
















lenged, the positioning of the proline residue affected activ-
ity. In particular, the incorporation of proline in the LAK120
sequence was noted to increase activity (p � 0.05) when
located at position 12 but decrease activity (p � 0.05) when
located at position 10.
In contrast with LAK80 and LAK120, LAK160, the proline-

free analog with the largest charge angle, had potent antimicro-
bial activity against each of the panel of Gram-negative organ-
isms. Despite the high potency of the parent peptide,
incorporation of proline at position 12 led to a modest but sig-
nificant increase in activity against E. coli NCTC 9001 and P.
aeruginosa (p � 0.05 and p � 0.10, respectively). Substitution of
proline for leucine at position 7 had a less notable effect, but

performing the same substitution at position 10 led to a reduc-
tion in activity against the two strains (E. coliNCTC 9001, p �
0.10; P. aeruginosa, p � 0.05). This proline-containing analog,
LAK160-P10, was therefore significantly (p � 0.05) less potent
than its close relation, LAK160-P12, against both E. coliNCTC
9001 and P. aeruginosa. E. coliTOP10 was againmore sensitive
to each of the peptides in this series, and no significant differ-
ences in activity could be discerned. In summary, both the size
of the charge angle and the positioning of the incorporated
proline residues affected the activity against Gram-negative
bacteria.
Because the LAK160 peptides showed little tendency to

adopt �-helix-rich conformations in aqueous solution, the
structure adopted in the target membrane environment may
contribute to the significant differences in the observed anti-
bacterial activity. The ability of the LAK160 peptides to adopt
such conformations in the presence of membrane-mimicking
anionic detergent SDS (Fig. 3C) or model dimyristoyl phos-
phatidylcholine/dimyristoyl phosphatidylglycerol (75:25)
membranes (Fig. 3D) was confirmed. Micelles composed of the
anionic detergent SDS provide a simple model for bacterial
membranes, replicating the negative surface charge and hydro-
phobic/aqueous interface. In the presence of 50 mM SDS, all
four LAK160 peptides adopted conformations with a high
�-helix content with the positive and negative bands at 190,
207, and 220 nm of lower intensity for the proline-containing
peptides as would be expected if these residues induced local-
ized disruption of �-helix. However, the spectrum and result-

FIGURE 3. Circular dichroism spectra reveal the effect of peptide hydrophobicity and proline position on secondary structure in aqueous
solution and membrane-mimicking medium. CD spectra are shown for LAK80, LAK80-F1, LAK80-F2, and LAK80-F2-P9 in 5 mM Tris buffer solution (A)
or dimyristoyl phosphatidylcholine/dimyristoyl phosphatidylglycerol (75:25) liposomes (B) and LAK160, LAK160-P7, LAK160-P10, and LAK160-P12 in 50 mM

SDS (C) or dimyristoyl phosphatidylcholine/dimyristoyl phosphatidylglycerol (75:25) liposomes (D). All spectra were recorded at 37 °C. deg, degrees.

TABLE 3
Comparison of MIC50 values (� M) for 12 designed linear cationic pep-
tides
Results are an average of two ormore independently repeated experiments. ND, not
determined. Proline-free template peptides are indicated in bold.

Peptide E. coliNCTC 9001
P. aeruginosa

PAO1 E. coliTOP10

LAK80 13.05 � 0.13 ND ND
LAK80-P7 2.97 � 0.15 2.13 � 0.77 1.26 � 0.49
LAK80-P10 1.62 � 0.17 1.18 � 0.53 0.82 � 0.03
LAK80-P12 1.80 � 0.27 0.86 � 0.09 0.80 � 0.01
LAK120 2.95 � 0.06 4.20 � 0.92 1.47 � 0.64
LAK120-P7 0.80 � 0.03 4.45 � 0.19 0.45 � 0.10
LAK120-P10 0.78 � 0.01 9.16 � 1.43 0.47 � 0.15
LAK120-P12 0.97 � 0.06 2.14 � 0.53 0.68 � 0.14
LAK160 1.11 � 0.48 2.23 � 0.41 0.73 � 0.40
LAK160-P7 0.79 � 0.41 2.98 � 0.21 0.46 � 0.11
LAK160-P10 2.22 � 0.63 4.14 � 0.23 0.45 � 0.24
LAK160-P12 0.48 � 0.20 1.69 � 0.09 0.38 � 0.08
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ant CDPro analysis (supplemental Fig. 7) of one peptide,
LAK160-P10, indicated a substantially lower �-helix content in
SDS but a higher content inmodelmembraneswhen compared
with the other proline-containing analogs. Because this peptide
is modestly but significantly less potent against E. coli NCTC
9001 and P. aeruginosa than the other two LAK160 proline-
containing analogs, we investigated the structural details of
these three peptides further.
NMR Structure Determination—The NMR structures of the

three proline-containing peptides (Fig. 4) confirm that the pep-
tides adopt mostly �-helix conformation in the presence of 50
mM SDS with conformational flexibility induced through the
incorporation of proline. Importantly, however, the amount of

�-helix conformation, the location and size of the region of
flexibility, and the apparent role of the proline residues differ
from one peptide to another within the LAK160-P series. The
backbone atoms for each of the 10 lowest energy structures
were superimposed, and it was found that the structures could
be aligned to one of two separate helical regions in each peptide
but not over the entire length. This was due to the conforma-
tional flexibility induced by the proline. The conformation
adopted by the peptides is also shown schematically (Fig. 4G)
where the number of structures adopting�-helix conformation
at a given residue is used to reveal the predicted regions of high
and low secondary structure. Notably, LAK160-P10 has two
helical segments that are much smaller than those of either

FIGURE 4. Shown is the superimposition of backbone atoms in each of the 10 lowest energy structures for LAK160-P7 (A and B), LAK160-P10 (C and D), and
LAK160-P12 (E and F) fitted to either region 1 (A, C, and E) or region 2 (B, D, and F). Proline residues are shown in red. Also shown is a schematic representation
of the 10 lowest energy structures where residues that are �-helical in more than eight structures are shown as solid boxes, and those that are �-helical in seven
or fewer structures are shown as a line (G). Proline residues are again marked in red.
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LAK160-P7 or LAK160-P12; this is qualitatively in agreement
with the NOESY (supplemental Fig. 8), NOE connectivities
(supplemental Fig. 9), and CD spectra (Fig. 2C).
Interestingly, regardless of the position of the proline resi-

due, all three LAK160 peptides form helices that are flexible
near the middle of the sequence, although the effect of substi-
tuting proline for leucine in these three peptides may differ.
Proline does not only act as a helix breaker; it also acts as a
helix-stabilizing residue. Proline can stabilize an�-helix at its C
terminus by taking part in a helix-capping interaction (35) in
which the proline side chain caps the hydrophobic �-helix, and
proline is the most water-soluble of all natural amino acid res-
idues and therefore an ideal candidate for a position at the sol-
vent-exposed �-helix end (35). Both LAK160-P7 and LAK160-
P12 have two long �-helix regions separated by a short, one- or
two-residue region that is predominantly unstructured. In con-
trast, for LAK160-P10, only three turns of �-helix are observed:
one turn between Leu-5 and Leu-7 and two turns from Leu-17
to Leu-21. Furthermore, although residues Ala-8, Lys-9, Lys-
15, Ala-16, and Lys-22 also have a tendency to form a helical
structure as evidenced by their helical conformation in seven of
the 10 lowest energy structures, LAK160-P12 exhibits a greater
helical region running from Lys-2 to Lys-22 and is only inter-
rupted at Lys-9 and Leu-10. Hence, even if the mentioned
residues are included, LAK160-P10 is only capable of adopt-
ing a helical structure from Leu-5 to Lys-9 and from Lys-15
to Lys-22 with an unstructured region incorporating Leu-10
to Trp-14.
The prolines in LAK160-P7 and LAK160-P12 are in the

expected position for such interactions to stabilize theN termi-
nus of the�-helix. Thehelix in LAK160-P12 is longer compared
with those in LAK160-P7 and LAK160-P10, which can be
explained by the cooperative nature of �-helix formation.
Because the first three residues at theN terminus can only form
one hydrogen bond, a certain minimum number of amino acid
residues capable of �-helix formation are needed. LAK160-P12
with proline at position 12 appears to satisfy this condition
most effectively. If a well defined �-helix long axis is present,
then the angle subtended by the charge angles can bemeasured,
and the effect of proline substitution can be determined. The
region of conformational flexibility identified in each peptide
prevents identification of such an �-helix long axis. However,
the structures do indicate that the amphipathic character of
each peptide is retained with lysine residues segregated on one
side of the structures (supplemental Fig. 10).

DISCUSSION

The prospects for the rational design of peptide antibiotics
will be greatly enhanced by an understanding not only of how
such peptides operate but also by how particular structural fea-
tures contribute to a given mode of action. At present, a con-
siderable body of work has focused on the interaction of cati-
onic amphipathic �-helical peptides with bacterial membranes
(36). Althoughmany such peptides have been shown to disrupt
bacterial membranes that are rich in anionic lipids, still others
have been identified as having alternative modes of action,
requiring penetration within the bacteria and inhibition of a
number of processes that ultimately lead to bacterial cell death

(5). Furthermore, cationic antimicrobial peptides that have
been shown to act against bacterial membranes may have mul-
tiple modes of action against different bacteria or indeed mul-
tiple effects against the same cell. The lipid composition of bac-
terial membranes varies considerably from species to species
and has been shown to be a good predictor of the activity of
some antimicrobial peptides (37). Peptides that are able to
effectively cluster anionic lipids in the membranes of Gram-
negative bacteria are particularly potent against such organisms
(38–40). Magainin 2 does not effectively cluster anionic lipids
most likely due to a low density of positive charges, but its
membrane-disruptive behavior has been shown to depend on
membrane composition (41), and it potentially has the ability to
translocate intoGram-negative bacteria. Similarly, pleurocidin,
amore potent cationic�-helical peptide againstGram-negative
bacteria thanmagainin 2 (30) with strongmembrane-disorder-
ing capabilities (42), has been reported to have the capacity to
both form membrane pores (43) and inhibit intracellular pro-
cesses (44). It is likely therefore that alterations in e.g. charge
density in a peptide sequence may not only enhance this prop-
erty at the expense of another but may also promote one mode
of action at the expense of another.
Because it remains challenging to isolate the action of a pep-

tide that ultimately leads to bacterial cell death and because a
given peptide may have multiple effects on a bacterial cell, we
are presently unable to predict how a given structural change in
a peptide will influence antibacterial efficacy and mode of
action. The aim of our work therefore was to precisely define
the effects of structural alterations in a series of antimicrobial
peptides on their biophysical properties and ultimately relate
both of these to the efficacy and mode of action of the peptide.
Here, we investigated the role of conformational flexibility con-
ferred on the peptide through incorporation of the �-helix-
breaking residue proline. Proline residues in natural antimicro-
bial peptides and modified sequences define a hinged region
that is crucial for antibacterial potency and selectivity (11, 12,
45–52). In buforin II, the proline residue is proposed to operate
as a translocation factor as the primary mode of antibacterial
action for this peptide is considered to be the inhibition of
intracellular functions (53). In a recent study, we have deter-
mined that although buforin has a high affinity for nucleic acids
it adopts a low �-helix content in the presence of Gram-nega-
tive innermembrane-mimicking liposomes and is considerably
less potent against such bacteria when compared with
magainin and pleurocidin peptides (30). We were interested to
see whether peptides that are designed to adopt conformations
with high �-helix content but also incorporate proline residues
can function as potent antibacterial agents.
In addition to causing a localized disruption of �-helix con-

formation, proline may have a number of effects on cationic
�-helical antimicrobial peptide activity. These include the pre-
vention of peptide self-association (12), leading to improved
access through bacterial lipopolysaccharides to the bacterial
inner membrane (54); the perturbation of the charged segment
in the helical wheel, a key determinant of activity and selectivity
(24); and the ability to translocate across the inner membrane,
opening up intracellular modes of bactericidal action. Consist-
ent with previouswork (12), we have shown that proline has the
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ability to affect peptide supramolecular organization and that
this in turn is linked to greater potency against Gram-negative
bacteria. Related observations have been made for other anti-
microbial peptides: the cyclization of magainin and the substi-
tution of amino acids of varying hydrophobicity on model
membrane-active peptides led to reductions of antibacterial
activity that were attributed to reduced flexibility and greater
oligomerization, respectively (55, 56). Importantly, however,
we have demonstrated that the positioning of the proline resi-
due is crucial to the activity and that the structures adopted by
the peptides in the presence of anionic SDSwere defined by the
location of the proline residue because this affected not only the
location of the hinge region but also the conformation adopted
in more remote regions of the sequence.
In addition, we have shown that the disruption of peptide

structural ordering and its associated effects on supramolecular
organization in solution are also linked to the antiplasmodial
selectivity and ability to penetrate erythrocytes of all D-amino
acid peptides and influence their cytotoxic activity against
mammalian cancer cell lines. Understanding the antibacterial
mode of action of AMPs has been the focus of a large body of
work. Much less is known about how the same or related pep-
tides act against eukaryotic targets such as P. falciparum. The
present study showed that the incorporation of proline has a
dramatic effect on the hemolytic potential of AMPs but that
antiplasmodial activity is maintained. This indicates that the
mechanism of AMP-induced hemolysis is distinct from that
used to inhibit proliferation of P. falciparum. Furthermore,
because the infected erythrocyte is not lysed and the parasite is
effectively inhibited, the inference is that proline-containing
peptides such as D-LAK120-AP13 or D-LAK120-HP13 are
capable of penetrating erythrocytes to attack the intracellular
pathogen. Proline-free peptides are incapable of this, and the
observed antiplasmodial activity is difficult to separate from
erythrocyte lysis. Although incorporation of proline in AMPs
protects human erythrocytes from lysis, its presence enhances
toxicity against nucleated cancer cells, again suggesting distinct
mechanisms. The absence of cytotoxicity tests against primary
human cells precludes any evaluation of the peptides as poten-
tial anticancer agents but nevertheless suggests that this feature
may be beneficial. Related observations have shown that the
lytic activity of anticancer peptides is inhibited by heparin sul-
fate on the surface of the target cells and that smaller peptides
are better able to overcome this barrier (56, 58). Analogously,
the incorporation of proline in larger AMPs and the concomi-
tant prevention of self-association may aid their access to
tumor cell membranes and enhance cytotoxic activity. Hence,
although the extracellular barriers may differ from Gram-neg-
ative bacteria to P. falciparum and mammalian cells, the incor-
poration of proline may have a common effect in facilitating
access to the target membrane.
In conclusion, our findings suggest that the environment-de-

pendent structure adopted by antimicrobial peptides remains a
determinant of activity against and selectivity toward a range of
targets including Gram-negative bacteria, P. falciparum, and
M. tuberculosis and that themain contribution of proline hinge
regions is to modify the secondary structure and supramolecu-
lar assembly of the peptides in solution. This general feature

may facilitate access to target membranes and affect the mode
of interaction on arrival. The three-dimensional structures of
three proline-containing peptides show that significant
changes in structure and activity are determined by the posi-
tioning of proline residues and that careful consideration of
these effects is required to optimize potency against each target
pathogen.
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