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Abstract Temporins are short (10—13 amino acids) and
linear antimicrobial peptides first isolated from the skin of
the European red frog, Rana temporaria, and are effective
against Gram-positive bacteria and Candida albicans. Simi-
larly to other antimicrobial peptides, the association of tem-
porins to lipid membranes has been concluded to underlie
their antimicrobial effects. Accordingly, a detailed under-
standing of their interactions with phospholipids is needed.
We conjugated a fluorophore (Texas Red) to a Cys con-
taining derivative of temporin B (temB) and investigated its
binding to liposomes by fluorescence spectroscopy. Circular
dichroic spectra for the Cys-mutant recorded in the absence
and in the presence of phospholipids were essentially sim-
ilar to those for temB. A blue shift in the emission spectra
and diminished quenching by ferrocyanide (FCN) of Texas
Red labeled temporin B (TRC-temB) were seen in the pres-
ence of liposomes. Both of these changes can be attributed
to the insertion of the Texas Red into the hydrophobic re-
gion of the bilayer. Resonance energy transfer, steady state
anisotropy, and fluorescence lifetimes further demonstrate
the interaction of TRC-temB with liposomes to be enhanced
by negatively charged phospholipids. Instead, cholesterol at-
tenuates the association of TRC-temB with membranes. The
interactions between TRC-temB and liposomes of varying
negative surface charge are driven by electrostatics as well
as hydrophobicity. Similarly to native temporin B also TRC-
temB forms amyloid type fibers in the presence of negatively
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charged liposomes. This property is likely to relate to the cy-
totoxic activity of this peptide.
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Abbreviations

AMPs antimicrobial peptides

C-temB cysteine temporin B

CHCA a-cyano-4-hydroxycinnamic acid

Chol cholesterol

CD circular dichroism

EDTA ethylenediaminetetraacetic acid

ET energy transfer efficiencies

FRET fluorescence resonance energy transfer

FCN potassium ferrocyanide

HPLC high pressure liquid chromatography

Ksv Stern-Volmer quenching constant

kq bimolecular quenching constant

LUV large unilamellar vesicles

NBD-PC 1-oleoyl-2-[6-[7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]hexanoyl]-sn-glycero-3-
phosphocholine

POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
rac-glycerol

PC phosphatidylcholine

PG phosphatidylglycerol

PIP, phosphatidylinositol-4,5-biphosphate

Q quencher

RhB rhodamine B

r fluorescence anisotropy

SOPC 1-stearoyl-2-oleoyl-sn-glycero-3-
phosphocholine

TRM Texas Red maleimide

TRC-temB Texas Red labeled temporin B
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TR Texas Red

TFA trifluoroacetic acid

Amax fluorescence emission maximum
T fluorescence lifetime
Introduction

Antimicrobial peptides (AMPs) constitute part of the non-
adaptive host immunity providing a first line of defense
against a wide spectrum of pathogens and are found in
species ranging from protozoa to vertebrates [1, 2]. An in-
creasing number of AMPs such as cecropins, defensins, ma-
gainins, temporins, melittin, indolicidin, plantaricin, nisin,
and alamethicin, has been discovered in animals, plants, as
well as bacteria. In mammals, these peptides are present
on mucosal surfaces and skin, and are stored in the secre-
tary granules of leukocytes, for instance. AMPs represent an
active area of research aiming at the development of new an-
tibiotics, anticancer drugs, food preservatives, and antiseptic
agents [3].

One of the key properties of the AMPs is their ability to
differentiate between foreign and host cells. Importantly, eu-
karyotic and bacterial membranes have very different lipid
compositions. More specifically, the outer leaflet of the for-
mer cells comprises mainly of phosphatidylcholine, sphin-
gomyelin, and cholesterol, whereas bacteria expose nega-
tively charged phospholipids, phosphatidylglycerol, cardi-
olipin, and lipopolysaccharides [4]. Common features in
most AMPs are their amphipathic character and net positive
charge [5]. Accordingly, AMPs interact preferentially with
acidic lipids [6, 7] which are thought to represent the molec-
ular targets for these peptides [8, 9] and to provide in part a
mechanistic basis for the differences in target cell specificity
[10]. Under physiological conditions anionic phospholipids
in mammalian cell plasma membranes are not exposed on
their outer surface but retained in the cytoplasmic leaflet
[11]. Along theses lines, the selectivity of some AMPs and
cytotoxic proteins against cancer cells is likely to reflect the
exposure of the negatively charged phosphatidylserine (PS)
on the outer surface [12]. To this end, anionic phospholipids
appear to play a rather general role in mediating the lipid
binding of peptides and proteins and in their insertion and
translocation across the lipid bilayer [13, 14]. In contrast,
cholesterol has been shown to reduce the membrane binding
of AMPs [15].

Ability to define the precise structure-function relation-
ship for antimicrobial peptides would have important impli-
cations for the design of new therapeutic agents that could be
used to counter bacterial infections and to combat the emerg-
ing of antibiotic resistant strains. The structures and amino
acid compositions of natural AMPs have been modified to
produce improved antibacterial and antifungal agents with
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high levels of antibiotic activity and low levels of hemolytic
activity. This can be achieved for instance by altering their
amino acid sequences to increase the net positive charge and
hydrophobicity by lysine and tryptophan substitutions, re-
spectively [16—18], conjugation of peptides with lipophilic
moieties [19], incorporation of a carbamate bond [20], syn-
thesis of hybrid peptides [21], and synthesis of truncated
sequences without regions identified to be hemolytic [22].
Recently, Janmey and his coworkers [23] have shown that
effective antimicrobial agents are obtained by conjugating
rhodamine B (RhB) to peptides corresponding to the PIP,-
binding site of gelsolin. These short (mostly composed of
ten amino acids) RhB labeled peptides possess antibacterial
activity against Gram-negative and Gram-positive bacteria,
while the nonlabeled peptides and gelsolin as such are in-
effective. It was proposed that the coupling of RhB to the
peptide increases its net hydrophobicity and thus increases
its membrane permeation [23].

Behaviour of various AMPs has been characterized in
detail in the presence of model membranes. AMPs typi-
cally show several characteristics in the presence of lipid
membranes such as a change in the conformation from a
random coil to alpha helical, further augmented in the pres-
ence of negatively charged phospholipids [24]. It has been
shown that various amphipathic «-helical peptides such as
magainin, cecropin B, cecropin P, dermaseptin B, and der-
maseptin S bind to and permeate zwitterionic membranes,
although 10-fold higher concentrations are needed compared
with negatively charged membranes [25, 26]. Recently, we
have compared the effects of the AMPs like temporin B,
temporin L, indolicidin, magainin 2, and plantaricin A on the
zwitterionic as well as negatively charged membranes [6, 15,
27]. In brief, magainin 2, temporin B and plantaricin A have
pronounced effects on the membranes containing negatively
charged phospholipids while only a minor impact on zwitte-
rionic membranes was evident. Temporin L and indolicidin
preferentially bind to acidic phospholipids, yet they also ex-
hibit significant interactions with zwitterionic membranes.
Fluorescence studies of these peptides in lipid bilayers in
the presence of pyrene labeled lipids have shown that they
increase the acyl chain order in the presence of POPG, the
magnitude of this effect increasing with the content of this
lipid [15]. Likewise, lipid segregation was induced by these
peptides in the presence of the acidic phospholipid. All these
effects again emphasize the importance of acidic phospho-
lipids as well as the cationic charges of the peptides for their
interaction with target membranes. Interestingly, following
the binding of AMPs to their lipid targets they somehow dis-
rupt the barrier properties of the membranes [28-32]. AMPs
have been reported to form amyloid like fibers in the presence
of acidic phospholipids [27].

Amyloid fibers are ordered aggregates of peptides or
proteins that are fibrillar in structure and contribute to the
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complications of many diseases for example, type 2 diabetes
mellitus, Alzheimer’s disease, and primary systemic amyloi-
dosis. These fibers have a cross-8-sheet structure in which
polypeptide chains are oriented in such a way that the §-
strands run perpendicularly to the long axis of the fibril, while
B sheets propagate in its direction. The physicochemical ba-
sis of amyloid formation remains incompletely understood.
There seems to be a consensus about peptide aggregation
being prompted by partial unfolding of proteins [33, 34].
This can be consistently enhanced in a slightly hydropho-
bic environment at acidic pH and both hydrophobicity and
the net charge of the protein seem to be crucial, neutraliza-
tion of the charges triggering aggregation. These conditions
are readily found in membranes containing acidic phospho-
lipids and it has indeed been demonstrated recently, that such
membranes trigger the growth amyloid fibrils by a range of
cationic proteins and peptides [12, 27, 35]. The membranes
additionally provide a highly anisotropic environment, ef-
ficiently aligning the peptides in the lipid—water interface
[36]. This process appears to be driven by coulombic forces
between the cationic residues of the proteins and the acidic
phospholipids, exhibiting no specificity to the latter. Finally,
we have concluded it to be highly likely that AMPs perme-
abilize their target membranes by the same mechanism as
amyloid protofibrils in general [27].

Among the smallest AMPs identified to date are those
isolated from amphibian skin [48]. In this respect tempo-
rins, a family of cationic, 10-13 residue peptides isolated
from Rana temporaria, the red frog found in Central Europe
[37], are of particular interest. Thought at first to be exclu-
sive to R. temporaria, novel members of the temporin family
have recently been isolated also from other species of the
genus Rana, [38] viz., R. clamitans [39], luteiventris [38],
pipiens [38], and grylio [40]. Temporins are particularly ac-
tive against gram-positive bacteria and Candida albicans,
yet generally non-toxic (non-hemolytic) to human red blood
cells [41, 42]. In order to facilitate the assessment of the prop-
erties of these peptides by fluorescence spectroscopy we con-
jugated by nucleophilic addition to CLLPIVGNLLKSLL-
COOH (C-temB i.e. temporin B bearing an additional cys-
teine residue at the N-terminus) a maleimide derivative of
the stable, high quantum yield fluorophore, Texas Red (TR).
Prolonged fluorescence lifetimes of TRC-temB in buffer
compared to free TR reflect an increased hydrophobic-
ity in the environment of the fluorophore in the labeled
peptide.

Liposomes were used as model membranes and were com-
posed of 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocoline
(SOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-rac-
glycerol (POPG), and pB-cholesterol, as indicated. CD
measurements revealed a change in the conformation of
C-temB from random coil in buffer to an «-helix in the
presence of liposomes, with the extent of helicity increasing

further in the presence of negatively charged phospholipids.
Subsequently, we wanted to study which fluorescence
spectroscopy features could be utilized to distinguish
between lipid-dependent changes in (i) the extent of mem-
brane binding, (ii) in the mode of membrane association,
and (iii) peptide aggregation and oligomer formation.
Binding of TRC-temB to membranes was demonstrated
by resonance energy transfer (FRET) between TR and the
fluorescent  1-oleoyl-2-[6-[7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]hexanoyl]-sn-glycero-3-phosphocholine  (NBD-
PC) lipid incorporated into liposomes. Efficiency of energy
transfer was enhanced in the presence of negatively charged
phospholipids while cholesterol attenuated FRET. The bind-
ing of TRC-temB to lipid membranes induced a blue shift
in TR emission. Presence of cholesterol in the liposomes
attenuated the binding of the peptide as reflected by the
negligible shift in the emission maxima, smaller steady
state anisotropy, and prolonged fluorescence lifetimes of the
fluorophore. These results were further supported by steady
state and time resolved fluorescence quenching studies,
which showed that TRC-temB inserts into the hydrophobic
region of the bilayer. TRC-temB formed amyloid-like
fibers in the presence of negatively charged liposomes.
Our data indicate TRC-temB to be a highly environment
sensitive fluorescent peptide analog for assessing lipid
interactions.

Experimental procedures
Materials and methods

Hepes, EDTA, Congo red, and o-cyano-4-hydroxycinnamic
acid (CHCA) were from Sigma. HPLC grade trifluoroacetic
acid (TFA) was from Fluka (Buchs, Switzerland), potas-
sium ferrocyanide from Merck, and acetonitrile from Rath-
burn (Walker Burn, Scotland, UK). SOPC!, POPG, and
B-cholesterol were from Avanti Polar Lipids (Alabaster,
AL). NBD-PC and Texas Red maleimide (TRM) were from
Molecular Probes (Eugene, OR). The purity of lipids was
checked by thin-layer chromatography on silicic acid coated
plates (Merck, Darmstadt, Germany) developed with a chlo-
roform/methanol/water mixture (65:25:4, v/v/v). Examina-
tion of the plates after iodine staining and when appropriate
upon UV illumination revealed no impurities. Concentra-
tions of the nonlabeled lipids were determined gravimetri-
cally with a high precision electrobalance (Cahn, Cerritos,
CA). Concentration of the fluorescent lipid analogue NBD-
PC was determined spectrophotometrically using a molar
absorptivity e465 = 19000 M~'em™! (in C,HsOH). The in-
dicated temporin B derivative was synthesized by Synpep
(Dublin, CA) and its purity ( > 98%) was verified by HPLC
and mass spectrometry. All experiments were conducted in
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Fig. 1 Schematic representation of chemical structure of Texas Red
labeled Cys-temporin B (TRC-temB). Please note that the structure of
the fluorophore and the peptide sequence have not been drawn to be on
the same scale

5 mM Hepes, 0.1 mM EDTA, pH 7.0 unless otherwise indi-
cated.

Coupling of Texas Red to C-temB

To avoid aggregation and precipitation of TRM and the
peptide during conjugation, the reaction was carried out in
20 mM Hepes, 0.1 mM EDTA, pH 7.0 containing 20% (by
volume) acetonitrile. TRM and C-temB were mixed in 1:1
molar ratio at a final concentration of 50 M and this mix-
ture incubated for 3 h in the dark with stirring. Labeled
peptide (TRC-temB) was then purified by HPLC on a re-
verse phase column (uRPC C2/C18 ST 4.6/100, Amersham
Biosciences, Uppsala, Sweden) eluted with a linear gradi-
ent from 20 to 80% acetonitrile in water with 0.05% TFA.
No unreacted label was detected by chromatography and no
unlabeled peptide was detected by mass spectrometry thus
indicating that the peptide was completely labelled. The mass
of the fluorescent peptide derivative (Fig. 1) was confirmed
by mass spectrometry on flex Control MALDI-TOF (Bruker
Daltonics, Bremen, Germany) and with a saturated solution
of CHCA in 33% acetonitrile, 0.1% TFA as matrix.

Preparation of large unilamellar vesicles (LUVs)

Appropriate amounts of the lipid stock solutions were mixed
in chloroform to obtain the desired compositions. The sol-
vent was removed under a stream of nitrogen, and the lipid
residue was subsequently maintained under reduced pres-
sure for at least 2 h. The dry lipids were then hydrated at
room temperature for one hour in 5 mM Hepes and 0.1 mM
ethylenediaminetetraacetic acid (EDTA, pH 7.0). The result-
ing dispersions were extruded through a single polycarbonate
filter (pore size of 100 nm, Millipore, Bedford, MA) using
a Lipofast low-pressure homogenizer (Avestin, Ottawa, ON)
to produce LU Vs, with an average diameter between 111 and
117 nm [43].
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Measurement of circular dichroic (CD) spectra

UV-CD spectra from 250 to 190 nm were recorded with a
CD spectrophotometer (Olis RSF 1000F, On-line Instrument
Systems Inc., Bogart, GA) with the temperature maintained
at 20°C with a circulating water bath. A 1-mm path length
quartz cell was used at a final concentration of 50 uM and
3 mM of peptide and liposomes, respectively, in buffer. Inter-
ference by circular differential scattering by liposomes was
eliminated by subtracting CD spectra for liposomes from
those recorded in the presence of peptide. Data are shown
as mean residue molar ellipticity (degrees cm? dmol~!) and
represent the averages of seven scans. The percentage of
helical content was estimated from the molar ellipticity at
222 nm (01;) using the equation:

fn = (0222/012220) + (ik /N) e

where fj, is the fraction in a-helical form, 6y35,, is the
molar ellipticity at 222 nm for an infinitely long «-helix
(— 39,5000 deg cm?/dmol), i is the number of helices (as-
sumed to be one), k is a wavelength specific constant (2.6 at
222 nm), and N is the number of residues in the peptide [44].

Microscopy

Amyloid-type fiber formation was assessed by adding TRC-
temB to a solution of SOPC/POPG LUVs (8:2 molar ratios)
to yield final concentrations of 0.1-1.0 uM and 10 uM, re-
spectively, in buffer. The samples were observed by bright
field microscopy (Olympus IX 70, Olympus Optical Co.,
Tokyo, Japan). For polarized microscopy, the specimens
were incubated for 30 min with 10 uM Congo red and their
resulting birefringence was observed using crossed polariz-
ers in the excitation and emission paths and birefringence
images were taken with Canon colour camera.

When indicated, trace amounts (X = 0.02) of the fluores-
cent lipid NBD-PC was additionally included in to the lipo-
somes, and fibers were formed as described above, imaging
their fluorescence with an inverted microscope (Zeiss IM-
35, Oberkochen, Germany) using mercury arc lamp as an
excitation source. Filter sets appropriate for the observation
of NBD (BP 450-490, FT 510, LP 520) and Texas Red (BP
546/12, FT 580, LP 590) were used. Images were acquired
with a B/W CCD camera (C4742-95-12 NRB, Hamamatsu
Photonics K. K., Hamamatsu, Japan) interfaced with a com-
puter, and operated by the software (AquaCosmos) provided
by the camera manufacturer.

Steady state fluorescence spectroscopy

Fluorescence measurements were carried out with a Perkin
Elmer LS50B (Wellesley, MA) or a Cary Eclipse (Varian
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Instruments, Walnut Creek, CA) spectrofluorometer inter-
faced to a computer. Cuvette temperature was maintained at
20°C with a circulating water bath, and the contents were
agitated by a magnetic stirring bar. LUVs were added to a
solution of TRC-temB (0.3 «M final concentration) in 5 mM
Hepes, 0.1 mM EDTA, pH 7.0, in a total volume of 1 ml.
After equilibration fluorescence spectra were recorded with
both emission and excitation bandpasses set at 5 nm. Due
to the very low concentrations of the chromophores used in-
ner filter effect can be expected to be negligible. Texas Red
was excited at 550 nm and emission spectra were recorded
between 570 and 700 nm, averaging three scans. Spectra
were corrected for the contribution of light scattering in the
presence of vesicles. Although referred to as emission max-
ima (Amax) throughout this communication, spectral center
of mass instead of intensity maxima was employed to min-
imize the error in the determination of spectral shifts. S.D.
for the given values of Ap,.x were less than 0.2 nm.

For the measurement of resonance energy transfer NBD-
PC (X = 0.01) was included in the liposomes as a donor, and
its fluorescence was monitored with excitation at 470 nm and
emission at 530 nm, using 5 nm bandwidths, while varying
the concentration of TRC-temB. The total concentration of
phospholipids was 20 uM with temperature maintained at
20°C. Energy transfer efficiencies were calculated using the
equation

E =(1—-F/Fo) 2

where F( and F represent the fluorescence intensities in the
absence and the presence of the acceptor respectively.

Polarized emission was measured in the L-format using
Polaroid film type filters with Perkin Elmer LS50B. Fluo-
rescence anisotropy r of TR was measured with excitation
at 550 nm and emission at 610 nm, using 10 nm bandwidths
and was calculated using routines of the software provided
by Perkin-Elmer.

Aliquots of concentrated solution of potassium ferro-
cyanide (FCN) were added to the peptide solution in the
absence as well as in the presence of liposomes. The data
were analyzed by the Stern-Volmer equation [45]:

Fo/F =1+ Ky[0] =14 k7[0] 3)

where Fj and F represent the fluorescence intensities in the
absence and the presence of the quencher (Q), respectively,
and K, is the Stern Volmer quenching constant, which is the
measure of the accessibility of TR to FCN, and is defined as

Ky = kth

where kg is the bimolecular quenching constant and 7 is the
lifetime of the fluorophore in the absence of the quencher.

Time resolved fluorescence measurements

Commercial laserspectrometer (Photon Technology Interna-
tional, Ontario, Canada) was used to measure fluorescence
lifetimes. A train of 500 ps excitation pulses at 590 nm at
a repetition rate of 10 Hz was produced by a nitrogen laser,
pumping a dye laser (thodamine 6G, Merck, Darmstadt, Ger-
many, 6 mM solution in methanol). For the determination of
the fluorescence lifetimes, the averages of the five emission
decay curves were analyzed and were fitted as:

F(t) = a exp(—t/T) 4)

where o is a preexponential factor and t; is the fluores-
cence lifetime of Texas Red. The decay parameters were
recovered using a nonlinear least squares iterative fitting
procedure based on the Marquardt algorithm [46]. The va-
lidity of the fit of a given set of observed data and chosen
function was evaluated by the reduced chi 2 (xz?) values, the
weighted residuals [47], and the autocorrelation function of
the weighted residuals [48]. A fit was considered acceptable
when plots of the weighted residuals and the autocorrela-
tion function showed random deviation about zero with a
minimum in xg> value not exceeding 1.5. Instrument re-
sponse function was measured separately using an aqueous
glycogen solution. The minimum lifetime accessible to the
instrument is 200 ps.

Results
CD spectroscopy

Several studies have demonstrated pronounced changes in
the secondary structure of most AMPs upon their interac-
tion with target phospholipids [49]. In an aqueous solution
C-temB adopts a random coil structure, characterized by a
single minimum in the CD spectra at 197 nm (Fig. 2). In the
presence of SOPC LUVs, the peptide is «-helical with the
characteristic double minima at 208 nm and 222 nm. Com-
pared with the zwitterionic SOPC LUV, the calculated heli-
cal content increases slightly, from 36 to 38% in the presence
of SOPC/POPG (6:4, molar ratio) liposomes. Accordingly,
the addition of cysteine and carboxylation of the C-terminus
of the peptide did not alter the lipid-induced changes in the
secondary structure of temB characteristic for AMPs.

Formation of amyloid like fibers

We have recently observed the ability of acidic phospholipid
containing liposomes to induce a rapid formation of amyloid-
type fibers in vitro by a variety of proteins such as lyso-

zyme, insulin, glyceraldehyde-3-phosphate-dehydrogenase,
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Fig. 2 Circular dichroic spectra of 50 uM C-temB in given buffer

composition (o) and in the presence of LUVs composed of SOPC with

Xporg = 0 (0) and 0.4 (v). Final lipid concentration is 3 mM. The

temperature was maintained at 20°C with a circulating water bath

myoglobin, transthyretin, cytochrome c, histone H1, and o—
lactalbumin and by several AMPs eg., temporin L, magainin,
indolicidin and plantaricin A (for brief accounts see Refs.
[27, 35]). Interestingly, all the above proteins and peptides
have been shown to be involved in the triggering of apoptosis
or killing of cancer cells. Along these lines, it was of interest
to study if also TRC-temB could form amyloid-like fibers.
Interestingly, we observed TRC-temB to form microscopic
fibers in the presence of PG containing liposomes (Fig. 3A),
with Congo red staining producing the characteristic light
green birefringence (Fig. 3B). In addition to TR fluorescence
(Fig. 3D) these fibers also showed intense NBD (Fig. 3C)
fluorescence, when the fluorescent phospholipid analog
NBD-PC was present in the liposomes. No fibers were seen
in the presence of liposomes composed of PC only.

Steady state anisotropy studies

Rotational diffusion of fluorophores is the dominant cause
of fluorescence depolarization. For proteins and peptides the
mobility of the fluorescent moiety bears a close relationship
with the overall state of biopolymers and factors that affect
their size, shape, or segmental flexibility will also influence
the observed values for the steady state anisotropy, r [50].
Accordingly, measurement of r provides a sensitive tech-
nique to study the association of any fluorescent molecule
with membranes. Binding of TRC-temB to liposomes was
first evaluated by recording r in the presence of increasing
concentration of liposomes (Fig. 4). Values for r in the pres-
ence of SOPC/POPG (8:2 and 6:4 molar ratios) vesicles are
higher than for neat SOPC vesicles whereas in the presence
of SOPC/Chol (9:1 molar ratio) r is significantly reduced.
These differences in r are likely to reflect difference in the
extent of binding of TRC-temB to the above lipids.
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Fig. 3 Panel A. Bright field microscopy image of a fiber formed by
TRC-temB after mixing with SOPC/POPG (8:2 molar ratio) liposomes
at ambient temperature. The final concentrations of the phospholipid
and peptide were 10 uM and 0.1-1.0 uM (approximately 24°C). Mag-
nification was 40 x . Panel B: The fiber formed as shown in panel A but
after staining with Congo red (final concentration of 10 uM). Magnifi-
cation was 20 x . Panel C: Incorporation of the fluorescent phospholipid
analogue NBD-PC into the fiber. The latter was formed as described
above except that a trace amount (X = 0.02) of NBD-PC was addition-
ally included in the SOPC/POPG liposomes. Magnification was 16 x .
Panel D: The same fiber as shown in panel C but showing intense Texas
Red fluorescence. Magnification was 16 x
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Fig.4 Steady state fluorescence anisotropy r for liposomes composed
of SOPC with Xpopg = 0 ([J), 0.2 (A), and 0.4 (¥) and with Xcpe
= 0.1 (M) as a function of [phospholipid]. Each data point shown
represents the mean of five measurements. Concentration of TRC-temB
was 0.3 uM

Resonance energy transfer measurements

Lipid binding of TRC-temB was verified employing
resonance energy transfer (RET) from NBD-labeled lipid
(NBD-PC) incorporated into liposomes to TRC-temB.
The two fluorophores, NBD and TR constitute a highly
effective donor-acceptor pair and RET is demonstrated by
the emission spectra recorded in the range of 450 to 650 nm
for TRC-temB in the presence of SOPC/POPG/NBD-PC
(79:20:1 molar ratios) liposomes (Fig. 5A). In an aqueous
buffer the emission maximum for NBD-PC containing
liposomes is observed at 535 nm. With increasing [TRC-
temB] the intensity of NBD fluorescence decreases while
emission of TR is progressively enhanced (Fig. 5A). In the
presence of neat SOPC vesicles RET efficiency was low. The
calculated energy transfer efficiencies (ET) were enhanced
for SOPC/POPG vesicles, in keeping with augmented mem-
brane binding or deeper penetration of TRC-temB into the
bilayer in the presence of the negatively charged lipid (Fig.
5B). Electrostatic interaction is revealed by the partial rever-
sal of RET upon the addition of NaCl after the completion
of the membrane association of the peptide (Fig. 5A).

Steady state fluorescence quenching of TRC-temB by FCN

To gain further insight into the impact of lipid composition on
the peptide/liposome interaction and to investigate the local-
ization of TRC-temB in membranes we utilized collisional
quenching of TR fluorescence by FCN. Addition of FCN
decreases the fluorescence of TRC-temB both in the absence
and in the presence of liposomes, without other effects on
the recorded spectra (Fig. 6). However, quenching becomes
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Fig.5 Panel A: Emission spectra for NBD-PC (X = 0.02) containing
SOPC/POPG (8:2 molar ratio) liposomes in the buffer (o) and in the
presence of 0.1 (@), 0.2 ((J), 0.3 (a), and 0.4 uM (¥) of TRC-temB and
260 mM NaCl (H) added to 0.4 uM of TRC-temB. The excitation was
at 470 nm. Panel B: Efficiency of energy transfer from NBD to TRC-
temB as function of peptide concentration in the presence of liposomes
composed of SOPC (OJ), SOPC with Xpopg = 0.2 (A), and SOPC with
Xchot = 0.1 (H)

less efficient in the presence of liposomes thus demonstrating
the fluorophore to be accommodated within the bilayer, as
reflected in the Stern-Volmer quenching constant K, (Table
1). More specifically, K, decreases in the presence of both
SOPC and SOPC/POPG LUVs, revealing reduced access
of the quencher to the fluorophore. Comparison of K, and
kq values for POPG containing and neat SOPC liposomes
further show that the binding of TRC-temB to liposomes is
enhanced in the presence of POPG. Accordingly, both K,
and ky decrease as Xpopg is increased from 0.0 to 0.4. In
contrast, the values for K, measured with cholesterol con-
taining liposomes are slightly higher than for SOPC. These
data suggest the affinity of TRC-temB for liposomes and/or
the depth of the membrane penetration of TR to increase in
the order SOPC/Chol (9:1) < SOPC < SOPC/POPG (9:1)
< SOPC/POPG (8:2) < SOPC/POPG (6:4).
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Fig. 6 Stern-Volmer plots for the quenching of TRC-temB fluores- &£ 'H'-/ =
cence by FCN in the aqueous buffer (o) and in the presence of lipo-
somes composed of SOPC ([J), SOPC/POPG with Xpopg = 0.1 (), )
0.2 (4), and 0.4 (V) and SOPC/Chol with Xco1 = 0.1 (H) To0
Time resolved fluorescence spectroscopy o
1.8 . // -
Not only the spectral features but also the fluorescence life- e o ///D
. . . . 27 o
times () of a fluorophore depend on its microenvironment o P ///ﬂ/ /// .
. . . o — A
[50]. A representative emission decay curve is illustrated \l_,o 1.4 /ﬁj/ ’///:///
(Fig. 7A) and the values of 7, and reduced chi squared (x R%) Py ////;f /////
obtained from these decays for TRC-temB in buffer as well 12 p//k/'c”/////;// I
as in the presence of liposomes are compiled in Table 2. The ol /(5;423/:;1//
values for xg” reveal a good fit with the calculated mono- ©)

exponential decays. In buffer ¢ was 5.2 ns, which is slightly
longer than the reported value for the free Texas Red fluo-
rophore in an aqueous solution, 4.2 ns [50]. The t values
of TR are prolonged further in the presence of liposomes
with a maximum of 6.0 ns detected for SOPC liposomes. We
also measured time-resolved quenching of TRC-temB TR
by FCN in the absence as well as in the presence of lipo-
somes, with 7o and 7 representing the fluorescence lifetimes
for TR in the absence and in the presence of FCN, respec-

Table 1  The Stern-Volmer quenching constant Ky, (steady state flu-
orescence), K, TR (time resolved fluorescence) (M~!) and bimolecular
quenching constant (k, x 1072 M~! s7!) of FCN for TRC-temB in
the absence as well as in the presence of liposomes

Liposomes K kq Ko™
Buffer 24.50 + 0.16 4.71 24.00 + 0.37
SOPC/Chol
Xcnot = 0.1 22.73 + 0.57 3.72 2221 4+ 0.83
SOPC 20.12 + 0.67 3.35 19.48 + 0.90
SOPC/POPG
Xrorg = 0.1 15.80 &+ 0.56 2.68 15.06 + 0.74
Xprorg = 0.2 13.29 4+ 0.70 2.37 12.53 + 091
Xporg = 0.4 7.10 £ 0.48 1.37 6.30 £+ 0.54
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Fig. 7 Panel A: Time resolved fluorescence intensity decay for TRC-
temB in buffer (o) at 20°C. The [phospholipid] in these set of ex-
periments was 20 uM. Panel B: shows the weighted residuals. The
excitation wavelength was 590 nm and emission wavelength was moni-
tored at 610 nm. Panel C: Stern-Volmer plots for the quenching of time
resolved TRC-temB fluorescence of FCN in aqueous buffer (o) and in
the presence of liposomes composed of SOPC with Xpopg = 0 (0J),
0.1 (e),0.2 (a), and 0.4 (v), and SOPC/Chol with Xcpe = 0.1 (H)

tively (Fig. 7B). Stern-Volmer quenching constants K, "
calculated from these data are shown in Table 1 and are in
perfect agreement with the values for K, derived from the
steady state measurements.

Table2 Fluorescence lifetimes (7, ns), and x> values for TRC-temB
obtained from the single exponential decays recorded in the absence
and in the presence of SOPC/POPG liposomes with the indicated mole
fraction of the anionic phospholipid

XpopG
TRC-temB in buffer 0.0 0.1 0.2 0.4
T 5.2 6.0 5.9 5.6 5.8
XR> 1.1 1.3 1.2 1.2 1.1
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Fig. 8 Fluorescence spectra of TRC-temB in an aqueous buffer (H)
and in the presence of increasing concentration of liposomes com-
posed of SOPC with POPG (6:4). [TRC-temB] was 0.3 uM with total
[Phospholipid] increasing as 20 (o), 40 (A), 60 (v¥), and 80 uM ([J).
(@) represents the effect of NaCl (260 mM) added after the peptide
titration. The temperature was maintained at 20°C with a circulating
water bath

Binding of TRC-temB to liposomes

The changes in fluorescence emission characteristics of TR
upon binding of TRC-temB to membranes is demonstrated
by the impact of increasing concentrations of SOPC/POPG
(6:4 molar ratio) liposomes (Fig. 8). In keeping with
the association of TRC-temB with lipid bilayers, the
Amax 1n buffer at 617 nm shifts to shorter wavelengths in
the presence of liposomes (Fig. 9A), together with an
increase in the relative fluorescence intensity (Fig. 8). The
above changes in emission indicate decreased polarity of
the solvent environment of TR. Compared to zwitterionic
liposomes the change in AAp,x was more pronounced in
the presence of liposomes containing negatively charged
phopholipids (Fig. 9A). Interestingly, AAmax in the presence
of liposomes devoid of negatively charged lipid was much
smaller than for SOPC/POPG samples, indicating reduced
binding of the peptide to zwitterionic membranes (9:1,
Fig. 9A). Addition of NaCl (260 mM) after titration
with the peptide partially reverses the above changes
in Amax thus emphasizing also coulombic attraction to
be involved in the binding of TRC-temB to membranes
(Table 3). Association of TRC-temB with SOPC vesicles
causes only minor changes in the fluorescence intensity.
However, in the presence of POPG, a pronounced and
progressive enhancement in intensity becomes evident
(Fig. 9B), while in the presence of cholesterol fluorescence
intensity decreases. Smallest shift in the emission maxima
of TR and decrease in fluorescence intensity is evident
for liposomes containing cholesterol, thus suggesting that
cholesterol either attenuates the membrane association of
TRC-temB or that in the presence of this lipid the peptide re-
sides in the surface of the bilayer. These two possibilities are

Table 3  Values of Ayax for TRC-temB in the presence of liposomes
and after the addition of NaCl

[Liposomes, uM] 80 uM [NaCl] = 260 mM
SOPC 616.1 616.9
SOPC/Chol
Xchot = 0.1 616.6 616.9
SOPC/POPG
Xpopg = 0.1 613.4 615.0
Xpopg = 0.2 614.7 615.8
Xpopg = 0.4 613.8 614.9

not mutually exclusive. The affinity of the peptide increasing
in the sequence SOPC/Chol (9:1) ~ SOPC < SOPC/POPG
(9:1) < SOPC/POPG (6:4) < SOPC/POPG (8:2).

Discussion

We assessed the membrane binding of TRC-temB by moni-
toring changes in the fluorescence of the covalently coupled
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Fig.9 Panel A: Blue shift in Texas Red emission maximum in the pres-
ence of liposomes composed of SOPC with Xpopg = 0 (0J), 0.1 (e),
0.2 (A), 0.4 (v), and Xcper = 0.1 (M) as a function of [Phospholipid].
Panel B: Changes in fluorescence intensity as a function of phos-
pholipid concentration for SOPC with Xpopc = 0 (0J), 0.4 (V¥), and
Xchot = 0.1 (H)
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Texas Red moiety. The blue shifts of the emission maxima
in the presence of SOPC and SOPC/POPG vesicles reveal
that TR inserts into the bilayer. Compared with the zwit-
terionic membranes, larger values of Al in TRC-temB
emission and diminished quenching by FCN were evident for
membranes containing the negatively charged POPG. These
differences could be due to a larger fraction of the added
peptide being inserted, deeper penetration into the bilayer,
or both. While having a random structure in solution C-temB
becomes more a-helical in the presence of membranes con-
taining POPG, compared to SOPC (Fig. 2). Accordingly, it
could not be ruled out that some of the fluorescence changes
seen here result from conformational changes in TRC-temB
following its association with liposomes and do not reflect
direct changes due to embedding the fluorophore in a lipid
environment. Both steady state (Fig. 6) and time resolved
fluorescence (Fig. 7B) quenching by FCN reveals that the
peptide coupled TR is shielded in the presence of liposomes.
Moreover, partition coefficients estimated from the bind-
ing isotherms of TRC-temB were higher for acidic vesicles
(SOPC/POPG) than those with the zwitterionic SOPC (data
not shown).

The steady state anisotropy corresponding to the rota-
tional diffusion of the dye is usually very low due to the
rapid rotational diffusion of small molecular weight fluo-
rophores [50]. Compared with the zwitterionic membranes,
anisotropy values for TRC-temB were higher in the presence
of membranes containing the negatively charged POPG, in-
dicating its rotation to become slower and thus revealing
augmented interactions between the TRC-temB and the neg-
atively charged membranes as compared to the zwitterionic
bilayers (Fig. 4). As this peptide has a net positive charge,
electrostatic interactions between TRC-temB and negatively
charged membranes are expected, in keeping with the partial
reversal of A« in the presence of salt (Fig. 8). Electrostatic
interactions will concentrate the peptide to the negatively
charged membranes as indicated also by our RET experi-
ments, which show a similar pattern, with a significant de-
crease in the fluorescence of NBD due to energy transfer to
TRC-temB in the presence of liposomes. RET is much more
efficient in the presence of SOPC/POPG (8:2 molar ratios) as
compared to neat SOPC liposomes (Fig. 5B). Partial reversal
of NBD fluorescence upon the addition of NaCl again em-
phasizes the role for electrostatics in the interaction of TRC-
temB with membranes. Cholesterol attenuates the binding
of TRC-temB to the membranes as revealed by steady state
anisotropy, resonance energy transfer, and emission maxima
measurements. Cholesterol increases acyl chain order [51]
and stabilizes the bilayer structure [52], which could prevent
the penetration of TRC-temB into the lipid bilayer and de-
crease the extent of membrane perturbation by this peptide.

Time resolved fluorescence studies provide further in-
sight into the changes in the conformational dynamics of

a Springer

TRC-temB. The value for 7 of the fluorophore relates to its
microenvironment and reduced polarity of the medium is as-
sociated with longer lifetimes [50, 53] as well as an increase
in the quantum yield. Compared to the free fluorophore in
an aqueous solution TR shows slightly increased value of 7
when coupled to peptide. C-temB is amphiphilic in nature
and its coupling with TRM could increase the hydrophobic-
ity of the environment of the fluorophore, prolonging t. The
values for t further increase in the presence of liposomes
in keeping with the TR residue residing in a hydrophobic
region of the bilayer, as is evident also from the increase
in the quantum yield (Fig. 8). These results do confirm that
the interaction between TRC-temB and lipid membranes is
driven both by electrostatics as well as hydrophobicity.

The interaction between TRC-temB and negatively
charged biomembranes seems to provide a suitable environ-
ment for the formation of amyloid like fibers (Fig. 3) and we
have suggested this property to relate to the cytotoxic activity
of antimicrobial and cytotoxic peptides [12, 27, 35]. These
results indicate that membrane penetration as well as cooper-
ative interactions accompany the bilayer association of this
peptide derivative. The physicochemical basis of amyloid
formation remains poorly understood (54-56). There seems
to be a consensus about the fact that peptide aggregation
being prompted by partial unfolding of proteins [57]. This
can be consistently enhanced in a slightly hydrophobic envi-
ronment at acidic pH [58] and both hydrophobicity and the
net charge of the protein seem to be crucial, neutralization
of the charges triggering aggregation [59]. Importantly, the
physiological relevance of the low dielectricity, acidic mi-
lieu in accelerating the formation of amyloid fibrils in vitro
has been questioned and may as such be effective in vivo
when the proteins/peptides reside in the lysosomes [35 and
references therein].

We may conclude that TRC-temB shows all the char-
acteristic changes for AMPs induced by lipid membranes,
should be a useful model peptide. We are currently explor-
ing its antimicrobial activity and interactions with target and
non-target biomembranes.
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