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Abstract: A wide range of chemical structures having antimicrobial activity have been studied in an effort
to treat the increasing emergence of bacteria that are resistant to traditional antibiotics. These agents have
varying degrees of toxicity against different bacterial species. We demonstrate, using members of a novel
class of antimicrobial agents, the oligomers of acyllysine, that one cause for the difference in species
selectivity is the ability to induce the clustering of anionic lipids, resulting in their segregation into domains.
This phenomenon occurs only in bacterial membranes composed of both anionic and zwitterionic lipids
and not with bacteria whose membrane lipids are largely anionic. As a consequence it can be predicted
which bacterial species will be most affected by antimicrobial agents that function principally by this
mechanism. This finding allows for the design of new antibiotics with selective toxicity against different
groups of bacteria.

Introduction

Antimicrobial and host-defense peptides are of great interest
because of their potential clinical use as agents against bacterial
infections.1,2 Several novel analogues have been designed to
mimic these agents in an effort to control the increasing
emergence of bacteria that are resistant to traditional antibiotics.
One class of such compounds are the oligomers of acyllysine
(OAKs).3 The OAKs have multiple positive charges and would
be expected to preferentially bind anionic lipids.

Several mechanisms have been proposed to account for the
protection by antimicrobial agents against infection including
effects on the innate immune system,4 damage to the cytoplas-
mic membrane of bacteria,5 binding to DNA,6 or inhibition of
specific bacterial metabolic processes.7 In general, these agents
do not have a high specificity and are not designed to bind to
a specific target. An exception is nisin, an antibiotic with a high
degree of specificity of binding to lipid II. However, even nisin
has recently been shown to have several modes of action.8

Hence, in many cases there is likely more than one factor

contributing to the toxicity of antimicrobial agents. The
membrane plays an important role in many of the mechanisms
of toxicity of these agents either as a target of the antimicrobial
compound, resulting in damage to the membrane, or as a barrier
that must be traversed by the toxic agent to gain access to an
intracellular target. Mechanisms of membrane damage have
generally focused on how the antimicrobial agents can disrupt
membrane bilayer organization by forming pores lined by both
lipids and peptides,9 or by a more general “carpet mechanism”.5

Since bacteria vary widely in the lipid composition of their
membranes, they would be expected to exhibit different
sensitivities to antimicrobial compounds that act at the cell
surface. Although much of the focus in antimicrobial therapy
has been in trying to design broad-spectrum antibiotics, this can
lead to a depletion of the natural bacterial flora and consequently
allow the rapid proliferation of resistant pathogenic microbes.
This is well recognized in the case of the intestinal microbiota
and the emergence of pathogenic strains such as Clostridium
difficile.10 There can thus be an advantage to design antimicro-
bial agents of more limited specificity by taking into account
the difference in the lipid composition of bacterial membranes.

A factor resulting in the selective sensitivity of different
bacteria to antimicrobial agents has been suggested to be a
consequence of differences in their lipid composition.11-13 For
certain antimicrobial agents, the membrane content of phos-
phatidylethanolamine (PE) has been found to be a major
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determining factor.14,15 PE is a lipid with intrinsic negative
curvature that has a strong tendency to form inverted phases.
There is evidence the antimicrobial activity of certain synthetic
oligomers is a consequence of their ability to promote the
formation of nonlamellar structures.15

Recently, it has been suggested that cationic antimicrobial
agents can affect membranes by inducing the separation of
membrane lipid components, causing the formation of phase
boundary defects. Phase boundary defects have been suggested
to be responsible for the increased leakage of liposomes at the
phase transition temperature where gel and liquid crystalline
domains coexist.16 However, in biological membranes the
complexity of the composition of the membrane would not
sustain such defects over a period of time. Other molecules
diffusing into the defect regions would stabilize these boundary
regions. Addition of a polycationic compound would be
expected to induce lateral phase separation of anionic and
zwitterionic lipid components as a result of preferential binding
to anionic lipids. This phase separation will result, at least
transiently, in the formation of phase boundary defects.

In addition to domains induced by an antimicrobial agent,
bacterial membranes naturally contain domains.17 Curvature
resulting from the morphology of the bacteria may influence
the formation of these domains,18 in addition to modulation of
intrinsic curvature by certain antimicrobial compounds.15 An
alternative or additional mechanism to membrane damage and
leakage caused by phase boundary defects resulting from the
rearrangement of lipids in the membrane is the possibility that
the clustering of anionic lipids by the cationic antimicrobial
agents removes anionic lipids from the natural domains in the
bacterial membranes, resulting in loss of their function. It has
been suggested that membrane domains have important func-
tions in bacteria 19,20 that would be altered by sequestering
anionic lipids by some cationic antimicrobial agents.

The importance of induced lateral phase separation has been
specifically proposed as a mechanism contributing to the
antimicrobial activity of a designed R/�-peptide,13 a flexible
sequence-random polymer,21 and cateslytin.22 The type of
rearrangement of membrane lipids leading to phase boundary
defects is illustrated in Figure 1. Such a mechanism may be
important for antimicrobial compounds that have a sequence
rich in cationic residues and have conformational flexibility to
adapt to the distance between charges on the membrane surface.

A particularly attractive example of antimicrobial peptides
that have the potential of preferentially interacting with anionic
lipids and promoting their phase segregation are the OAKs.3,23-25

These compounds are linear sequences of alternating acyl chains
and cationic Lys residues (see Figure 2). OAKs are rich in
positive charge, and because of the acyl groups, they are
relatively hydrophobic and can partition well into membranes.
These compounds do not form ordered secondary structures and
are therefore capable of adapting their conformation to facilitate
binding to multiple anionic groups on a membrane surface. We
compare two OAKs, C12K-5R8 and C12K-7R8. There is evidence
that C12K-7R8 kills bacteria by a membrane effect while C12K-
5R8 acts through inhibition of DNA functions.25 In the present
study we demonstrate the ability of one of these OAKs, the
octamer C12K-7R8, to interact with anionic lipids and to induce
lateral phase separation. Because of the importance of lateral
phase separation for the antimicrobial action of C12K-7R8, we
are able to predict the bacterial species that will be sensitive to
the action of this compound.

Results and Discussion

Isothermal Titration Calorimetry (ITC). We directly dem-
onstrate, using ITC, that C12K-7R8 binds to 1-palmitoyl-2-
oleoylphosphatidylethanolamine-tetraoleoylcardiolipin (POPE-
TOCL) (3:1) with an affinity of 3.2 × 105 M-1. This is similar
to the value obtained by surface plasmon resonance for binding
to POPC-POPG (3:1),25 indicating that the interaction of this
OAK with lipids is not highly specific and is not sensitive to
the differences in lipid structure. The reaction with POPE-TOCL
(3:1) is exothermic with ∆H ) -1.7 kcal/mol of C12K-7R8,
consistent with an electrostatic interaction (Figure 3). C12K-
5R8 has lower affinity for POPE-TOCL (3:1), and no significant
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Figure 1. Schematic diagram of phase separation in a membrane bilayer.
Lipids with two different kinds of headgroups, represented by red and green
balls, can be induced to phase separate by addition of a substance that
interacts preferentially with one of the two lipid components. This will create
phase boundary defects between domains enriched in either of the two lipids.
It is suggested that such a process can occur when cationic antimicrobial
agents preferentially bind to an anionic lipid in the presence of a zwitterionic
lipid.

Figure 2. Chemical structure of a typical OAK. The brackets define R8

(aminooctanoyllysyl) subunits where n ) 7 or 5 in the OAKs used in this
work, C12K-7R8 and C12K-5R8, respectively.
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heat of reaction was observed when a comparable titration was
done with this shorter (hexamer) homologue. Thus, the shorter
homologue, C12K-5R8, with fewer positive charges, that does
not kill bacteria by affecting their membranes also does not
induce lateral phase separation in this lipid mixture.

Circular Dichroism (CD). The temperature dependence of the
conformation of the OAKs was determined using the ellipticity
at 222 nm. In buffer solution there is essentially little structure,3

and no temperature dependence of the ellipticity at 222 nm for
either OAK used in this work between 10 and 80 °C (not
shown), indicating that in buffer the OAKs are largely devoid
of structure. However, in the presence of SUVs of POPE-TOCL
(3:1) and at a lipid to peptide ratio of 10, we found a difference
in the folding of these two peptides (Figure 4). There is a
qualitative difference in the shape of the spectra with either of
the two OAKs in the presence of lipids. The spectrum with
C12K-7R8 has a maximum at about 217 nm, while with C12K-
5R8 the peaks are at higher wavelengths, suggesting a different
folding (Figure 4, top). This large difference in conformation
between the two homologues likely contributes to the difference
in the mechanism of action of the two peptides. The concentra-
tion of peptide in these samples is 150 µM. It is known that
OAKs self-associate at this concentration,23 and this may
contribute to an increase in structure. In the presence of lipid,
C12K-7R8 denatures in the temperature range 60-70 °C (Figure
4, middle). The denaturation is irreversible, and no refolding
occurs on cooling. The unfolding of C12K-5R8 is also irrevers-
ible, but in comparison to C12K-7R8, it begins at lower
temperatures and is a broader denaturation curve, as is expected
of a shorter homologue (Figure 4, bottom). In the temperature
range used for differential scanning calorimetry (DSC) (see
below) there is little change in conformation.

Differential Scanning Calorimetry. Phosphatidylethanolamine
(PE) is the principle zwitterionic lipid in most bacteria, and
cardiolipin (CL) and phosphatidylglycerol (PG) are the principle
anionic lipids. Bacteria vary widely in the relative amounts of
these three lipids in their membranes.26 It has been shown that

CL can form segregated domains in bacterial membranes,20,27-30

as can PG.31 We use DSC to study phase separation between
anionic and zwitterionic lipids induced by the OAKs.

The advantages of DSC for studying phase separation are
that it does not require the use of bulky spectroscopic probes
and it can detect the presence of domains that are too small to
image with microscopy methods.32 We have used DSC to obtain
evidence for the promotion of lateral phase separation by starting
with a mixture of two miscible lipids that give rise to a broad
phase transition. If an added substance promotes lateral phase
separation by preferentially binding to one of the components,
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Figure 3. ITC of POPE-TOCL reacted with OAK. ITC with 100 µM
small unilamellar vesicles (SUVs) of POPE-TOCL (3:1) placed in the
calorimeter cell and titrated with 10 µL injections (4.5 µM each) of C12K-
7R8 placed in the syringe at 30 °C. Titrations were carried out in 20 mM
Pipes, pH 7.4 (0.14 M NaCl, 1 mM EDTA).

Figure 4. Circular dichroism of OAKs in SUVs of POPE-TOCL. The
concentration of OAKs was 200 µg/mL with 1.5 mM POPE-TOCL (3:1)
SUVs in 20 mM Pipes buffer, pH 7.4 (140 mM NaCl, 1 mM EDTA). The
peptide:lipid ratio is 10. (A) Wavelength scan in mean residue ellipticity
units: 0, C12K-7R8; 2, C12K-5R8. (B) Temperature scan at 222 nm of
C12K-7R8 in SUVs. (C) Temperature scan of C12K-5R8 in SUVs.
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it will segregate that component into a domain, leaving the rest
of the membrane enriched in the second lipid component. As a
result the second component will exhibit a more cooperative
phase transition at a temperature closer to that of the pure lipid.
We have previously used mixtures of POPE and TOCL to
demonstrate protein-induced lateral phase separation.33 The lipid
mixture POPE-TOCL (75:25) has a broad gel to liquid
crystalline phase transition centered at about 15 °C (Figure 5).
The gel to liquid crystalline phase transition temperatures of
the individual lipids that comprise this mixture are 25 °C for
POPE and below 0 °C for TOCL. Addition of C12K-7R8

produces a shift in the transition temperature of the mixture to
higher temperatures and sharpens the transition. This behavior
is consistent with the C12K-7R8 binding to TOCL and clustering
this anionic lipid, thus leaving the remaining lipid enriched in
POPE and giving rise to a more cooperative transition at a
temperature closer to that of pure POPE (Figure 5). By
comparison, the less active analogue, C12K-5R8, is weaker in
promoting this phase separation (Figure 5). We have also
compared the DSC curves of POPE-TOCL (3:1) containing
10 mol % C12K-7R8 with those of POPE containing variable
amounts of TOCL (see Figure 1 in the Supporting Information).
The sample of POPE-TOCL (3:1) containing 10 mol % C12K-
7R8 has a phase transition similar to that of POPE containing
about 10 mol % TOCL. We conclude that the OAK clusters
some TOCL away from the mixture and that the only phase
transition that is observed is the remaining lipid, i.e., the POPE-
rich domain, with a decrease in TOCL from 25% to ∼12%.
Although C12K-5R8 also raises the transition temperature of this
lipid mixture, it broadens the transition, suggesting that it binds
to both lipids of this mixture.

A similar observation was made with POPE-dioleoylphos-
phatidylglycerol (DOPG) (3:1). This lipid composition mimics

the cytoplasmic membrane composition of Escherichia coli,
which has been reported to be PE-PG (80:15). DOPG was
chosen because the oleoyl chains match those of TOCL. The
mixture has a broad phase transition temperature centered at
15 °C (Figure 6). The phase transition temperature of DOPG is
also below 0 °C. Again C12K-7R8 shows a larger shift of one
component toward higher temperatures than its counterpart
C12K-5R8 (Figure 6) presumably caused by stronger clustering
of negatively charged lipid by C12K-7R8.

Our results with both lipid mixtures indicate that C12K-7R8

would segregate charge in a membrane containing both PE and
an anionic lipid. In comparison, C12K-5R8 does so only to a
small extent. This is consistent with the observation that C12K-
7R8 reaches and permeabilizes the cytoplasmic membrane of
the E. coli mutant ML-35p, but C12K-5R8 does not, and also
that C12K-7R8 is more potent in dissipating a membrane
potential.25 In addition, the fact that similar behavior was
observed when the anionic lipid was TOCL or when it was
DOPG illustrates that C12K-7R8 segregates anionic lipids from
zwiterionic ones and that the structure of the anionic lipid is
not of prime importance.

31P MAS/NMR. We further investigated the induction of
phase segregation by C12K-7R8 using 31P MAS/NMR. Since
TOCL is a symmetrical molecule, the chemical shifts of each
of the two phosphate groups are identical and are different from
that of POPE. When these two lipids are mixed, their resonance
lines approach, indicating at least partial miscibility of the two
lipids (Figure 7). Similar measurements were done over a range
of temperatures, both with and without addition of C12K-7R8.
The chemical shift values are summarized in Table 1. The only
observed abrupt change of chemical shift with temperature is
with pure POPE, which changes from about -0.14 ppm below
25 °C to -0.019 ppm at 30 °C. This is the temperature range
in which this lipid converts from the gel state to the liquid
crystalline state. The fact that such an abrupt change is not

(33) Epand, R. F.; Tokarska-Schlattner, M.; Schlattner, U.; Wallimann, T.;
Epand, R. M. J. Mol. Biol. 2007, 365, 968–980.

Figure 5. Phase separation of POPE-TOCL mixtures determined by DSC. DSC carried out with 2.5 mg/mL POPE-TOCL (3:1) at a scan rate of 1.0
deg/min in the absence and presence of C12K-7R8 (A) or C12K-5R8 (B) in 20 mM Pipes, pH 7.4 (0.14 M NaCl, 1 mM EDTA). The lipid:OAK molar ratio
was 10. Odd numbers are heating scans, and even numbers are cooling scans. Labels 1′ and 2′ refer to heating and cooling scans, respectively, of the lipid
in the absence of OAK.
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observed with mixtures of POPE and TOCL indicates that any
domain, either in the presence or in the absence of C12K-7R8,
that is enriched in POPE also contains TOCL to broaden the
transition, as is also observed by DSC (Figure 5). Addition of
C12K-7R8 causes the POPE peak in the mixture to have a
resonance position at lower frequency, closer to that of pure
POPE. We suggest this is a consequence of the environment of
POPE becoming more depleted of TOCL and therefore the peak
moving closer to that of pure POPE. In contrast, the TOCL

peak moves further from the chemical shift of pure TOCL upon
addition of C12K-7R8. This occurs because C12K-7R8 neutralizes
some of the negative charge on TOCL by binding to the
headgroup, thus moving the chemical shift toward that for a
zwitterionic lipid. This is consistent with changes in the line
width as will be described below.

The line width for gel-phase POPE below 25 °C is much
larger than the values at high temperatures (Table 2). The line
widths of TOCL also increase with decreasing temperature, but

Figure 6. Phase separation of POPE-DOPG mixtures determined by DSC. DSC carried out with 2.5 mg/mL POPE-DOPG (3:1) at a scan rate of 1.0
deg/min in the absence and presence of C12K-7R8 (A) or C12K-5R8 (B) in 20 mM Pipes, pH 7.4 (0.14 M NaCl, 1 mM EDTA). The lipid:OAK molar ratio
was 15. Odd numbers are heating scans, and even numbers are cooling scans. Labels 1′ and 2′ refer to heating and cooling scans, respectively, of the lipid
in the absence of OAK.

Figure 7. 31P MAS/NMR spectra of the isotropic peaks of TOCL and POPE as a mixture and as separate lipids. Spectra measured at 30 °C of a mixture
of POPE-TOCL (3:1) (blue spectrum). Calculated curve fit for this spectrum using the shape of the spectra and the spinning side bands (red spectrum). The
excellence of the fit curve for the lipid mixture from the line shape analysis is apparent. Spectrum calculated as the arithmetical sum of the 31P MAS/NMR
spectra of POPE and of TOCL as pure lipids (green spectrum). Spectra measured in 20 mM Pipes buffer, pH 7.4, 140 mM NaCl, 1 mM EDTA, at a spinning
frequency of 5 kHz.
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more gradually than for POPE, and the linewidths at low
temperatures are narrower for TOCL. The line widths of POPE
and TOCL are the same when they are in the liquid crystalline
state at 30 °C. Between 15 and 35 °C the line widths of both
TOCL and POPE in the lipid mixture remain at about 34 Hz
and are narrower than those of either of the pure lipid
components alone. Addition of C12K-7R8 in this temperature
range causes broadening of both lipid resonances of the mixture.
The POPE line width in the mixture with C12K-7R8 at these
temperatures is the same as that of the pure POPE, suggesting
an enrichment of a domain with POPE in the presence of C12K-
7R8. The TOCL line width in the mixture with C12K-7R8 at
these temperatures is increased even more than observed with
POPE. This increase is evidence of C12K-7R8 selectively slowing
the motion of the TOCL component. This kind of selective
broadening has been previously used to demonstrate preferential
binding of peptides to particular lipids in a mixture.34 Thus,
changes in both the isotropic chemical shift and the line widths
of the peaks are consistent with C12K-7R8 binding preferentially
to TOCL and inducing the formation of clusters of this lipid.

The chemical shift anisotropy of the lipid mixture at different
temperatures is not greatly altered by the presence of C12K-
7R8 (see Table 1 in the Supporting Information). This indicates
that the binding of C12K-7R8 does not destroy the bilayer
morphology of the membrane.

Antimicrobial Activity. The exposure of anionic groups at
the surface of bacteria is well recognized as a factor contributing
to the selective toxicity of cationic antimicrobial agents.
However, not all bacteria with exposed anionic lipids are equally
susceptible to antimicrobial agents. Furthermore, in the case of
OAKs, Gram-negative bacteria that have less anionic lipid in
their membranes are generally more sensitive to the action of

OAKs (lower minimal inhibitory concentration, MIC). We can
predict the relative sensitivity of different bacterial species to
the action of C12K-7R8 on the basis of the ability of this agent
to induce lateral phase separation in the membrane. Because
there are large differences in membrane lipid composition among
different bacteria, the ability of C12K-7R8 to induce lateral phase
segregation occurs more readily with some bacteria than with
others. Bacteria that contain both anionic and zwitterionic lipids
should be more susceptible to OAKs, relative to bacteria that
contain mainly anionic lipids. Separation of anionic lipids from
zwitterionic lipids by OAKs will induce the formation of phase
boundary defects through which leakage can occur. Gram-
negative bacteria generally have a high content of the zwitte-
rionic lipid PE as well as contain anionic lipids.26 They should
therefore in general be sensitive to OAKs. C12K-7R8 can access
and permeate the cytoplasmic membrane of the Gram-negative
bacteria E. coli25 and also depolarize the bacterial membrane.3

It is found that nine different strains of Gram-negative bacteria
have MICs between 1.6 and 6.2 µM with another one having a
MIC of 12.5, only slightly higher23 (also see Supplementary
Table 2 of ref 3). Serratia odorifera is an exception with a MIC
> 50 µM, but the lipid composition of S. odorifera membranes
has not been reported. We present examples of the lipid
composition of several common Gram-negative bacteria and
their corresponding MICs for C12K-7R8 (Table 3). In all of the
examples the PE content is high, in the range 60-80%, and
the MIC is low, in the range 1.6-6.2 µM.

We have further tested this relationship by determining
the MICs for two Gram-positive bacteria, Strep. pneumonia
and B. polymyxa, that had not been previously studied with
OAKs. We predicted that, since Staphylococcus pneumonia
has a low content of zwitterionic phospholipids, like Staph.
aureus, boundary defects between zwitterionic lipid-rich mem-
brane domains and anionic lipid-rich domains would not form
in the presence of C12K-7R8. A predicted consequence of this
is that these bacteria will exhibit a relatively higher MIC, as
we have found (Table 3). Interestingly, the MICs for these
bacteria are higher than those for most Gram-negative bacteria
that are more commonly resistant to antimicrobial agents
because of the presence of an outer membrane. Gram-positive
bacteria generally have a low content of zwitterionic lipid. B.
polymyxa represents an exception to the general rule that Gram-
positive bacteria have a low content of PE compared with Gram-
negative bacteria. Indeed, B. polymyxa, like B. cereus, has a
high PE content. We predicted that these species would be more
sensitive to C12K-7R8 since they have both anionic and

(34) Clayton, J. C.; Hughes, E.; Middleton, D. A. Biochemistry 2005, 44,
17016–17026.

Table 1. Isotropic Chemical Shifts (ppm)

TOCL peak POPE Peak

temp (°C) TOCL
POPE-
TOCL

POPE-TOCL +
C12K-7R8 POPE

POPE-
TOCL

POPE-TOCL +
C12K-7R8

-10 0.666
-5 0.590 0.496 0.081 0.018
0 0.640 0.553 0.491 -0.143 0.057a 0.061
5 0.521 0.478 0.085 0.051
10 0.636 0.486 0.463 -0.143 0.068 0.057
15 0.482 0.447 0.072 0.055
20 0.618 0.479 0.442 -0.136 0.073 0.050
25 0.466 0.443 -0.033 0.063 0.053
30 0.598 0.470 0.431 -0.019 0.065 0.041

a This value may be less reliable because of asymmetrical broadening
of the peaks. The peak position of this resonance was 0.11 ppm.

Table 2. 31P MAS/NMR Line Widths (Hz)

TOCL peak POPE peak

temp (°C) TOCL
POPE-
TOCL

POPE-TOCL +
C12K-7R8 POPE

POPE-
TOCL

POPE-TOCL +
C12K-7R8

-10 70.93
-5 69.48 118.72 125.50 78.61
0 54.90 59.97 92.27 124.29 80.67 61.95
5 49.80 73.13 50.46 50.41
10 47.21 41.75 54.72 99.72 36.36 50.64
15 35.41 56.09 34.22 39.02
20 46.57 35.87 46.97 138.05 33.56 38.48
25 34.64 53.48 42.24 33.89 40.66
30 41.36 33.73 52.16 42.08 35.17 43.71

Table 3. Lipid Composition and MICs of C12K-7R8 against Various
Bacteria

total lipid
concn (%)

bacterial species CL PG PE MIC (µM) ref

Gram-Negative Bacteria
E. coli 5 15 80 1.6-3.1 25
Enterobacter cloacae 3 21 74 1.6 25
Yersinia kristensenii 20 20 60 1.6 25
Proteus mirabilis 5 10 80 6.2 25
Klebsiella pneumoniae 6 5 82 3.1 25
Pseudomonas aeruginosa 11 21 60 6.2 25

Gram-Positive Bacteria
Staphylococcus aureus 42 58 0 50 25
Streptococcus pneumonia 50 50 0 50 current study
Bacillus cereus 17 40 43 12 3, 25
Bacillus polymyxa 8 3 60 6.2 current study
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zwitterionic lipids that can segregate to form phase boundaries.
We have found that these two bacterial species have a low MIC
as predicted (Table 3).

In addition, there is a group of three bacterial species that
have substantial amounts of the cationic lipid lysyl-PG or the
zwitterionic lysyl-CL (not shown). The role of lysyl-PG in the
potency of OAKs, based on our suggestion of lateral phase
separation, would be expected to be biphasic. At lower
concentrations it would facilitate phase separation by C12K-
7R8 even more than zwitterionic lipids, since there would be a
greater tendency of the cationic OAKs to cluster anionic lipids
and be repelled by lysyl-PG-rich positively charged domains.
However, high concentrations of lysyl-PG will lower the
negative charge on the bacterial surface and inhibit the
sequestration of OAKs to the bacterial membrane. Thus,
Enterococcus faecalis, which has a higher content of lysyl-PG
(a large fraction of the lipids are still undetermined), has a high
value for the MIC, possibly because the OAKs are not strongly
sequestered to the membrane surface. In comparison, Listeria
seeligeri and Streptococcus agalactiae have lower contents of
lysyl-PG and also have a low MIC of 6.2 µM.25 Two
predominant lipids in this organism are CL and lysyl-CL.35

Since lysyl-CL has equal numbers of positive and negative
charges, L. seeligeri is another example of Gram-positive
bacteria that can form domains with anionic and uncharged
lipids. Hence, the MIC of L. seeligeri is much lower than that
for bacteria whose membranes are composed largely of anionic
lipids.

Induction of lateral phase separation causing defects in
membranes is just one of many mechanisms of action of
antimicrobial agents. It is likely to be more important for some
agents than for others and for certain species of bacteria more

than others. The fact that the lipid composition of the bacteria
will provide a predictable feature contributing to the sensitivity
of the bacteria to certain antimicrobial agents can be used to
design new drugs with a more limited range of bacterial
toxicities. The mechanism of inducing lateral phase separation
will in general be more important for Gram-negative bacteria
than for Gram-positive species since most Gram-negative
bacteria have significant amounts of both anionic and zwitte-
rionic lipids. This may be an important feature in designing
antimicrobial therapies, given that Gram-negative bacteria are
generally more resistant to antimicrobial agents.

In summary, we demonstrate that C12K-7R8, an OAK with
potent antimicrobial activity, promotes the segregation of anionic
and zwitterionic lipids. We used this finding to predict which
species of bacteria will be more susceptible to this agent. These
species will contain both anionic and zwitterionic lipids in their
cytoplasmic membranes so that the promotion of clustering of
anionic lipids by C12K-7R8 will produce phase boundary defects
that could transiently breach the permeability barrier of the cell
membrane. This phenomenon provides a rationale to predict
which bacteria will be most susceptible to a particular antimi-
crobial agent acting by this novel mechanism and will aid in
the design of new agents.

Acknowledgment. This work was funded by Grant MOP 86608
from the Canadian Institutes of Health Research.

Supporting Information Available: “Materials and Methods”
section, a figure containing the DSC curves for mixtures of
POPE and TOCL in different proportions, and a table of the
values of the chemical shift anisotropy in the presence and
absence of C12K-7R8. This material is available free of charge
via the Internet at http://pubs.acs.org.

JA8062327(35) Fischer, W.; Leopold, K. Int. J. Syst. Bacteriol. 1999, 49, 653–662.

14352 J. AM. CHEM. SOC. 9 VOL. 130, NO. 43, 2008

A R T I C L E S Epand et al.


