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ABSTRACT: In this study the interaction of the antimicrobial peptide clavanin A with phosphatidylcholine
bilayers is investigated by DSC, NMR, and AFM techniques. It is shown that the peptide interacts strongly
and specifically with the lipids, resulting in increased order-disorder phase transition temperatures, phase
separation, altered acyl chain and headgroup packing, and a drastically changed surface morphology of
the bilayer. These results are interpreted in terms of clavanin-specific interactions with lipids and are
discussed in the light of the different mechanisms by which clavanin A can destroy the barrier function
of biological membranes.

The clavanins belong to a family of antimicrobial peptides
that are expressed in the hemocytes of the marine organism
Styela claVa (1-3). These peptides exhibit broad-spectrum
antimicrobial activities against Gram-positive and Gram-
negative bacteria, as well as several fungi (1, 2). Similar to
many other naturally occurring peptide antibiotics (4-10),
the clavanins exert their antimicrobial effect via permeabi-
lization of the target membranes (11-13). Clavanins are
cationic, amphipathic peptides that consist of 23 amino acids.
They are remarkably rich in glycines, histidines, and phe-
nylalanines, as is seen from the primary structure of clavanin
A (VFQFLGKIIHHVGNFVHGFSHVF-NH2). The Gly, His,
and Phe residues play important roles in the antimicrobial
actions of wild-type clavanin A (12-14).

In contrast to most membrane-active peptide antibiotics
wild-type clavanin A has been shown to use distinct modes
of pH-dependent action to permeabilize target membranes
(13). At neutral pH, bacterial membranes and lipid vesicles
are disrupted in a nonspecific manner (12, 13). Under acidic
conditions, the peptide becomes highly positively charged,
due to protonation of the four histidines within the clavanin
A sequence. In this state the peptide has a 10-fold increased
antimicrobial activity, which is accompanied by selective
membrane permeabilization to protons. This presumably is
due to specific interactions of clavanin A with membrane
proteins that are involved in generating transmembrane ion
gradients (13). Strikingly, at low pH no permeabilization of

the bilayer of lipid vesicles occurs despite the ability of the
peptide to efficiently interact with and insert into model
membranes under these conditions (13). Studies on other
histidine-rich amphipathic peptides demonstrated that pH
may trigger changes in membrane topology of the peptide
(15, 16), which could apply for clavanin as well. The lack
of distinct conformational preferences induced by Gly and
Phe was shown to be important for the membrane activities
of clavanin A (12, 14). Clavanin A thus appears to be a
special antimicrobial peptide with high membrane affinity
and a mode of action that is triggered by the pH and involves
both membrane lipids and membrane proteins.

Virtually nothing is known about the effect of clavanin A
on the organization of membrane lipids. Yet, changes in lipid
organization likely play a role in the mechanisms of clavanin
A as suggested for other antimicrobial peptides (17-22).

Therefore, in this study we analyzed the effect of clavanin
A on the thermotropic properties, the molecular organization
and dynamics, and supramolecular organization of 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)1 bilayers
using DSC, NMR, and AFM techniques, respectively. DPPC
was chosen as the test lipid because (1) its properties are
well understood, (2) clavanin interacts with this lipid in a
comparable way as with bacterial lipids (12), and (3) this
lipid allows all three techniques to be applied in a comparable
fashion, yielding an integrated view on clavanin-lipid
interaction. The results show that clavanin A interacts in a
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specific way with DPPC bilayers, which leads to new insights
into the mode of action of the peptide.

EXPERIMENTAL PROCEDURES

Materials. N-R-Fmoc-protected amino acids, coupling
reagent, and resin used in peptide synthesis were purchased
from Novabiochem (La¨ufelfingen, Switzerland). Solvents for
peptide synthesis and HPLC were obtained from Biosolve
(Valkenswaard, The Netherlands). 1,2-Dipalmitoyl-sn-glyc-
ero-3-phosphocholine (DPPC) and 1,2-dimyristoyl-sn-glyc-
ero-3-phosphocholine (DMPC) were purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL), and used without further
purification. Acyl chain perdeuterated DPPC-d62 was pur-
chased from Cambridge Isotope Laboratories, Inc. (Andover,
MA). All other chemicals used were of analytical or reagent
grade.

Peptide Synthesis and Purification.Clavanin A and the
mutant peptide 5W in which the five phenylalanines were
replaced by tryptophans were prepared using automated
solid-phase peptide synthesis and purified using RP-HPLC
on a Waters symmetry C18 column (Milford, MA), as
previously described (12, 13). Via analytical RP-HPLC (12)
and electron spray mass spectrometry (ES-MS) the peptides’
purities and molecular masses were determined to confirm
their composition.

Sample Preparation.The peptides were dissolved in TFE
and added to DPPC or DPPC-d62 dissolved in a mixture of
chloroform and methanol (3:1 v/v) to the desired peptide/
lipid ratio. These mixtures were dried in a rotary evaporator,
followed by overnight storage under high vacuum. The dried
mixed films were dispersed in either 10 mM Tris-HCl, pH
7.0, or 10 mM MES/NaOH, pH 5.5, to obtain a lipid
concentration of 5 mM (for DSC and NMR) or 1 mM (for
AFM) determined as inorganic phosphorus (23). For NMR
deuterium-depleted water was used. To further homogenize
the sample for DSC and NMR, the lipid dispersions were
vortexed at 50°C (at 10°C above the main phase transition
temperature), followed by two freeze-thaw cycles. For
analysis by AFM the lipid dispersions were freeze-thawed
10 times, followed by bath sonication and ultracentrifugation
as described before (24).

Differential Scanning Calorimetry.Thermograms of 0.5
mL lipid dispersions (degassed prior to the measurements)
were recorded on a Microcal MCS calorimeter (Northampton,
MA) scanning at a rate of 60°C/h. Reproducible thermo-
grams were obtained in two or three heating and cooling
cycles. The DSC scans were analyzed using the Origin
software package from Microcal Inc.

NMR Measurements.NMR spectra were recorded on
samples pelleted prior to use on an Avance 500 WB
spectrometer.2H NMR spectra were obtained using a
quadrupolar echo technique (25). The recycling delay was
1 s.31P NMR spectra were recorded using a high-resolution
10 mm broad-band probe with broad-band gated proton
decoupling. The recycling delay was 1.5 s and theπ/4 pulse
width 7 µs. An exponential multiplication with a line
broadening factor of 100 Hz was used before performing
the Fourier transformation. Chemical shifts in31P NMR
spectra were measured relative to the signal originating from
isotropically moving phospholipids.

Atomic Force Microscopy.Supported lipid/peptide bilayers
were prepared using the vesicle fusion method (26). The SUV

suspension (75µL) was deposited onto freshly cleaved mica
(10 mm diameter). The vesicles were allowed to adsorb and
fuse on the mica for 1 h atroom temperature. Subsequently,
the sample was rinsed three times with 75µL of Tris buffer
and heated for 1 h at 65°C. After being cooled to room
temperature, the sample was rinsed again with 75µL of Tris
buffer (three times). The supported bilayers were investigated
using AFM in a buffer environment. The samples were
mounted on an E-scanner, which was calibrated on a standard
grid of a Nanoscope III AFM (Digital Instruments, Santa
Barbara, CA). A fluid cell without O-ring was fitted, and
the sample was scanned in contact mode, using oxide-
sharpened Si3N4 tips attached to a triangular cantilever with
a spring constant of 0.06 N/m (NanoProbe; Digital Instru-
ments, Santa Barbara, CA). All images were recorded at a
minimal force (<500 pN) where the scans were stable and
clear and at temperatures between 24 and 28°C. All images
shown are flattened raw data.

RESULTS

Differential Scanning Calorimetry.The effect of wild-type
clavanin A on the thermotropic phase transition behavior of
DPPC dispersions was investigated using DSC. Figure 1A
displays the phase transition behavior of DPPC in the absence
and presence of wild-type clavanin A at neutral pH. The
thermogram of pure DPPC visualizes the pretransition around
35 °C and the main or chain-melting transition at 41°C.
Already at 1 mol %, clavanin A eliminates the pretransition
and moves the chain-melting transition peak to slightly higher
(∼1 °C) temperatures. A higher clavanin concentration leads
to a slightly further increase in the main transition temper-
ature and the appearance of an additional transition at 47
°C. At a peptide concentration of 10 mol % the main
transition peak moves back to its original position, and an
additional, partial overlapping peak with a transition tem-
perature centered around 43°C is present. This is paralleled
by an increased total chain melting enthalpy from 8.6 (pure
DPPC) to 11.1 kcal/mol for the 10% clavanin A sample.
The high-temperature peaks must originate from DPPC, as
control measurements on the pure peptide do not show these
transitions (not shown). These clavanin-induced high-tem-
perature transitions are highly unusual, as generally peptides
and proteins display the opposite behavior (17, 27-29), i.e.,
lowering of the transition temperature and a decrease in
transition enthalpy. Such behavior is shown in Figure 1B
for the mutant peptide 5W, in which the five phenylalanines
were replaced by tryptophans. The 5W peptide eliminates
the pretransition at low concentration and causes a slight
increase in the main transition temperature at 1 and 2 mol
%. However, at 4 and 10 mol % peptide 5W the transition
temperature is strongly reduced. The peak is broadened which
is accompanied by reductions in transition enthalpies to 7.4
and 5.6 kcal/mol at peptide molar ratios of 0.04 and 0.1,
respectively (not shown). This classical behavior is typical
for peptides that insert between the acyl chains and thereby
interfere with the cooperative chain transition.

The striking difference in effect of clavanin A and the
5W mutant on the chain melting transition of DPPC
demonstrates a pronounced specificity of the peptide-lipid
interaction of the native molecule. At pH 5.5, the clavanin
A-DPPC dispersions display thermograms very similar to
those observed under neutral conditions (not shown). This
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indicates that protonation of the histidine residues does not
influence the effect of the peptide on the phase behavior of
DPPC despite the large difference in mode of action at the
different pHs. Similar results were observed for DMPC, i.e.,
peptide-induced higher melting transitions (not shown),
demonstrating the generality of the effect of clavanin A on
the phase behavior of PC. The occurrence of high-temper-
ature transitions and high transition enthalpies at high peptide
concentrations (Figure 1A) suggests clavanin A to affect the
ordering of the phospholipid acyl chains and induce phase
separation. To obtain insight into the molecular origin of
these effects, NMR studies were undertaken on the clavanin
A-DPPC system. Given the similarity in effect at neutral
and acidic pH values, further studies were restricted to
samples at neutral pH.

NMR Spectroscopy.Samples were prepared using acyl
chain perdeuterated DPPC-d62, enabling assessment of the
headgroup region by31P NMR and the chain region by2H
NMR.

31P NMR of phospholipid dispersions gives both informa-
tion on the local order and mobility of the phosphate part of
the lipid headgroup and the overall organization of the
aggregate structure in which the phospholipid resides (30,
31). Figure 2 shows a selection of31P NMR spectra of the
various samples investigated in 2°C steps in the 30-60 °C
temperature range. The spectra shown were recorded at 42
°C, which is well above the chain melting transition of pure
DPPC, because perdeuteration decreases the main transition
temperature by 5°C (32). In the absence of peptide, the
spectrum shows the line shape characteristic for lipids,
organized in extended bilayers in the disordered LR phase
with a high-field and a low-field shoulder separated by∼47
ppm, reflecting the residual chemical shift anisotropy. In the
presence of 4 or 10 mol % clavanin A, this overall line shape

is maintained, demonstrating that all DPPC remains orga-
nized in extended bilayers despite the presence of high
concentrations of clavanin A. No isotropic signals were
observed. However, the line broadening and reduction of the
chemical shift anisotropy to 40 ppm at 10% clavanin are
some noticeable changes in the spectra. This behavior most

FIGURE 1: DSC thermograms of DPPC and clavanin A (A) or 5W mutant-DPPC mixtures (B) at the indicated peptide molar ratios (pH
7.0, 10 mM Tris-HCl buffer). The pretransition temperature region and high-temperature transition region have been enlarged (5×) for the
pure lipid, 1 mol %, 2 mol %, and 4 mol % clavanin A-DPPC samples, respectively.

FIGURE 2: 31P NMR spectra of DPPC-d62 in the absence (A) and
in the presence of 4 mol % (B) and 10 mol % (C) clavanin at 42
°C (pH 7.0, 10 mM Tris-HCl buffer).
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likely originates from increased motional freedom of the
headgroup due to the presence of the peptide. These effects
were observed at all temperatures above the chain melting
transition. Below the main phase transition broadened gel
state 31P NMR line shapes were observed with no clear
effects of clavanin (not shown). No multicomponent spectra,
indicative of phase separation, were observed.

2H NMR on chain deuterium labeled lipids provides a
more sensitive and detailed view on the effect of clavanin
on acyl chain order and dynamics. Perdeuterated DPPC was
employed to obtain information on the entire acyl chains,
and spectra were recorded in 2°C steps over the 26-65 °C
temperature range. Figure 3 presents a selection of spectra
for DPPC in the absence (A-D) and presence of 4 (E-H)
and 10 (I-L) mol % clavanin. Spectrum A recorded for
DPPC at 27°C is a typical gel state spectrum with a broad
featureless line shape originating from the acyl chains whose
motions are severely restricted. On top of the spectrum a
broad doublet of the terminal-CD3 resonances is noticed.
This line shape is understood in terms of a two-step rotational
jump model (32, 33). At 37 °C (corresponds to 41°C for
nondeuterated DPPC) the acyl chains are largely melted as
demonstrated by the narrowed line shape, which consists of
a series of overlapping doublets, originating from the
different-CD2 groups and characteristic of the LR phase in
which the acyl chains have considerable motional freedom.
The most outer spectral feature originates from the methyl-
enes closest to the headgroup which have the least motional
freedom. Further increase of the temperature to 42°C
(spectra B-D) does not largely affect the line shape. The
sharp central doublet comes from the-CD3 groups which
have most motional freedom.

First, the results of 10 mol % clavanin (spectra I-L) will
be described, because these spectra showed the strongest
effects and will serve as a frame of reference to describe
the intermediate spectra (E-H) recorded for the 4 mol %
clavanin sample. From the spectra it is evident that clavanin
at all temperatures affects the acyl chains. Under gel state
conditions (compare spectrum A with spectrum I) the broad
spectral component from the-CD2 groups is narrowed and
shows a defined “doublet” structure. The same can be
concluded for the-CD3 resonances. This demonstrates that
clavanin interacts with DPPC in the gel state and increases
the motional freedom of the acyl chains, however, not to
the level of the LR phase. Comparing spectra B and J,

recorded at 37°C, immediately shows that clavanin increases
the phase transition temperature of part of the PC molecules.
In the presence of clavanin a substantial amount of lipid still
shows the overall gel state characteristics, whereas in its
absence this is not the case. This is in full agreement with
the DSC data and shows the occurrence of phase separation.
Moreover, the broad component spectrum 3J shows three
additional features. These could be identified (from out to
in) as the outmost-CD2 resonance of part of the lipids in
the LR phase lipids, the doublet of the-CD3 resonance of
the gel state part of the spectrum, and a narrow doublet of
the-CD3 resonance of the LR phase lipids. Further increase
of the temperature of the 10 mol % clavanin sample to 42
°C (spectra K-L) shows melting of the remaining gel state
lipid and the occurrence of a line shape which resembles
that of the LR phase of the pure lipid (spectra C and D).
This line shape, however, is narrowed as witnessed from the
decreased outer splitting of the most immobilized-CD2’s
and the reduced quadrupolar splitting of the-CD3 from 3
to 2 kHz at 42°C. The spectrum at 42°C (and higher) shows
no signs of more than one type of lipid organization, which
suggests that clavanin now interacts with all DPPC molecules
in a similar fashion. All spectra of the 4 mol % clavanin
samples (E-H) show intermediate behavior, demonstrating
the clavanin concentration dependency of the observed
effects. The line shapes under fully melted conditions of the
samples can be readily qualitatively related (Figure 4). This
figure shows the expanded spectra of the 42°C samples (A-
C) and compares them to the spectrum of the pure DPPC
sample at 65°C (D). The spectral resemblance of the 10
mol % sample at 42°C (C) and that of DPPC at 65°C
strongly suggests that the increased motional freedom
induced by 10 mol % clavanin is equivalent to a 23°C
increase in temperature in the LR phase.

AFM. AFM can be used to inspect the surface morphology
of supported gel state DPPC bilayers containing peptides and
has revealed the occurrence of several types of distinct
morphologies induced by transmembraneR-helical peptides
(24, 29).

It was investigated whether clavanin, which can disrupt
lipid bilayers in a nonspecific manner, would cause a change
in organization of the lipid bilayer. Figure 5A shows an AFM
image of pure DPPC bilayers deposited on mica via the
vesicle fusion method. To be able to directly compare the
results to that obtained with the other techniques, the samples

FIGURE 3: 2H NMR spectra of DPPC-d62 in the absence (A-D) and in the presence of 4 mol % (E-H) and 10 mol % (I-L) clavanin at
different temperatures (pH 7.0, 10 mM Tris-HCl buffer): (A, E, I) 27°C; (B, F, J) 37°C; (C, G, K) 39°C; (D, H, L) 42 °C.
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were prepared and analyzed in 10 mM Tris-HCl, pH 7,
buffer. The picture shows the dark surface of the DPPC
bilayer with an expected (24, 34, 35) thickness of 6 nm
(measured from a defect present in the bilayer). On top of
the bilayer many light patches were present with heights
varying between 30 and 50 nm. These are most likely
unopened vesicles lying on the supported bilayer, because
scanning at higher forces results in flattening of these
structures (not shown). These images differ from those
observed in the presence of 20 mM NaCl, which reveal
smooth supported bilayers (24, 29) (data not shown) and
suggest that the Tris buffer somewhat influences the vesicle
adsorption and fusion process.

Figure 5B shows a representative picture of a 4 mol %
clavanin A containing sample which displays a completely
different morphology. No unopened vesicles are present
anymore, demonstrating that clavanin facilitates the vesicle
fusion process. More important, the morphology of the
bilayer is largely affected. The light surface represents the
bilayer which is now studded with regularly distributed
pointlike defects (dark areas). The large square defect in the
middle of the picture is artificially produced to confirm the
presence of a bilayer on the mica support.

The presence of 4 mol % clavanin causes the bilayer to
thin. This can be deduced from the height profile shown in
Figure 5C. The surface of the DPPC/clavanin A bilayer is
now 3-4 nm above the mica, which is approximately 2 nm
lower than that of DPPC, corresponding to a decrease in
thickness of the supported bilayer from 6 to 3-4 nm. This
thinning effect is in agreement with the “fluidizing” effect
of the peptide under gel state conditions as observed by
NMR. The pointlike depressions indicate phase separation
in peptide-rich and peptide-poor domains in accordance with
the DSC results. The carpet-like appearance of the bilayer
directly suggests an overall strong destabilization of the lipid
bilayer consistent with the proposed mode of action of the
peptide. At higher peptide concentration the overall morphol-
ogy of the bilayer was found to be similar (not shown).

FIGURE 4: 2H NMR spectra of DPPC-d62 in the absence (A, D)
and in the presence of 4 mol % (B) and 10 mol % (C) clavanin
(pH 7.0, 10 mM Tris-HCl buffer). Spectra A-C were recorded at
42 °C, and spectrum D was recorded at 65°C.

FIGURE 5: (A) AFM image of a DPPC supported bilayer in 10
mM Tris-HCl buffer (pH 7). (B) Image of a bilayer from DPPC
containing 4 mol % WT clavanin in 10 mM Tris-HCl buffer (pH
7). The scan size of image A and B is 1× 1 µm, and theZ-scale
is 30 nm. (C) Height profile across the image (at the arrow) shown
in panel B.
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DISCUSSION

The results of this study demonstrate that the peptide
antibiotic clavanin A interacts strongly and in a special way
with phosphatidylcholine bilayers. First, the various aspects
of the clavanin-DPPC interactions will be discussed.
Subsequently, these observations will be viewed in the light
of the peptide’s antimicrobial activity.

The most striking effect observed in both DSC and NMR
studies is the occurrence of peptide-induced high-temperature
order-disorder transitions in the bilayer. This implies phase
separation into peptide-rich and peptide-poor domains. In
the peptide-rich domains clavanin stabilizes the gel state up
to 6 °C as the highest melting transition occurs around 47
°C. This is an unusual effect of a peptide, which normally
lowers the phase transition temperature as it intercalates
between the lipid headgroups. Increased phase transition
temperatures can be caused by different mechanisms. Elec-
trostatic interactions between oppositely charged peptides and
lipids can cause such effects (22). However, they are unlikely
to be involved in the clavanin-PC interaction, as PC is
zwitterionic and thus overall neutral. Nevertheless, we cannot
exclude this positively because high concentrations of
divalent and trivalent cations can cause an increase in phase
transition temperature of DPPC (37) most likely by electro-
statically interacting with the lipid phosphate group. Since
clavanin is positively charged and localized in the interface,
electrostatic interactions could be involved in the induction
of higher DPPC-clavanin domains that melt at higher
temperatures. However, very similar effects were observed
at pH 7 and 5.5. At this low pH the histidines are protonated,
and the peptide is much more positively charged. Therefore,
it is unlikely that electrostatic interactions between clavanin
and the PC headgroup are solely responsible for the observed
increased phase transition temperatures. Similar arguments
exclude hydrogen bonding as a plausible cause for the
observed effects. Another possibility would be headgroup
dehydration; however, this is unlikely because the bilayers
are embedded in a large excess of aqueous medium.
Moreover, there are no precedents for peptide-induced
headgroup dehydration. An obvious possibility is that the
peptide could order the lipids and thereby stabilize the gel
state. This is highly unlikely, given the results of the NMR
study (see below).

This leaves as the most likely possibility that clavanin
segregates together with some gel state lipids into a micro-
domain in which a peptide aggregate confines the lipid
in the gel state. A similar effect was recently observed for
dextran and partially hydrated PC bilayers in which the
gel state was stabilized by confining stacks of bilayer within
a dextran glass (36). Also, in the case of apolipoproteins a
similar model was proposed for the effect that these
proteins have on PC (37). To the best of our knowledge
similar effects have not been observed for other antimicrobial
peptides. This suggests that the clavanins with their unique
composition, rich in histidines, glycines, and phenylalanines,
have a special interaction with membranes. This view is
further supported by the finding that substituting the five
phenylalanine residues for tryptophans completely abolishes
the occurrence of high-temperature transitions. Instead, the
5W mutant gives rise to a more classical effect observed for
hydrophobic peptides, i.e., a lowering of the phase transition.

The occurrence of more than one high-temperature transition
at high clavanin concentrations suggests the occurrence of
more than one supramolecular complex of clavanin and
DPPC.

How can this effect on the DPPC gel-liquid-crystalline
transition be understood in terms of the effects of clavanin
on the lipid packing in both the gel and liquid-crystalline
state?

In the liquid-crystalline phase the lipids become disordered
over the entire length of the lipid molecule, as evidenced by
the reduction of the residual chemical shift anisotropy in the
31P NMR spectra and the reduced quadrupolar splitting of
the chain deuterons of all lipid molecules. When the tem-
perature is sufficiently high, the clavanin-gel state micro-
domain breaks up, and clavanin disperses throughout the
bilayer and intercalates between all lipids, causing the
reduced order. It is unlikely that clavanin adopts a trans-
membrane organization given the lowR-helical content of
the membrane-associated peptide, as induced by its abun-
dant Gly (12) and Phe (14) residues. Instead, a more
interfacial, partially chain embedded location is more likely
(12).

Under the gel state conditions clavanin also affects acyl
chain packing. The2H NMR data demonstrate somewhat
increased motional (probably rotational) freedom of at least
part of the lipids. This shows the profound ability of clavanin
to interact with membrane lipids. It suggests that the presence
of clavanin (probably in an aggregate form) loosens up the
gel state packing, but certainly not to the level of the liquid-
crystalline phase, as the temperature over which the gel phase
exists is even increased by the peptide.

The AFM analysis under gel state conditions visualizes
the presence of substantial defects in the bilayer, which are
very different from the characteristic striated domains
observed for neutral transmembraneR-helical peptides (24).
Instead, they resemble to some extent the defects observed
for positively charged transmembraneR-helical peptides (29).
The defects observed in those systems were proposed to
originate from electrostatic repulsion between the peptides
together with hemimicelle formation around peptide-lipid
aggregates (29). We propose a similar organization of the
clavanin-DPPC system in which clavanin aggregates border
defects in the bilayer. These aggregates might be the same
aggregates that stabilize the gel state.

In a sense the AFM images directly visualize the strong
bilayer perturbing effect of clavanin and provide a picture
of the aspecific carpet-like mechanism by which amphiphatic
peptides destroy the membrane barrier.

The very similar effects of clavanin on DPPC observed
at pH 7 and 5.5 indicate that the interaction of clavanin with
the membrane lipids is very similar under these conditions.
This strongly suggests an interfacial localization of the
majority of the peptides, as at pH 5.5 the peptide carries a
strong positive charge (12).

The implication of these findings for the pH-dependent
mode of action of clavanin is that the initial membrane
interaction of the peptide is governed by clavanin-lipid
interactions without much specificity. At low pH, the charged
histidines subsequently contribute to interactions with mem-
brane proteins involved in proton translocation (13), resulting
in a collapse of vital ion gradients and killing of the bacteria.
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