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Cell-Wall Interactions and the Selective Bacteriostatic Activity
of a Miniature Oligo-Acyl-Lysyl

Raquel F. Epand,™ Hadar Sarig,* Amram Mor,* and Richard M. Epand’

TDepartment of Biochemistry and Biomedical Sciences, McMaster University, Hamilton, Ontario, Canada; and *Department of Biotechnology
and Food Engineering, Technion-Israel Institute of Technology, Haifa, Israel

ABSTRACT The oligo-acyl-lysyl, C15(,7)K-B12, is comprised of only three Lys residues. Despite its small size, it exhibits potent
bacteriostatic activity against Gram-positive bacteria, but it is ~10-fold less potent against Gram-negative bacteria. We followed
the interactions of C15(,7)K-812 from its initial contact with the bacterial surface across the cell wall down to the cytoplasmic
membrane. Binding to anionic lipids, as well as to negatively charged LPS and LTA, occurs with very high affinity. The
C12(.7)K-B812 does not cross the outer membrane of Gram-negative bacteria; rather, it achieves its action by depositing on the
LPS layer, promoting surface adhesion and blocking passage of solutes. In Gram-positive bacteria, the thick peptidoglycan layer
containing LTA allows passage of C(,7)K-812 and promotes its accumulation in the small periplasm. From that location it is then
driven to the membrane by strong electrostatic interactions. Despite its high potency against Gram-positive bacteria, this agent is
not capable of efficiently breaking down the permeability barrier of the cytoplasmic membrane or of reaching an intracellular

target, as suggested by the fact that it does not interact with DNA.

INTRODUCTION

A novel approach to the design of antibacterial agents has led
to the development of agents that are inexpensive to produce,
resistant to proteolytic degradation, water-soluble, and
chemically stable. These compounds have been termed
OAKs, reflecting the fact that they are oligomers of acyl-
lysyl (1). There are many variations in the structure of
OAKs, including differences in the size and charge of the
oligomer as well the nature of the linkage between subunits.
In one study, Thennarasu et al. (2) used NMR to study the
structure of a lipopeptide designed to generate nonlytic short
antimicrobial peptides (in this case containing the nonstan-
dard amino acid ornithine).

We recently showed that one form of OAK, the octamer
C2K-7ag, promotes clustering of anionic lipids away from
zwitterionic ones (3). As a consequence of this mechanism
of action, C;,K-7ag is more toxic against species of bacteria
whose membranes contain both anionic and zwitterionic
lipids. Thus, generally they have lower MICs for Gram-nega-
tive bacteria. In contrast, another form of OAK, C,5(,»K-812,
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is more specific for Gram-positive bacteria. This OAK has
a particularly short and simple structure (Fig. 1), having only
two acyl chains and three positive charges. In this work, we
systematically studied the molecular interactions that deter-
mine the access of Cy,(,7)K-812 to the cytoplasmic membrane
for both Gram-positive and Gram-negative bacteria. The
results allowed us to better understand the reasons for the
difference in bacteriostatic activity that C,,,,7)K-8;, exhibits
against Gram-positive and Gram-negative bacteria. The sche-
matics of the architecture of bacteria is given in Fig. 2.

MATERIALS AND METHODS
Materials

The phospholipids POPE, DOPG, and TOCL were purchased from Avanti
Polar Lipids (Alabaster, AL). The OAK and control peptide used were
synthesized in-house as previously described (4).

Minimal inhibitory concentration

MIC values were determined by means of a microdilution assay performed
in sterilized 96-well plates in a final volume of 200 uL, as follows: Bacteria
were grown overnight and diluted 10,000-fold in growth medium
(LB: 10 g/L trypton, 5 g/L yeast extract, 5 g/l NaCl, pH 7.4). Then
100 uL of LB containing bacteria (5 x 10° CFU/mL) were added to
100 uL of culture medium containing the OAK (050 uM in serial twofold
dilutions). Inhibition of proliferation was determined by optical density
measurements (620 nm) after incubation overnight at 37°C.

Kinetics of cytotoxic action

To determine the time-kill curves, bacterial suspensions of Escherichia coli
ATCC 35218 were cultured (37°C under shaking) in the presence of 25 or
50 uM OAK. Bacteria were then sampled at various time intervals, subjected
to serial 10-fold dilutions, and plated on LB agar for CFU counts after over-
night incubation at 37°C. Statistical data for each experiment were obtained
from at least two independent assays performed in duplicate.
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FIGURE 1 Structure of Cy5,7,)K-12.

Outer and inner membrane permeabilization with
E. coli ML-35p

The E. coli bacterial strain ML-35p was engineered specifically to monitor
permeation of both the inner and outer membranes of the same bacterial
strain (5). The mutant E. coli ML35p is constitutive for cytoplasmic §-galac-
tosidase, lacks /ac permease, and expresses a plasmid-encoded periplasmic
B-lactamase. Two chromogenic reporter molecules are used to monitor per-
meabilization of the outer and inner membranes in a single assay (5-7).
Nitrocefin, a chromogenic cephalosporin, cannot cross the outer membrane
and is excluded from the periplasmic space. However, permeabilization of
the outer membrane allows nitrocefin to enter the periplasm, where its
cleavage by a (-lactamase produces a color change that can be monitored
spectrophotometrically at 486 nm. Since there is no lactose permease in
this mutant E. coli ML-35p, ONPG cannot traverse its inner membrane to
be cleaved by cytoplasmic $-galactosidase to ONP unless permeabilization
of the inner membrane occurs. ONPG cleavage produces a color change that
can be measured spectrophotometrically at 420 nm.

The assay was performed in sterilized 96-well plates in a final volume of
200 uL as follows: Bacteria grown overnight in LB were washed three times
in PBS and diluted to 10° CFU/mL in PBS containing 3% LB. Aliquots of this
suspension (100 uL) were added to 100 uL of PBS containing a test compound
(at the specified concentration) and either ONPG (2.5 mM) or nitrocefin
(unknown concentration). Nitrocefin was obtained by extraction overnight
of a commercial disk (Fluka Analytical, Buchs, Switzerland) with 1 mL
PBS; 45 uL of this extract were included in each well. Hydrolysis of ONPG
and nitrocefin was monitored by measuring absorbance at 420 or 490 nm,
respectively, at various time intervals, with shaking at 37°C (BioTek Instru-
ments, Winooski, VT).

Binding to LPS or LTA by displacement
of dansyl-polymyxin

Ci2(,7K-B12 binding to LPS (from E. coli O111:B4) and LTA (from
Staphylococcus aureus) was studied by displacement of bound dansyl-poly-
myxin, as described previously (8,9).

Isothermal titration calorimetry

Titrations were performed in a VP-ITC instrument (MicroCal, GE Healthcare,
Piscataway, NJ). The OAK was placed in the syringe at a concentration of 400
uM, and 10 uL injections were made into the cell compartment. LPS from
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E. coli O111:B4 or LTA from S. aureus was placed in the cell compartment
(volume: 1.476 mL) at a concentration of 125 ug/mL. The buffers were 10
mM HEPES, 140 mM NaCl, pH 7.4, or 10 mM HEPES, 140 mM NaCl, 1
mM EDTA, pH 7, and they were always matched between the syringe and
the cell compartment. Titrations were performed at 30°C. The heat of dilution
of OAK into the buffer was subtracted from all the other curves. Data were
analyzed with the program Origin 7.0. Because of the heterogeneity of the
LTA and LPS preparations, a detailed thermodynamic analysis could not
be carried out.

Leakage of aqueous contents from liposomes

Leakage of aqueous contents was studied with ANTS/DPX as previously
described (10).

Fluorescence assay for membrane depolarization

S. aureus (ATCC 29213) in mid-logarithmic phase were washed and resus-
pended in 5 mM HEPES buffer. This cell suspension was incubated with
diSC3 (5) (0.4 mM) and quenching was allowed to occur at room tempera-
ture for 60 min. KCI (100 mM) was added to equilibrate the cytoplasmic and
external K* concentrations. OAK (four multiples of the MIC value) was
added to the bacterial suspensions, and changes in fluorescence were contin-
uously recorded (excitation and emission wavelengths at 622 nm and
670 nm, respectively).

Light scattering

Light-scattering measurements of the OAK solution (200 uM) were carried
out in the presence of S. aureus ATCC 29213 and E. coli ATCC 35218
(10° CFU/mL) by holding both the excitation and the emission at 400 nm
(slit width: 1 nm) using a Jobin-Yvon Horiba Fluorolog-3 system (Longju-
meau, France) with FluorEssence.

Light microscopy

Microscopy studies were performed using a Zeiss LSM Microsystems
microscope (model 210) with a CoolSnap H2 photometrics camera and an
oil immersion objective. Bacteria were grown in LB for 18 h. An aliquot
containing 10%mL bacterial cells in LB was imaged with and without
200 uM OAK in PBS.

RESULTS

Evidence for interaction of Cy5(.,7)K-312
with the LPS layer in Gram-negative bacteria

In Gram-negative bacteria, unlike in Gram-positive bacteria,
antimicrobial potency and kinetics are improved in the pres-
ence of EDTA. Antimicrobial activity as represented by the
MIC indicates that this OAK is more efficient at inhibiting

Gram positive bacteria

FIGURE 2 Schematic diagram of the architecture of the
cell wall of Gram-negative (leff) and Gram-positive (right)
bacteria. Blue: outer membrane LPS layer; light blue: outer
membrane phospholipids layer; red: peptidoglycan layer;
cyan: periplasmic space in Gram-negative bacteria and
periplasm in Gram-positive bacteria; and green: cyto-
plasmic membrane.

Cytoplasmic membrane
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TABLE 1 MIC for ¢y2(,7)k-612 against Gram-negative versus
Gram-positive bacteria

Effects of EDTA on the MIC for Gram-negative bacteria

Gram-negative bacteria No EDTA With EDTA
E. coli strain

ATCC 354218 >50 uM 25 uM
C.L 163281 >50 uM 12.5-25 uM
C.I 16323 >50 uM 50 uM
Gram-positive bacteria

S. aureus 3-6 uM na*

*na, not applicable.
TC.1,, clinical isolate.

the growth of the Gram-positive bacterium S. aureus (Table 1).
In several strains of the Gram-negative bacterium E. coli,
the antibacterial activity is enhanced by EDTA (Table 1).
EDTA is a well-known permeabilizer of the outer wall. This
result suggests that the OAK’s access to the cytoplasmic
membrane is inhibited by interaction with the LPS layer.

The role of EDTA in facilitating permeation by Cj2(.,7)
K-8, is supported by the kinetics of the bactericidal action
against E. coli ATCC 35218. This occurs only in the pres-
ence of EDTA (Fig. 3), whereas in its absence the Gram-
negative bacteria show only a bacteriostatic effect.

Interaction of Cy5(.,7)K-312 with LPS prevents
access to the cytoplasmic membrane of E. coli

The E. coli ML35p mutant strain was used to simultaneously
test the passage of the chromogenic substrate, nitrocefin,
across the outer membrane, and of ONPG across the inner
membrane. The OAK was tested in comparison with a derma-
septin derivative as a positive control. The C;,,7)K-812 was
ineffective in permeabilizing either the outer membrane or
the inner membrane of E. coli ML35p (Fig. 4). A small
amount of OAK appears to penetrate the outer wall at longer
times (>40 min). However, the same is observed in the
absence of OAK. This assay is normally not carried further
than 30 min since at longer times a small amount of nitrocefin
hydrolyzes due to traces of (-lactamase appearing in the
medium.

Epand et al.

Unlike binding to LPS, binding to LTA
is unaffected by the presence of EDTA

No difference was observed in the displacement of dansyl-
polymyxin by OAK from the LPS of E. coli O111:B4 or
from the LTA of S. aureus in the absence of EDTA (Fig. 5).
In the presence of EDTA, displacement of dansyl-polymyxin
from LTA remained the same. However, EDTA allowed more
dansyl-polymyxin to bind to LPS, and therefore a higher
amount of OAK was required to displace it (Fig. 5).

Binding to LPS from E. coli O111:B4 and to LTA
from S. aureus by ITC

The OAK is initially present in the syringe at a high concen-
tration of 400 uM, and is aggregated at this concentration.
Since the OAK is diluted over 100-fold upon injection into
the cell compartment, it must undergo a disaggregation
process, in addition to its interaction with the macromole-
cule. The enthalpy of this disaggregation process was sepa-
rately measured by determining the heat of dilution of
Ci2wnK-B12 into buffer and found to be small compared
with the heats of reaction described below.

Binding to LPS from E. coli O111:B4 in the absence of
EDTA is a complex process in which two types of reaction
(one exothermic and one endothermic) take place simulta-
neously (Fig. 6). In the presence of EDTA, the initial
binding is generally indicative of a single process largely
based on electrostatic interaction. When nearing saturation
of binding (~30 uM OAK for the 125 pug/mL macromole-
cule in the cell), a new phenomenon takes place both
with and without EDTA, which could entail a new type
of association with the macromolecule. This is more evident
in the binding to LTA. The binding kinetics with LPS is
very slow at every step in both the presence and absence
of EDTA.

Initial binding to LTA is fast and has an electrostatic
nature, but after the seventh injection (at ~20 uM OAK for
the 125 pug/mL macromolecule in the cell), when an apparent
near-equivalancy is achieved, a very slow process appears,
as in the case of binding to LPS. The titration in LTA is
unaffected by EDTA, as expected.
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The slow process seen after electrostatic interaction is
similar in both LPS and LTA, and it is unusual in that it is
associated with a very large enthalpy. This process would
involve the OAK binding to an electrically neutralized
particle, producing a large exothermic reaction and suggest-
ing a large change in intermolecular associations.

Can C,(,7)K-312 allow passage of small molecules
from model membranes mimicking the membrane
composition of Gram-positive bacteria?

Although the cytoplasmic membrane of E. coli bacteria
contains a large amount of zwitterionic PE, the cytoplasmic

No EDTA, 3.5 uM Dansyl-Polymyxin

1.0

® |PS, 10 pug/mlL

(=
w
1

4 LTA, 10 pg/mL

Relative fluorescence
e e o
- ~ ™
1 1 1
>

o
n

10 20 30 40
BM Cyp7)K-B 12

o

With EDTA, 3.5 pM Dansyl-polymyxin

-
(=]
e

= LPS (10 pg/ml)

o

w
1

>

4 LTA (10 pg/mL)

Relative Fluorescence

0.54+———————7—+—"1r—1—

0 10 20 30 40 50 60
UM Cyai7)K-B 12

FIGURE 5 Displacement of 3.5 uM dansyl polymyxin binding to LPS
(squares) and LTA (triangles) with increasing amounts of Cj,7)K-612.
Top panel: no EDTA; bottom panel: | mM EDTA.

membrane of S. aureus is composed largely of anionic lipids,
such as PG and CL, at a molar ratio of 58:42. The much
higher affinity for PG:CL means that the OAK fraction
that manages to bypass the large peptidoglycan layer would
also be subjected to a higher attraction exerted by the plasma
membrane of S. aureus.

Up to 40 uM OAK was tested in 50 uM LUVs of DOPG:
TOCL 6:4, and no significant permeabilization was observed
(Fig. 7). Therefore, despite the fact that this OAK binds very
strongly to anionic membranes, it is unable to allow passage
of small molecules (~400 Da in size). The small amount of
leakage that was detected over a period of 180 min for 40 uM
peptide (Fig. 7) is not very significant, as it could be caused
by a small osmotic imbalance after peptide addition.

In addition, there was essentially no depolarization of the
cytoplasmic membrane of S. aureus (Fig. 8). Only slow and
partial depolarization was observed in comparison with
a controlled peptide (dermaseptin S4 (1-13)) that shows
typical large and instantaneous depolarization (Fig. 8).
This confirms that the toxicity of C5(,7K-612 in Gram-posi-
tive bacteria is not primarily the result of it breaking down
the permeability barrier of the cytoplasmic membrane. In
addition, it is not likely that there is an intracellular target
for Cy5,7)K-B12, since there was also no interaction with
DNA (H. Sarig, L. Livne, V. Held-Kuznetsov, F. Zaknoon,
A. Ivankin, D. Gidalevitz, and A. Mor, unpublished results).
Nevertheless, concentrations of C;5(,7)K-812 higher than the
MIC may cause some damage to the plasma membrane of
Gram-positive bacteria after long incubation times. For
example, at Cyx(,7)K-B812 concentrations four times higher
than the MIC, a very small and slow depolarization of the
membrane occurs as a function of time (Fig. 8).

OAK disaggregates more slowly in the presence
of E. coli than in the presence of S. aureus

OAK disaggregation is shown in Fig. 9. In this experiment, it
was first confirmed that the light scattering observed is
a property of OAK and not of bacteria. It takes ~15 min
for the light scattering to reach a minimum in S. aureus,
but >1 h in E. coli. An explanation for this difference was
obtained with light microscopy.

Biophysical Journal 97(8) 2250-2257
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Light microscopy reveals bacterial surface
adhesion in E. coli, but no morphological changes
in S. aureus, in the presence of OAK

Light microscopy images show that ~1 h after addition of
OAK at concentrations above the CAC, the Gram-negative
bacterium E. coli undergoes an adhesion process, forming
clumps of individual cells, probably with OAK bound on
the surface. The Gram-positive bacterium S. aureus, on the
other hand, remains as single, intact bacteria that overall
show no apparent morphological change (Fig. 10, a and b).
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FIGURE 7 Ci3,7)K-B12 at 4 uM (lower curve) and 40 uM (upper curve)
does not cause leakage of fluorescent dyes from liposomes composed of
DOPG:TOCL (60:40). At t = 180 s, Luberol LX was added (0.2% in the
cuvette) to disrupt the vesicles.
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DISCUSSION

The OAK C5(,7K-B12 is of particular interest because of its
potent and broad bacteriostatic activity against Gram-posi-
tive bacteria, including antibiotic resistant strains (H. Sarig,
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FIGURE 8 Bactericidal kinetics and membrane depolarization of
S. aureus (ATCC 29213) (DiSC5(5) assay) induced by Cip,7)K-812 at
25 uM (4x MIC). Arrow points to time of addition of the control peptide
(dermaseptin S4(1-13) at 25 uM).
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FIGURE 9 Disaggregation of the OAK shown by light scattering
obtained with 200 uM OAK in the presence of S. aureus (o) or E. coli (O).
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L. Livne, V. Held-Kuznetsov, F. Zaknoon, A. Ivankin, D.
Gidalevitz, and A. Mor, unpublished results). The
Ci2(wnK-B12 has high affinity for anionic amphiphiles. The
binding to lipids representing those of the Gram-positive
S. aureus is ~10,000-fold greater than it is to a lipid mixture
with PE approximating that of the Gram-negative bacteria
E. coli (H. Sarig, L. Livne, V. Held-Kuznetsov, F. Zaknoon,
A. Ivankin, D. Gidalevitz, and A. Mor, unpublished results).
In addition, C;5(,7)K-812 binds somewhat more strongly to
the anionic LTA than to LPS (Fig. 5). LPS is found only

2255

in Gram-negative bacteria, whereas a much thicker peptido-
glycan layer containing LTA is found in Gram-positive
bacteria (Fig. 2). The roles of LPS in bacterial toxicity,
from the “‘self-promoted uptake mechanism™ (12) to its
endotoxic effects (13), have been studied widely.

We find that C,,(,7)K-612 cannot abruptly permeabilize
liposomes of anionic lipids mimicking the cytoplasmic
membrane of Gram-positive bacteria (Fig. 7); therefore,
even if some C,y,7K-B12 were able to access the cyto-
plasmic membrane in S. aureus, it would not be able to
form a stable pore. This is confirmed by the fact that this
OAK cannot access the DNA of S. aureus (H. Sarig, L.
Livne, V. Held-Kuznetsov, F. Zaknoon, A. Ivankin, D. Gida-
levitz, and A. Mor, unpublished results). By what mecha-
nism, then, can C,(,7K-B;2 be bacteriostatic to S. aureus?
Rapid disaggregation of OAK occurs in the presence of
S. aureus (Fig. 9), and in addition, the overall morphology
of the bacteria after 1 h incubation at high concentrations
does not change (Figs. 9 and 10 A), in contrast to what occurs
in Gram-negative bacteria. Because of the rapid electrostatic
interactions between the Cy,(,7)K-612 and LTA (Fig. 6), it is
likely that C;5(,7)K-B;2 reaches the inner membrane but is
not able to permeabilize or depolarize it. This would cause
accumulation of OAK in the very small volume of the peri-
plasm of Gram-positive bacteria (Fig. 2), resulting in the
presence of higher concentrations of OAK at the surface of
the inner membrane. The lack of a sudden burst in cyto-
plasmic membrane depolarization with Gram-positive
bacteria, as shown here with Cy5(,,7)K-61, (Fig. 8), was previ-
ously observed with the peptides buforin 2 and penetratin (14).
However, despite their weak depolarizing action, both buforin

FIGURE 10 Top panel: Light micros-
copy obtained with S. aureus in the
absence (A) or presence of 200 uM
OAK (B) after incubation for ~1 h. White
bar indicates 14 um. Lower panel: Light
microscopy obtained with E. coli in the
absence (A) or presence of 200 uM
OAK (B and C) after incubation for ~1 h.
White bar indicates 14 um.
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2 and penetratin are able to translocate through the membrane
and kill the bacteria by interacting with the DNA, causing
rapid cell death. For buforin 2, a mechanism was proposed
by which a pore with an extremely short lifetime forms that
allows it to cross the membrane without permeabilizing it
(15). Another example is a cationic polymer that is cytotoxic
without disrupting the bacterial membrane (16). The lack of
interaction of this OAK with DNA argues against this explana-
tion as a mechanism. An alternative possible mechanism is
that a strong inhibition of a metabolically relevant enzyme
occurs at low bulk concentrations of OAK, causing rapid
inhibition of growth. Many cell surface proteins are anchored
in the cell wall, and the cytoplasmic membrane contains
a myriad of transporter and signaling proteins. It has been
suggested that this OAK inserts into the cytoplasmic
membrane, but only down to the headgroup region (H. Sarig,
L. Livne, V. Held-Kuznetsov, F. Zaknoon, A. Ivankin, D.
Gidalevitz, and A. Mor, unpublished results), which in
Gram-positive bacteria is almost exclusively anionic, con-
taining 58% PG and 42% CL. When this happens, many
neighboring proteins can be affected because the lateral
packing of the headgroups and the surface charge of the
membrane will change, affecting protein insertion and even
their structure, as well as competing with the interactions
between anionic lipids and membrane proteins. These effects
may be exaggerated because of the higher concentration of
OAK in the small volume of the periplasmic space.

The MIC for Cy5(,7)K-B12 is much higher against Gram-
negative bacteria than against Gram-positive bacteria. We
suggest that different mechanisms are operating for the two
kinds of bacteria. The binding of C,5(,,7)K-312 to LPS appears
to block the flux of solutes into and out of the bacteria. This is
supported by our experiments showing that entry of substrates
is inhibited by C5,7)K-B12 across both the inner and outer
membranes of E. coli ML35p (Fig. 4). Cy5(.,7)K-812 binds to
LPS (Figs. 5 and 6) and exhibits bacteriostatic activity, but
the addition of EDTA makes the OAK bactericidal, suggest-
ing that removal of divalent cations from LPS loosens its
structure and allows more facile entry of the C;5(.,7)K-812
(Fig. 3), resulting in cell death. We suggest that Cyp¢,7K-
B12 blocks passage of solutes across the outer membrane of
E. coli in a manner similar to what we previously observed
with a cationic sequence-random copolymer (10). C5,,7)K-
B1» requires higher concentrations, close to the CAC, for
bacteriostatic action in Gram-negative bacteria. Both light
scattering and light microscopy indicate that a slow bacterial
surface aggregation process occurs above the CAC, with the
formation of clumps of cells (Figs. 9 and 10, B and C). There-
fore, the OAK remains bound on the surface, facilitating
surface adhesion of cells. A recent NMR study with an antimi-
crobial lipopeptide, MSI-594, in LPS micelles provided some
insights into the structural nature of the interactions that occur
between antimicrobial agents and LPS (17).

The mechanism of slowing passage across the cell wall is
more important for LPS (Gram-negative bacteria), where the
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MIC is higher (Table 1), than for LTA (Gram-positive
bacteria), which is generally more permeable. However,
although Cj5(,7)K-B812 reacts rapidly with LTA at low
concentrations, at higher concentrations of OAK, the ITC
experiments indicate that another process is occurring after
neutralization of charge (Fig. 6). This process could result
in a decreased flux through the peptidoglycan layer, particu-
larly in view of the large thickness of this layer.

It is clear, then, that several alternative mechanisms,
including lateral phase separation in Gram-negative bacteria
or action of Cy(,7K-82 on an intracellular target, are not
likely. The OAK Cj5(,7)K-B12 was unable to induce clear
lateral phase separation in membranes mimicking the
cytoplasmic membrane of Gram-negative bacteria (75% PE
and 25% CL; data not shown). The difference between
C,K-7ag, which induces lateral phase separation (10), and
Ci2wnK-B12 is that Cyy(,7K-B12 has only three positive
charges, whereas C,,K-7ag has eight cationic groups and
is therefore more potent in clustering anionic lipids (results
not shown).

In conclusion, we suggest that the action of C5(,,7)K-812
against Gram-negative and Gram-positive bacteria results
from different outer wall interactions. Cjo,7)K-812 exerts
bacteriostatic activity against Gram-negative bacteria only
at high concentrations (above the CAC), where it may coat
the cell by aggregating on the rigid outer wall through elec-
trostatic and perhaps hydrophobic interactions, thus prevent-
ing passage of solutes. With Gram-positive bacteria, the
toxicity is high. At low concentrations, when Cjz(,7)K-812
is not aggregated, the OAK is probably able to traverse the
thick peptidoglycan lattice and reach the cytoplasmic
membrane. Several alternative mechanisms can be elimi-
nated, suggesting that inhibition of growth is not the result
of either an intracellular target or a consequence of damage
to the plasma membrane.
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