ug/ml) rapidly impaired the capacity of the lipo-
somes to retain labeled rubidium or uridine, even when no
artificial membrane potential was imposed (Fig. 4A and B).
The efflux of labeled uridine proceeded as fast as the
rubidium loss, and the radioactivity retained by the lipo-
somes dropped to basal (nonspecific) levels within 10 min
following the addition of AS-48 (Fig. 4B). Similarly, the
radioactivity of liposomes loaded with aspartic acid dropped
rapidly after 5 min of incubation with AS-48 (data not
shown). These results also suggest a nonspecific interaction
of AS-48 with membranes, leading to the formation of
nonselective pores and the free diffusion of low-molecular-
weight solutes.
The loss of uridine by potassium-loaded liposomes in

which an artificial diffusion potential (negative inside) was

imposed by the addition of valinomycin was similar to that
shown in Fig. 4B, suggesting that the effect of AS-48 is
independent of the membrane potential. Clumping of lipo-
somes was observed when higher concentrations of AS-48
were used.

In separate experiments, the effect of AS-48 on the reten-
tion of labeled dextran (Mw, 50,000 to 70,000) was investi-
gated. The addition of AS-48 (5 ,uglml) to dextran-loaded
liposomes resulted in an increase in the counts retained in
the filters during the first minute following AS-48 addition.
Within the next 5 min, the counts of treated liposomes
remained higher than those of the controls; they dropped
gradually to about 35% of control counts by 20 min. Further
incubation did not reduce the levels of retained radioactivity
below these values (Fig. 4C). No binding of labeled dextran
was observed when labeled dextran was filtered alone or
mixed AS-48.
The relationship between antibiotic concentration and

liposome permeation was also investigated. Liposomes
loaded with labeled uridine or dextran were incubated for 5
min with increasing concentrations of antibiotic and tested
for retention of the labeled markers. The loss of labeled
uridine was directly proportional to increasing antibiotic
concentrations up to 3 jig/ml (Fig. 4D). Liposomes treated
with any antibiotic concentration higher than this retained
less than 20% of the initial uridine after 5 min of incubation.
On the other hand, when liposomes loaded with labeled

dextran were incubated with different concentrations of
AS-48 (between 0 and 10 ,ug/ml) for 5 min, no loss of
radioactive material was observed. On the contrary, the
level of radioactivity retained in the filters was about 25%
higher than the control level for antibiotic concentrations
between 2 and 5 ,ug/ml. Since our liposome preparations may
have contained untrapped labeled dextran, we attribute this
increase in radioactivity to the fusion of liposomes upon
incubation with AS-48. This phenomenon has been visual-
ized by electron microscopy and will be discussed below. A
large visual change in the turbidity of the liposome suspen-
sion, which became opaque when concentrations of AS-48
higher than 5 ,ug/ml were used, was also observed.

Increasing the time of incubation with AS-48 from 5 to 15
min caused a concentration-dependent loss of labeled dex-
tran. Nevertheless, higher concentrations of antibiotic
(above 3 ,ug/ml) were required to reduce the amount of
radioactivity retained to about 40% of that retained by
controls (Fig. 4D).
These results suggest that the primary effect of AS-48 is

the formation of pores that allow the free diffusion of
low-molecular-weight compounds, while those of a higher
mass, such as dextran, are retained or diffuse much more
slowly. Prolonged incubation and an increase in the antibi-
otic concentration may bring about secondary effects such as
fusion of membranes and, probably, more chaotic disorga-
nization.
Liposomes prepared by sonication were seen by electron

microscopy as unilamellar structures (Fig. 5A) of variable
size (from 1.3 to 4.5 ,um in diameter). When treated with
AS-48 for 15 min, they appeared as multilamellar aggregates
(Fig. SC). Intermediate stages in which very small vesicles or
blebs seemed to protrude from or to adhere to larger
liposome structures were also observed (Fig. SB). These
structures were always smaller (less than 0.55 ,um in diam-
eter) than control liposomes. Fusion of liposomes and for-
mation of multilamellar structures would explain the entrap-
ment of dextran seen in earlier experiments.

Electrical measurements. The effect of AS-48 on planar
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FIG. 5. Electron micrographs of asolectin vesicles (liposomes) stained with uranyl acetate as described in Materials an4 Methods. (A)
Controls (magnification, x63,000). (B and C) Liposomes treated with AS-48 for 5 and 15 min, respectively (magnification, x63,000 each). The
concentration of AS-48 was 5 ,ug/ml. Bar, 0.1 ,tM. The arrows in B and C indicate multilamellar structures.

phospholipid bilayer membranes was also tested, because of
the suspicion that AS-48 might be able to form channels.
Bilayers were formed from asolectin as described in Mate-
rials and Methods. After it was determined that the bilayers
had a high resistance, AS-48 was added to the cis compart-
ment. After a potential of -50 mV was applied to the trans
compartment, a stepwise increase in conductivity occurred
and led to a rapid loss of membrane resistance (in about 7 s)
(Fig. 6A). During this short period of time, channels with
conductances of 12 and 18 pS were observed (Fig. 6B). Some
of these channels closed rapidly, while others remained open
for a longer period of time or never closed. The application
of lower potentials (-20 to -40 mV) resulted in long silent
periods after antibiotic addition and then a final outburst of
channels, and the recordings obtained were very similar to
those shown in Fig. 6A. The increase in the conductivity of
the bilayers may be attributed to an increase in the number
of simultaneously open channels or to an opening of pores.
The rapid course of the accumulation of electrical events and
the short life of the bilayers once the process began (about 7
to 10 s) made it difficult to characterize this phenomenon
more closely. Nevertheless, a rough estimate of the sizes of
the pores formed by AS-48 can be made with the formula A
- v x ir x (r2/O). Assuming that a cylindrical pore with a
length (l) of 6 nm (corresponding to the membrane thickness)
is filled with a solution of the same specific conductance (af)
as the external solution, the average pore diameter (d = 2r)
can be estimated. For a pore conductivity (A) of 18 pS, the
pore diameter would be 0.7 nm.

DISCUSSION

The data presented in this paper strongly suggest that
peptide AS-48 forms channels or pores in bacterial as well as
artificial membranes. Its capacity to render bacterial mem-
branes permeable to ions and low-molecular-weight com-
pounds and to bring about the collapse of the membrane

A

0.2 pAI I

1=0-

0.5 S

FIG. 6. Current (conductance) fluctuations induced by AS-48 in
a phospholipid bilayer. The large transient marks the time when the
voltage was switched from 0 to -50 mV. Immediately afterwards, a
sudden burst of electrical events occurred (A) and resulted in the
disruption of the bilayer in about 7 s. The initial part ofthe recording
is shown in an expanded scale in panel B. During this interval,
channels with conductances of 12 and 18 pS could be seen. Mem-
branes were bathed with salt solutions of 10 mM HEPES containing
100 mM KCl, 3 mM MgCl2, 3 mM CaC12, and 0.1 mM EDTA (pH
7.0). AS-48 was added to a final concentration of 1 ,Ug/ml.

J. BACTERIOL.



PEPTIDE ANTIBIOTIC AS-48 891

potential satisfactorily explains its bactericidal action on
sensitive microorganisms. These effects are also observed in
gram-positive bacteria with other antibacterial low-molecu-
lar-weight basic peptides, such as nisin (21) and Pep-5 (22).
As evidence of its broad spectrum, peptide AS-48 also
inhibits several gram-negative bacteria, although they are
somewhat less sensitive, probably because of their different
cell envelope, since the outer membrane must be considered
a barrier that must be overcome before the cytoplasmic
membrane is reached. Higher concentrations of AS-48 may
induce a more pronounced membrane disorganization, a
useful mechanism for permeation of the outer membrane. It
is worth noting that most antibacterial substances produced
by gram-positive bacteria fail to inhibit gram-negative micro-
organisms.
The capacity to permeate membrane vesicles derived from

E. faecalis as well as those derived from E. coli suggests that
AS-48 can interact directly with the cytoplasmic membrane
without the mediation of surface receptors. This idea is
supported by the effects of AS-48 on artificial lipid systems,
such as liposomes or bilayers. Like colicins Ia and El (26),
AS-48 can interact with artificial membrane vesicles and
induce permeability to low-molecular-weight solutes when it
is used at low concentrations. This property is not shared by
the peptides nisin (21) and Pep-5 (22). AS-48 does not require
a potential for membrane interaction, as the above-men-
tioned peptides and certain colicins do. In addition, higher
concentrations of AS-48 can also induce disorganization of
lipid structures and rearrangement into multilamellar aggre-
gates. Fusion of phospholipid vesicles has also been de-
scribed for several colicins (19).

Finally, the formation of ion channels or pores of low
specificity by the insertion of AS-48 molecules into the
cytoplasmic membrane provides an efficient mechanism for
the induction of cell depolarization. The formation of trans-
membrane pores by AS-48 (with an estimated diameter of
about 0.7 nm) would allow the diffusion of low-molecular-
weight solutes from the cells (mainly ions and amino acids),
dissipating the membrane potential and rendering the cells
nonviable. The formation of voltage-dependent pores is the
mechanism by which peptide Pep-5 (14) and colicins A (20),
E1 (3), K (24), Ia (26), and lb (27) exert their lethal actions.
The ionophoric activity of these colicins has been localized
in C-terminal fragments of about 20 kDa.

Despite the fact that AS-48 resembles the peptides nisin
and Pep-5 in its mode of action, its broader inhibitory
spectrum and lack of lanthionine are two main differences.
Further elucidation of the sequence and spatial configuration
of AS-48 could be very helpful in determining its interaction
with phospholipid membranes. Presumed amphipathic he-
lixes present in AS-48 could be essential for maximal inter-
actions with phospholipids. Attempts at sequencing carried
out recently in our laboratory with Edman degradation as
well as digestion with carboxypeptidases have failed, sug-
gesting that the molecule has cyclic structure or is blocked at
both ends.
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