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ABSTRACT: To gain insight into the effects of amidation on the mechanism of membrane interaction, we
studied two peptides modelin-5-COOH and modelin-5-CONH, and found they exhibit high surface activities
(23.2 and 27.1 mN/m, respectively). When they were tested against Escherichia coli, amidation was seen to
increase efficacy approximately 10-fold. Our results demonstrated that both peptides adopted low levels of
a-helix in solution ( <20%); however, in the presence of E. coli lipid extract, modelin-5-CONH, had a greater
propensity (69%) than modelin-5-COOH (32%) to generate o-helical structure. The binding coefficient for
both peptides was ~10 uM, and the Hill coefficient approximated 1, suggesting that for both peptides the
interactions with E. colimembranes were monomeric and comparable in strength. The peptides showed a clear
preference for anionic lipid, with monolayer data showing that enhanced levels of helicity were associated with
a greater pressure change (~6 mN/m). Use of fluorescein-phosphatidylethanolamine showed the amidated
version was able to generate greater levels of membrane disruption, which was confirmed by thermodynamic
analysis. The data would imply that both peptides are able to initially bind to bilayer structures, but upon
binding, the amidation stabilizes helix formation. This would be expected to help overcome a key rate-limiting
step and generate higher local concentrations of peptide at the bilayer interface, which in turn would be

predicted to increase efficacy.

Antimicrobial peptides (AMPs)' selectively target microor-
ganisms to protect the host. Their precise mechanism of action is
not known, but they are lipid interactive and thought to target
lipid components of the bacterial cell membrane leading to
membrane disruption (/—3). In general, studies have focused
on peptides that adopt an o-helical structure and have led to a
number of models for describing the antimicrobial action of these
peptides, for example, barrel stave (/), torroidal pore (4), and
carpet mechanism (5). Subtle differences in the lipid composition
of the target cell membrane are known to result in differences in
the susceptibility of cells to individual peptides and may even
influence their mode of action (6, 7). For example, in contrast to
eukaryotic cells, bacterial membranes contain a high level of
negatively charged phospholipids such as phosphatidylglycerol
(PG) and cardiolipin (CL) (7), and interaction with these anionic
moieties is thought to be key for the effective function of many
AMPs.

Structurally modified residues appear to play a role in the
structure—function relationships of AMPs. One of the most
common post-translational modifications is C-terminal amida-
tion (8), which occurs naturally in a wide variety of peptides
produced by Australian tree frogs such as aureins, caerins,
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citropins, and maculatin (9, 10). C-Terminal amidation also
occurs naturally in other peptides such as dermaseptin (//),
melittin (/2), and cecropins (/3). There have been a number of
studies of the biological significance of this structural modifica-
tion, and it has been attributed a number of actions (8, /4). Some
authors have suggested that C-terminal amidation can prevent
the enzymatic degradation of AMPs (15). Other authors have
observed that the propensity for peptides to adopt a-helical
structure appears to be strongly favored by C-terminal amidation
and have argued that this is due to the provision of an additional
hydrogen bond for o-helix stabilization (16, 17). It has also been
proposed that the increased positive charge given to peptides by
C-terminal amidation improves the efficacy of their antimicrobial
action (/8), and this has been postulated to be due to enhanced
electrostatic interactions with membrane components. Consistent
with this suggestion, it has been shown that amidated dermaseptin
s3 exhibited an increased potency of up to 10-fold against a range
of microorganisms in comparison to the nonamidated iso-
form (19), and indeed, amidation was found to be key with respect
to the lytic activity of the peptide (/7). Studies on the S-sheet
peptide, indolicidin, have also showed that C-terminal amidation
improved the activity of the peptide by facilitating better lipopo-
lysaccharide binding and thereby self-promoted uptake across the
outer membrane (20).

In the search for new antibiotics, several groups have modified
naturally occurring antimicrobial peptides and attempted to
increase specificity (8) by systematically modifying the sequence
to alter properties such as charge, hydrophobic moment, amphi-
philicity, and sequence length (27). Modelin-5 (KLAKKLA-
KLAKLAKAL) is a member of a large family of synthetic
antimicrobial peptides that have been used to investigate the
structure—activity relationship of AMPs (22). The primary
sequences of modelin variants contain multiple combinations
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of hydrophobic and hydrophilic amino acids ranging from 9 to 17
amino acid residues in length, and this family of peptides has been
shown to have antimicrobial activity against a broad spectrum of
microorganisms (22, 23). In this work, we have investigated the
impact of amidation on the function of modelin-5.

EXPERIMENTAL PROCEDURES

Materials. All phospholipids were purchased from Avanti
Polar Lipids (Alabaster, AL) and were used without further
purification. Solvents were obtained from VWR (HPLC grade).
Modelin-5-COOH (KLAKKLAKLAKLAKAL-OH) and mode-
lin-5-CONH, (KLAKKLAKLAKLAKAL-NH,) were synthe-
sized by Pepceuticals (Leicestershire, U.K.) by solid state
synthesis and purified by HPLC to >95% purity. Buffers and
solutions for monolayer experiments were prepared from Milli-Q
water with a specific resistance of 18 MQ2 cm. All other reagents
were purchased from Sigma.

Antimicrobial Activity of Modelin-5-COOH and Mode-
lin-5-CONH . Cultures of Escherichia coli, strain W3110, which
had been freeze-dried in 20% (v/v) glycerol and stored at —80 °C,
were used to inoculate 10 mL aliquots of sterile nutrient broth.
These samples were then incubated in an orbital shaker (100 rpm
and 37 °C) until the exponential phase (OD = 0.6; 4 = 600 nm)
was reached. Each cell culture was then centrifuged using a
benchtop centrifuge at 15000g and 4 °C for 10 min. The resulting
cell pellet was washed three times in 1 mL aliquots of a 25%
strength Ringer’s solution. The cells were then resuspended in
I mL of a 25% strength Ringer’s solution. Stock solutions of
modelin-5-COOH and modelin-5-CONH, (1000 M) dissolved
in Ringer’s solution were used to double dilute each peptide from
1000 to 3.90 uM in 1 mL aliquots. These 1 mL aliquots of pep-
tide solution were separately inoculated with 10 uL of the cell
suspension and incubated at 37 °C overnight in an orbital shaker
(100 rpm). As a control, bacterial cultures were similarly treated
but in the absence of peptide. After incubation, aliquots (10 uL)
of the peptide bacterial culture were surface-spread onto nutrient
agar plates and incubated at 37 °C for 12 h. After overnight
incubation, the plates were viewed and the lowest sample
concentration yielding no bacterial growth was identified as the
minimal inhibitory concentration (MIC).

Total Lipid Extracts from E. coli Cells. A modified
protocol of the method of Bligh and Dyer (24) of lipid extraction
was used to extract E. colimembrane lipids. In summary, cultures
of E. coliwere grown in nutrient broth until the exponential phase
(OD = 0.6; A = 600 nm) was reached. The cultures were then
washed twice in a 25% strength Ringer’s solution and centrifuged
using a Jouran benchtop centrifuge at 14000 rpm to form a cell
pellet. Each pellet was then resuspended in 1 mL of Tris buffer
(10 mM, pH 7.5); to a 0.4 mL aliquot of this cell suspension was
added 1.5 mL of a 1:2 (v/v) chloroform/methanol mixture, and
then the mixture was vortexed. Water (0.5 mL) was then added
and the mixture vortexed for 5 min before being centrifuged at
low speed (660g for 5 min) to produce two phases. The lower
organic layer was concentrated using a Jouran speed vac and the
dried lipid extract stored at —20 °C under N.,.

Monolayer Experiments. Monolayer experiments were per-
formed at room temperature using an 80 mL 601M Langmuir
Teflon trough (NIMA Technology, Coventry, U.K.) equipped
with moveable barriers. The surface pressure was measured with
a Wilhelmy plate made of Whatman’s CHI1 filter paper. The
subphase consisted of 10 mM Tris buffer (pH 7.5) prepared with
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Milli-Q water. To determine the surface activity of the two
peptide isoforms, we used a Hamilton syringe to inject peptide
via an injection port into the subphase to give final concentra-
tions ranging between 1.0 and 12 uM in the absence of any lipid.
After injection, the surface pressure increased and continued to
do so for up to 30 min. The maximal values of these surface
pressure changes were then plotted as a function of the peptide
final subphase concentration. The ability of peptides to spread
onto aqueous surfaces and form stable monolayers was deter-
mined in the Langmuir trough described above containing
10 mM Tris buffer (pH 7.5). Peptide in methanol (2.5 mM)
was spread onto the aqueous surface to give 1.5 x 10'° peptide
molecules and left for 10 min to allow solvent to evaporate. The
barriers were compressed at a constant speed of 0.33 nm?*/min.
Experiments were repeated five times and conducted at room
temperature.

The insertion of the two modelin-5 isoforms into phospholipid
monolayers was investigated. Monolayers were formed dropwise
by spreading chloroform solutions of bacterial lipid extracts,
dioleoyl-sn-glycero-3-phosphoglycerol (DOPG), dioleoyl-sn-gly-
cero-3-phosphoethanolamine (DOPE), and E. coli cardiolipin
(CL) using a Hamilton syringe. The solvents were allowed to
evaporate for 15 min, and then the lipid monolayer was com-
pressed at a velocity of 10 cm?/min to give a surface pressure of
30 mN/m, where the phospholipids are packed at a density
similar to that found in bacterial cell membranes (25). When the
target pressure was reached, the surface area of the monolayer
was kept constant using a build-in feedback mechanism. The film
was then left to equilibrate for 10 min before stock modelin
peptide solutions were injected into the subphase to give a final
concentration of 6 uM. The ability of each modelin-5 peptide
to interact with lipid monolayers was also investigated using
compression isotherms. Monolayers were formed by spreading
onto a 10 mM Tris buffer subphase to give 2.5 x 10'° phospho-
lipid molecules in chloroform solutions. Monolayers were
formed from DOPG, DOPE, and CL, and synthetic mixes were
also prepared to mimic the membrane composition of E. coli (7).
The lipid monolayers were allowed to settle for 30 min before the
barriers were compressed at a speed of 0.22 nm?/min until the
monolayer collapse pressure was achieved. These experiments
were then repeated in the presence of either 6 uM modelin-5-
COOH or modelin-5-CONH,. The analysis of the compressi-
bility modulus (C;~") was evaluated to provide more detailed
information about the lipid packing within the monolayer (26)

and defined as
o
= Al 1
e (53) ()

where 77 represents the monolayer surface pressure and 4 is the
area per molecule in the monolayer. To improve our under-
standing of the miscibility between the components of the
isotherm, we investigated the thermodynamic stability of mono-
layers by applying the Gibbs equation:

AGrix = / A1~ (XiA) + Xody) dr] 2)

where A,, is the molecular area occupied by the mixed monolayer,
A, 1s the area per molecule in the pure monolayers of component
n, X, is the molar fraction of component #, and 7 is the surface
pressure. Numerical data were calculated from the compression
isotherms according to the mathematical method of Simpson (27).
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Furthermore, the interaction parameter and mixing enthalpy
were also calculated at the different surface pressures (26), which
is given by

AGmix
RT(X\ X>* + X,°X)

o =

(3)

where X is the molar fraction of the monolayer lipid component,
R = 8314 Jmol ' K™' and T = 294 K. The stability and
binding interactions of monolayers were further investigated
using the mixing enthalpy (AH) (26), which is given by
RTa

AH = = (4)
where R = 8.314 Jmol ' K™!, T = 294 K, and Z is the packing
fraction that is calculated using the model of Quickenden and
Tan (26).

CD Spectroscopy. CD experiments were performed using a
J-815 spectropolarimeter (Jasco) with samples kept at 20 °C.
Far-UV CD spectra were collated for the peptide in H,O, in a
50% TFE/H,O mixture, and in the presence of lipid. CD
experiments were also performed at peptide:lipid ratios of 1:10
and 1:100. Total lipid extracts and phospholipids (5 mg/mL)
DOPG, DOPE, and CL were dissolved separately in chloroform
and dried under N, gas. The lipid film was rehydrated using
1 x phosphate-buffered saline (PBS, pH 7.5) for 1 h or until the
solution was no longer turbid. The lipid suspension was diluted
10-fold using PBS. Peptide/lipid samples were prepared via
addition of the stock peptide solution (final concentration of
0.1 mg/mL) to the measured volume of lipid suspension to
obtain the desired peptide:lipid molar ratio before being mixed
thoroughly. Four scans per sample were performed over a
wavelength range of 180—260 nm at 0.5 nm intervals, a band-
width of 1 nm, and a scan speed of 100 nm/min. The CD spectra
in Figure 2 were recorded using a 10 mm path length cell. For all
spectra acquired, the baseline acquired in the absence of peptide
was subtracted. The percentage helical content was estimated
using a method previously described by Forood et al. (29). These
experiments were repeated four times, and the percent helicity
was averaged. To determine whether there was a statistically
significant difference between the percent helicity of the two
peptides in the presence of each phospholipid mix, a ¢ test was
undertaken, using SPSS version 18, based on the null hypothesis
that there was no difference between the mean percent helicity.

Peptide Binding to Vesicles. LUVs with a mean diameter of
0.1 um were prepared as previously described by Wall et al. (30)
except 0.5 mol % fluorescein-phosphatidylethanolamine (FPE)
was added to the organic solvent before it was dried under
vacuum for 5 h. The lipids were hydrated in 10 mM Tris-HCI (pH
7.4)and | mM EDTA at a total lipid concentration of 10 mg/mL,
frozen and thawed five times, and extruded 11 times using a
0.1 um polycarbonate filter using an Avanti mini-extruder
apparatus. The LUVs were stored at 4 °C under nitrogen gas.
FPE-labeled LUVs were diluted to 65 uM, and fluorescence was
recorded using a FP-6500 spectrofluorometer (Jasco, Tokyo,
Japan), with an excitation wavelength of 492 nm and an emission
wavelength of 516 nm, the excitation and emission slits set to
5 nm, and analyte sensitivity set to high. The incorporation of the
FPE label was checked using the methodology previously
described by Wall et al. (30). The fluorescence change upon the
addition of 10 mM CaCl, to FPE-labeled vesicles was recorded.
Once the fluorescence emission intensity had stabilized, the
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fluorescence change followed by the addition of 3.0 uM calci-
mycin (A23187 calcium ionophore) was recorded. To investigate
the binding of the peptide to E. coli membrane mimics, aliquots
of each peptide (from 0 to 320 uM) were added to the FPE-
labeled LUVs and the fluorescence was monitored. The change
in fluorescence (AF) of FPE-labeled vesicles with addition of
peptide minus FPE-labeled vesicles was plotted versus peptide
concentration and fitted by nonlinear least-squares analysis to

MM
AF = M ©)

where [M] is the modelin concentration, AF is the fluorescence
change, F.x is the maximal fluorescence change, and Kj is the
binding coefficient. To determine whether there was a statisti-
cal significant difference in Ky between modelin-5-COOH and
modelin-5-CONH,, a ¢ test was undertaken using SPSS version
18. The Hill coefficient was then calculated using the methodol-
ogy described by Moreno et al. (37). To improve our under-
standing of the binding of both peptides to E. coli membranes, we
recorded the fluorescence change upon the addition of 150 uM
peptide to FPE-labeled vesicles. Once the fluorescence emission
intensity had stabilized, the fluorescence change followed by the
addition of 10 mM CaCl, and 3.0 uM calcimycin (A23187
calcium ionophore) was recorded.

RESULTS

Antimicrobial Properties of Modelin-5 Isoforms. Mode-
lin-5 and other modelin isoforms are known to have microbicidal
activity against a variety of prokaryotic microorganisms (22, 23).
The antimicrobial activity of the two peptides, modelin-5-COOH
and modelin-5-CONH,, was tested against Gram-negative E. coli
using a standard antimicrobial assay (32). After 12 h, modelin-5-
CONHj, exhibited potent antimicrobial activity against E. coli,
with 100% colony reduction at a peptide concentration of
31.25 uM. In contrast, modelin-5-COOH exhibited reduced
antimicrobial activity against E. coli, with 100% colony reduc-
tion at a peptide concentration of 250 uM.

Surface Activity of Modelin-5 Isoforms. The hydrophobic
and amphiphilic properties of many AMPs are usually associated
with high surface activity and a high affinity for phospholipids
at the membrane interface (33). Here, the surface activities of
the antimicrobial peptides modelin-5-COOH and modelin-5-
CONH, were investigated at the air—buffer interface. Figure 1A
shows that for both modelin-5-COOH and modelin-5-CONH,,
the surface activity depends on peptide concentration. It can be
clearly seen that at a modelin-5 subphase concentration of 8§ uM
saturation is achieved and the peptides are highly surface active
with surface pressure increases of 23.2 and 27.1 mN/m, respec-
tively, which is characteristic of membrane interactive struc-
ture (34). The compression isotherms for the pure peptides
show that both isoforms are able to form stable monolayers
(Figure 1B). Under compression, these monolayers showed
collapse surface pressures in the range of 25 mN/m, indicating
the presence of well-ordered peptide films (26). The extrapolated
area at a 7t of 0 mN/m for these isotherms provides a measure of
the mean monolayer surface area per modelin-5 molecule (35).
In each case, the areas are close to 2.8 nm?, which would be
expected if the peptide was in an a-helical conformation, oriented
horizontally to the air—water interface, and comparable to that
reported for other amphiphilic peptides such as melittin (36).
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FIGURE 1: Surface activity of modelin-5-COOH and modelin-5-
CONH,. (A) Effect of peptide concentration of surface pressure.
Surface pressure values were determined after 30 minutes of the
peptide injected into the subphase. (B) Compression isotherms of
modelin-5-COOH (a) and modelin-5-CONH, (b) on a 10 mM
Tris pH 7 subphase. These experiments were repeated five times.
Secondary Structure of Modelin-5 Isoforms. CD spectros-
copy showed that in water, modelin-5-COOH and modelin-5-
CONH; exhibit spectra typical of a mixture of a-helical structure
and random coil (Figure 2A). Spectral analysis showed modelin-
5-COOH was 13% helical and modelin-5-CONH, 18% helical in
water (Table 1). The spectrum of modelin-5-CONH, showed a
significantly enhanced level of helix (100%) in the presence of
TFE (Figure 2B) (T = —2.996; p = 0.00) compared to that of
modelin-5-COOH (52%), suggesting that amidation has in-
creased the propensity for the amidated peptide to form helical
structure. It is widely accepted that cationic antimicrobial pep-
tides adopt enhanced helical structure in the presence of a
membrane lipid; therefore, to verify that these peptides remained
in an a-helical structure in different lipid environments, we
conducted CD experiments in the presence of vesicles with
various lipid compositions (Table 1) and at varying peptide:lipid
ratios (1:10 and 1:100). In the presence of E. coli lipid extracts
(Figure 2C and Table 1) and a peptide:lipid ratio of 1:100, both
amidated and nonamidated forms show significant increases in
helical content in the presence of vesicles, with modelin-5-
CONHj, exhibiting approximately 2-fold higher helical content
(69%) than modelin-5-COOH (32%) (T = —2.99; p = 0.00). The
lipid composition of E. coli membranes includes 91% PE, 3%
PG, and 6% CL (7); therefore, the helical content of the peptides
in the presence of these individual components was investigated.
Although PE is known to be the major component of E. coli
membranes, CD analysis showed that both peptides were ~31%
helical (Table 1) in the presence of PE vesicles (Figure 2F), and no
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statistically significant difference was observed between the two
peptides (T = —1.355; p = 0.592). In contrast, the presence of
anionic CL (Figure 2E and Table 1) induced 96% helical content
in modelin-5-CONH, and 70% helical content in the case of
modelin-5-COOH, showing that there was a statistically signifi-
cant difference between the two peptides (T = —2.997; p =
0.00). While the helical content in the presence of DOPG
(Figure 2D and Table 1) was slightly reduced for both mod-
elin-5-CONH,; (86%) and modelin-5-COOH (61%) (T = —3;
p = 0.00), these results indicate that the presence of an anionic
lipid can strongly initiate helix formation at the phospholipid
interface.

At a 1:10 peptide:lipid ratio (Table 1), enhanced helicity was
observed for modelin-5-COOH in the presence of E. coli, DOPG,
and DOPE (p =< 0.00). However, in the presence of a CL
membrane, no major changes in modelin-5-COOH structure
were observed (7' = —0.354; p = 0.738), indicating that the
peptide does not interact with CL membranes via a concentra-
tion-dependent mechanism. Enhanced helicity was also observed
for modelin-5-CONH, with a 1:10 peptide:lipid ratio in the
presence of E. coli and DOPE membranes (p < 0.00). There
were no significant differences in helical content between 1:10 and
1:100 peptide:lipid ratios for modelin-5-CONH, in the pres-
ence of DOPG (T = 0.865; p = 0.425) and CL (T = —2.190;
p = 0.08) membranes.

Penetration of Modelin-5 Isoforms into Phospholipid
Monolayers. Tt is well-established that antimicrobial peptides
use membrane invasion as a primary killing mechanism (3, 5),
and therefore, to elucidate the characteristics of modelin-5 iso-
form membrane interactions, we investigated the ability of the
peptide to partition into a variety of pure lipid monolayers.
Insertion studies were first performed on DOPE, DOPG, and
CL monolayers (Figure 3). Modelin-5-COOH and modelin-5-
CONH, induced maximal surface pressure changes of 4.2 and
6 mN/m, respectively, in monolayers formed from DOPG but
higher maximal surface pressure changes of 4.5 and 7.9 mN/m,
respectively, in monolayers formed from CL. However, a lower
level of interaction was observed for DOPE monolayers in which
the peptides induced surface pressure changes of 2 mN/m for
modelin-5-COOH and 4.8 mN/m for modelin-5-CONHy. In line
with the structural data, these results indicate that modelin-5 has
an affinity for anionic lipids, with the amidated version in
particular showing a preference for CL. The insertion of mode-
lin-5-CONH, into E. coli lipid extracts (Figure 3D) followed
hyperbolic kinetics, inducing a surface pressure change of
5.9 mN/m. These high levels of interaction are consistent with
disruption of the monolayer acyl chain region. However, while
modelin-5-COOH also interacted with the E. coli lipid extract,
it induced a smaller surface pressure change of only 2 mN/m,
implying it is less able to penetrate into the acyl chain region.

Binding of Modelin-5-COOH and Modelin-5-CONH , to
FPE-Labeled E. coli Vesicles. The incorporation of FPE into
E. colilipid mix vesicles was checked using CaCl, and calcimycin
(A23187). Figure 4A shows the addition of Ca®" ions to a
suspension of FPE E. coli vesicles increases the fluorescence
intensity, indicating that the probe is accessible in the external
leaflet. Following the addition of the ionophore calcimycin
(A23187), the fluorescence increased (Figure 4A) as the calcimy-
cin allowed the Ca®" to access the interior of the vesicle. The
results indicate that ~66% of the probe is located in the outer
leaflet, which is in agreement with previously published work (30).
Figure 4B shows hyperbolic binding of modelin-5-COOH and
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FIGURE 2: Secondary structure of modelin-5 isoforms. Circular dichroism spectra of modelin-5-COOH (gray) and modelin-5-CONH, (black)
were recorded four times in water (A), a 50% TFE/water mixture (B), E. coli (C), DOPG (D), CL (E), and DOPE (F). Modelin-5-COOH and
modelin-5-CONH, were mixed with lipid vesicles to give a peptide:lipid molar ratio of 1:100.

Table 1: Percentages of Helicity (including the standard deviations) of Modelin-5 at Peptide:Lipid Ratios of 1:100 and 1:10

E. coli DOPG CL DOPE
peptide H,0 50% TFE 1:100 1:10 1:100 1:10 1:100 1:10 1:100 1:10
modelin-5-COOH  13.10 £0.13  52.04+0.81 31.95+ 041 46.89+£1.85 61.90£0.10 76.44+3.59 70.80+0.57 71.224+2.32 31.094+0.09 4526 £2.40
modelin-5-CONH, 18.11+£0.10  100£0.52 68.85+0.51 90.10£2.32 86.10£0.09 87.354+3.02 96.43+£0.04 9834 +£1.79 31.304+0.67 4536+ 3.36

modelin-5-CONHj, to FPE-labeled vesicles. At > 50 uM, there is
an increase in fluorescence in the presence of both isoforms,
although maximal fluorescence induced by modelin-5-COOH
remains ~30% below that of the amidated version. The binding
coefficient calculated from the data obtained in Figure 4B
showed that in the case of modelin-5-COOH the mean K4 was
9.6 £0.16 uM (Table 2). However, in the presence of modelin-5-
CONHy,, a slight increase in the level of binding was observed
with a mean Ky of 10.1 £ 0.21 uM (Table 2). These binding

coefficients are in agreement with those observed for other
synthetic antimicrobial peptides (37). Further analysis showed
that in the case of both peptides, the Hill coefficient approximates
1 (Table 2), which along with the hyperbolic curve would suggest
that the interaction of the peptide with the E. coli membrane was
monomeric. To determine whether peptides are binding to the
outer leaflet or disrupting the vesicle structure, Ca*" and the
ionophore calcimycin were added after the addition of the peptide.
Figure 4C shows that although addition of modelin-5-COOH
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at peptide concentrations of 50—150 uM induced an increase
in fluorescence, the addition of the ionophore and Ca*"
resulted in a further increase in fluorescence, suggesting that
binding had occurred on the external leaflet with Ca*" gaining

access to the interior only upon addition of the ionophore. While
at 50 uM the addition of modelin-5-CONH, had an effect similar
to that at a peptide concentration of 150 uM (Figure 4C),
the addition of Ca®" and the ionophore calcimycin (A23187)
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Table 2: Binding Coefficients (Ky) and Hill Coefficients for Modelin-5
Isoforms in the Presence of E. coli Membranes

peptide K4 (uM) Hill coefficient
modelin-5-COOH 9.6+ 0.16 0.9
modelin-5-CONH, 10.1£0.21 1.0
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FiGure 5: Compression isotherms derived from lipid mixtures that
corresponded to membranes of E. coli (a) in the absence and presence
of modelin-5-COOH (b) and modelin-5-CONH, (c). Experiments
were repeated five times.

generated no further change in fluorescence (Figure 4D). This
may well indicate that at high concentrations the amidated
peptide provided access to the probe in both the internal and
external leaflet.

The packing characteristics of component lipids are an im-
portant factor in determining the stability of a membrane. The
packing characteristics of E. coli membrane mimics were inves-
tigated using thermodynamic analysis. Compression isotherms
were obtained from monolayers formed from synthetic lipid
mimics of E. coli in the presence and absence of each peptide
(Figure 5). For E. coli model membranes, the calculated Cy '
values for the isotherms indicated that all monolayers were
indicative of a typical expanded lipid monolayer (37), with
limiting areas estimated using the extrapolated area of 1.5 nm?
in the absence of peptide, 2.1 nm? in the presence of modelin-5-
COOH, and 3.1 nm? in the presence of modelin-5-CONH,. The
stability and binding interactions can be further investigated
using the mixing enthalpy (AH) (Figure 6). Negative values of
AH were observed for E. coli in the absence of either peptide,
indicating that the monolayers were thermodynamically stable.
However, in the presence of modelin-5-COOH, even though the
AH was negative, the monolayer was not as thermodynamically
stable as the control. Positive values of AH are observed for
bacterial membrane mimics in the presence of modelin-5-
CONH,, indicating that there are weak interactions between
the pure components and that modelin-5-CONH, has a destabi-
lizing effect on the membrane.

DISCUSSION

Post-translational modifications such as C-terminal amida-
tion have been thought to give enhanced biological activity to
many AMPs (23, 38), and our data confirm that amidating the
C-terminus of modelin-5 enhances its bactericidal activity against
E. coli approximately 10-fold. An important characteristic of
AMPs is their ability to form amphiphilic structure on interac-
tion with the membrane of pathogenic bacteria. Modelin-5 is an
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FIGURE 6: Mixing enthalpies (AH) of lipid monolayers at varying
surface pressures. Values of AH were determined for monolayers
formed from lipid mixtures that corresponded to membranes of
E. coli. This parameter varied with surface pressure in the absence
of peptide (black) or in the presence of modelin-5-COOH (gray) or
modelin-5-CONH, (white).

amphiphilic peptide (Figure 7), and it can be seen to possess a
hydrophobic arc rich in lysine residues, which may assist in the
orientation of the a-helix at the membrane interface (39). Because
modelin-5 is amphiphilic, it has therefore pronounced surface
activity, inducing surface pressure increases of 23.2 and 27.1 mN/
m for modelin-5-COOH and modelin-5-CONH,, respectively,
which is similar to the behavior observed for other amphiphilic
AMPs (34). This amphiphilic characteristic allows them to inter-
act with the polar—nonpolar interfacial region of cell mem-
branes, with the hydrophobic residues perturbing the membrane
interior. The similarities in surface activities (Figure 1) would
imply that amidation had little effect on overall surface activity,
and the data would indicate that both peptides have the potential
to engage with the target membrane. Several studies have
shown that for most linear AMPs the first step in their mechan-
ism of action involves association of the membrane with the
peptide located at the surface and oriented horizontal to the plane
of the membrane (/). The surface properties of modelin-5-COOH
and modelin-5-CONH, monolayers (Figure 1B) are consistent
with an a-helix oriented horizontal to the air—buffer inter-
face (40), which would drive the initial stages of membrane
perturbation.

AMPs have been shown to display a wide range of conforma-
tions from ordered or partial a-helices and 3-sheet to random coil
or a mixture of these conformations (36). CD structural studies
indicated that both peptides were unstructured in solution
(Table 1) and then fold in the presence of a lipid interface. This
transition can be important in generating the functional amp-
hiphilic structure only at an asymmetric interface, with the
unstructured form allowing peptides to remain in solution. This
is consistent with other surface active AMPs (36) in which
an asymmetric interface has been shown to be a requirement
for amphiphilic helix formation and peptide function. To obtain
further mechanistic information about the mode of action of
modelin-5 analogues, CD experiments were performed in the
presence of TFE, anionic lipid, zwitterionic lipid, and cell mem-
brane lipid extract. Modelin-5-COOH was seen to adopt an
o-helical structure in the presence of TFE and phospholipid
membranes [52% a-helix (Table 1)], but its ability to do so was
significantly weakened compared to that of the amidated form.
While amidation has not enhanced the level of helix formed
in solution, it has, therefore, enhanced the levels seen at a lipid inter-
face. Coupled with the TFE data, this would imply amidation has a
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FIGURE 7: Secondary amphiphilicity of modelin-5. (A) Three-dimensional a-helical segregation of modelin-5 showing the side chains of lysine
residues in the polar face. (B) Primary structure of modelin-5 represented as two-dimensional axial projections according to Schiffer (49) with
hydrophobic residues encircled. (C) Schematic illustration of an amidated peptide interacting with the membrane. Amidation stabilizes the helix at
the interface, therefore overcoming the rate-limiting step and promoting insertion into the membrane.

stabilizing effect once helix formation has occurred. The enhanced
a-helical structure in the amidated form may be due to the extra
hydrogen bond stabilizing the helical structure (/7). Researchers
have found similar increases in helical stability in cases where
hydrogen bonding has been facilitated by helix capping motifs (47)
or via utilization of histidine (42) and proline (43) residues. Im and
Brooks (44) showed that for complete insertion of a 16-amino acid
peptide into a membrane the structure should be more than 80%
helical. Helix formation is therefore a rate-limiting step (44) in
membrane perturbation, and this stabilization of the amidated
peptide at the interface could be key to the increased activity
induced by amidation of modelin-5.

It is well-established that antimicrobial peptides can differ in
their selectivity for different bacteria because of the lipid compo-
sition and lipid ordering within the membrane. In this study, the
effect of amidation on insertion of modelin-5 into different lipid
model systems was investigated. Monolayer experiments revealed
modelin-5-COOH and modelin-5-CONH, to be highly mem-
brane active as predicted by their surface activity. To examine the
charged residue distribution of modelin-5, we modeled the three-
dimensional structure of the peptide using PyMOL version (.98
(Figure 7A) and represented the peptide as a two-dimensional
helical wheel (Figure 7B). It can be seen from Figure 7A that the
positively charged lysine residues lie down one side of the helix,
and the lysine residues define the boundary between the narrow
polar and wide apolar faces of the a-helix (Figure 7B). This
residue arrangement is associated with the activity of other
amphiphilic antimicrobial peptides, such as aurein 1.2, which
are known to exhibit high levels of monolayer penetration in the
presence of an anionic lipid (34). In the case of modelin-5
isoforms, high levels of monolayer penetration were observed
in the presence of the anionic lipids CL and PG, although lower
levels of insertion were seen in the presence of zwitterionic PE,
which would indicate that both peptides had a clear preference
for anionic lipid. The presence of a charged lipid headgroup is
known to help drive helix formation, and CD confirmed that the
presence of CL induced high levels of a-helicity in modelin-5-
CONH, and modelin-5-COOH (96 and 70%, respectively). It is
worth noting that the modelin-5-CONH, peptide is seen to

exhibit greater levels of o-helix than modelin-5-COOH
(Table 1), and this enhanced propensity for helix formation is
accompanied by an enhanced pressure change (Figure 3) in the
presence of lipid monolayers. This becomes more apparent when
considering the interaction of the peptide with E. coli lipid
extract, which shows strong interactions with the amidated
version indicative of penetration of the acyl chain region but
weaker insertion of modelin-5-COOH that would be more
indicative of surface binding. AMP activity is proposed to follow
a two-step mechanism in which the first step involves membrane
association, and given the fact that both peptides have a
preference for anionic lipid and high surface activity, it would
be expected that both are able to associate with the E. coli extract
(Figure 7). The second step is thought to involve helix formation
followed by membrane penetration. The lower levels of CL and
PG in the E. coli extract appear to be sufficient to support helix
formation in the case of the amidated version but less so for the
nonamidated form (Table 1).

The K4 values for modelin-5 isoforms were also comparable to
those of other lytic peptides such as melittin (45). The binding
coefficient for the amidated isoform (K4 = 10.1) was slightly
higher than that of the nonamidated form (Ky = 9.6), although
statistical analysis of the mean K showed there was no significant
difference between the two peptide isoforms (7 = —2.091; p =
0.081). In the case of modelin-5 peptide isoforms, the Hill
coefficient approximates 1, implying that these peptide mem-
brane interactions are driven by monomeric binding events.
Although the peptides had similar binding coefficients, higher
helical content was observed for modelin-5-CONH, in the
presence of E. coli membranes, which in conjunction with the
monolayer data would imply more peptide was bound. Given the
comparability of the binding coefficient, it may well be that once
bound the impact of amidation on helix stabilization means the
peptide is therefore less likely to dissociate. Baleid et al. (46)
showed that stabilizing the helix could lead to enhanced levels of
peptide at the membrane interface, which is in line with our
prediction that amidation stabilizes the helix at the membrane
interface, thereby allowing greater local concentrations to build
up. Therefore, the data would suggest that the key differentiator
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is not binding, and hence, increased efficacy caused by amidation
isnot likely to be driven by an increased level of targeting because
of the additional charge. To investigate the mechanism of
interaction of modelin isoforms, CD experiments were under-
taken at varying peptide:lipid ratios. Previous studies have shown
that when minimal lipid is present at a peptide:lipid ratio of 1:10
the peptide is in excess, so the peptide on the surface of the
liposome is saturated and can, under these conditions, induce the
formation of bicelles or micelles (/). A comparison of the spectra
at varying peptide:lipid ratios showed that at a ratio of 1:100, in
the presence of E. coli membranes there was a significant decrease
in helicity compared to that at 1:10, for modelin-5-COOH
(T = 16.08; p = 0.00) and modelin-5-CONH, (T = 10.77,
p = 0.00), indicating a concentration effect. Similar effects were
also seen in other cases where helicity was low, although,
in contrast, Table 1 shows that where helicity is >70% an
increasing peptide concentration has a limited impact on helicity,
and it is likely that in those cases the membrane is already
saturated.

Because both peptides lack tryptophan residues, FPE, a fluo-
rescent probe that has been extensively studied to model peptide
membrane binding (30, 47, 48), was used to monitor their ability
to bind to model membranes that were mimetic with respect to
E. coli lipid composition (Figure 4B). Modelin-5-COOH bound to
the external leaflet of the membrane (Figure 4C) but appeared to be
unable to provide access to the vesicle interior. Further analysis
with respect to the binding of these peptides showed that at higher
concentrations, in contrast to modelin-5-COOH, the amidated
form is also able to provide access to the inner leaflet, which implies
a greater level of membrane disruption. This is in line with previous
studies, which have indicated that melittin is oriented parallel to the
membrane for initial binding and at higher local concentrations is
perpendicular to the membrane to allow pore formation (45).
These results would imply that while binding occurs over a range of
peptide concentrations, higher levels of peptide are required for
function. Given initial binding is expected to be reversible, it may be
postulated that by stabilizing the helix at the membrane interface
amidation effectively increases the concentration of membrane-
bound peptide enhancing the ability of the amidated form to
generate pores and hence membrane damage.

Detailed analysis of the thermodynamics of the membrane
allows the relationship between the peptide and packing char-
acteristics of the membrane to be understood in more detail. The
packing characteristics of E. coli membrane mimics were inves-
tigated using thermodynamic analysis. Figure 6 shows that AH
was negative in the absence of peptide, which indicates that these
membranes were thermodynamically stable. However, unlike in
the presence of modelin-5-COOH, the amidated peptide had
a destabilizing effect on the bacterial lipid monolayers [AH > 0
(Figure 6)]. The monolayer data in Figure 3 showed deep
penetration by modelin-5-CONH,, supporting the suggestion
that this peptide promotes toxicity in bacterial membranes using
a membrane disruptive mechanism similar to the mechanisms
proposed for melittin (45). Such penetration would be supported
by the snorkeling of lysine residues on the polar face (Figure 7) to
allow further penetration of the hydrophilic face.

CONCLUSIONS

In summary, it would appear from TFE data that amidation
stabilizes helix formation, and this leads to enhanced levels of
amphiphilic helix at a lipid interface. It is therefore proposed
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that there is an initial binding phase that is comparable for the
amidated and nonamidated forms, with both showing a pre-
ference for anionic lipid. Once bound, the peptide could dis-
sociate or form helical structure (Figure 7C). The stabilization
of the amphiphilic helix by amidation decreases the likelihood of
dissociation and supports hydrophobic partitioning at the
membrane interface as seen for other AMPs such as melittin.
This in turn would be predicted to provide a greater concentra-
tion of peptide at the membrane interface. This increase in
the concentration of bound peptide would support pore forma-
tion or carpeting of the outer leaflet, thereby causing bilayer
disruption and enhancing the efficacy of the amidated form as
seen from the thermodynamic analysis. The key driver for
efficacy increased by amidation would therefore appear to be
the enhanced stability of the helix at an asymmetric interface and
the fact amidation can therefore help overcome a rate-limiting
step in lysis.
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