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ABSTRACT: Temporin-SHa and temporin-SHc are 13 residue long antimicrobial peptides from frog skin
that have similar sequences but differ markedly in their membrane-damaging properties. Temporin-SHa
contains a single basic lysine residue and has a unique antimicrobial spectrum of action among temporins,
being very potent against Gram-positive and Gram-negative bacteria, yeasts, fungi, and protozoa. Temporin-
SHc, which contains a single basic histidine residue, is inactive against Gram-negative bacteria, has a
reduced efficacy against Gram-positive bacteria, but is still active against yeasts and fungi. Temporin-
SHb, with no basic residue, has no antimicrobial activity. The three-dimensional structures of the peptides
bound to SDS micelles were analyzed by CD and NMR spectroscopy combined with restrained molecular
dynamics calculations. The peptides adopt well-defined amphipathic o-helical structures extending from
residue 3 to residue 12, when bound to SDS micelles. The structures are stabilized by extensive interactions
between aliphatic and aromatic side chains on the nonpolar face. Relaxation enhancements caused by
paramagnetic probes showed that the peptides adopt nearly parallel orientations to the micelle surface
and do not deeply penetrate into the micelle. The interaction of the peptides with model membranes was
investigated by differential scanning calorimetry on anionic and zwitterionic multilamellar vesicles and
membrane-permeabilization assays on calcein-loaded large unilamellar vesicles. Calorimetric data indi-
cated that both temporin-SHa and -SHc reside at the hydrocarbon core—water interface of the anionic
lipid bilayer but interact with anionic bilayers in a very different manner. This suggests that the charge-
induced activity of temporins-SH for bacterial cells is due to changes in the membrane-disturbing mechanism

of the bound peptides.

Temporins form a vast family of linear, highly hydropho-
bic and weakly charged antimicrobial peptides that are
produced by the skin of Eurasian and New World ranid
frogs (I—4). These peptides are of particular interest because
they contain only 10—13 amino acid residues and thus are
among the shortest microbicidal peptides found in nature.
Temporins represent a good minimal model for membrane-
destabilizing peptide with various selectivity as well as
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attractive templates for the design of new therapeutic agents
against microbial pathogens. In most cases, there is a direct
correlation between the antimicrobial potency and factors
such as the length and the net positive charge of temporins.
Ten-residue members of this family, although containing a
basic residue, were inactive and 13-residue members carrying
a net charge of 0 or +1 were inactive also (5). Most naturally
occurring temporins contain a single basic amino acid residue
(usually lysine) and show potent antimicrobial activity against
Gram-positive bacteria, including clinical isolates of methi-
cillin-resistant Staphylococcus aureus and vancomycin-
resistant Enterococcus faecium and Enterococcus faecalis (6, 7),
but are inactive against Gram-negative bacteria. A few
temporins have also leishmanicidal activity at concentrations
that are not toxic to human red blood cells (8). Only temporin
L (FVQWFSKFLGRIL i¢e) from Rana temporaria (9) and
temporin-1DRa (HFLGTLVNLAKKIL,i¢e) from Rana dray-
tonii (10), which bear a net charge of +3, exhibit very broad
spectra of activity against Gram-positive and Gram-negative
bacteria and yeasts. However, these peptides are appreciably
hemolytic against human erythrocytes.
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Table 1: Amino Acid Sequences, Net Charges, Mean Hydrophobic Moments,” and Hydrophobicities” of Temporins from P. saharica Skin

Peptide Sequence"

Temporin-SHa ~ FLSGIVGMLGKLF,
Temporin-SHb ~ FLPIVTNLLSGLL,
Temporin-SHe ~ FLSHIAGFLSNLF,

Net charge Mean Hydrophobic Mean Hydrophobicity
(pH 7.5)

Moment
4.57 3.46
3.87 4.11
4.58 3.44

“ Calculated using http://www.bbcm.univ.trieste.it/~tossi/HydroCalc/HydroMCalc.html. » Identical amino acid residues are in bold type; a, amide.

The detailed mechanisms by which the temporins act
against microbial cells remain unclear. Experimental evi-
dence suggests that direct peptide—lipid interactions are
important for the expression of antimicrobial activity of these
peptides (4). Temporins form amphipathic a-helices with
alternating hydrophobic and polar residues in apolar media
or membrane mimetic environments (5, 6, /7). The amphi-
pathic o-helical structure is believed to enable the cationic
peptides to interact with, and insert into the anionic outer
leaflet of bacterial cytoplasmic membrane, thereby provoking
membrane permeabilization and/or disruption either by their
ability to form transmembrane pores via a “barrel-stave”
mechanism or by a carpet on the membrane surface via a
“carpet-like” model or to act as detergents via a “detergent-
like” model (5, 6, 12—14). Since the bacterial cytoplasmic
cell membrane is rich in anionic phospholipids, such as
phosphatidylglycerol and negatively charged lipopolysac-
charides, an increase in peptide cationicity should promote
stronger interaction with the negatively charged bacterial cell
membrane through nonspecific long-range Coulombic inter-
actions and should increase antimicrobial potency. Another
important question that also remains to be answered is
whether the charge-induced activity of temporins for bacterial
cells is due only to changes in lipid affinity or whether
differences in the membrane-disturbing activity of the bound
peptides are also involved.

We have recently isolated novel, 13 residue long temporins
from the skin of the North African frog Pelophylax (Rana)
saharica (15) that have similar sequences and hydrophobici-
ties but differ markedly in their net charges and membrane-
damaging properties (Table 1). Since a new nomenclature
was recently proposed for antimicrobial peptides from the
frogs of the family Ranidae (16), temporins-1S from P.
saharica were renamed temporins-SH herein. Temporin-SHa,
which contains a single lysine residue (net charge +2), is
very potent against Gram-positive and Gram-negative bac-
teria, yeasts, and fungi (Table 2) and kills both the promas-
tigote and the mammalian intracellular stage (amastigote)
of the parasite Leishmania infantum without harmful effect
on the macrophages (unpublished results). To our knowledge,

! Abbreviations: ACN, acetonitrile; CD, circular dichroism; CSD,
chemical shift deviation; DMPC, dimyristoylphosphatidylcholine;
DMPG, dimyristoylphosphatidylglycerol; DSC, differential scanning
calorimetry; HSQC, heteronuclear single-quantum correlation; MALDI-
TOF, matrix-assisted laser desorption/ionization time of flight; MIC,
minimal inhibitory concentration; MLVs, multilamellar lipid vesicles;
NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect;
NOESY, NOE spectroscopy; RP-HPLC, reverse-phase high-perfor-
mance liquid chromatography; SDS, sodium dodecyl sulfate; Temp,
temporin; TFA, trifluoroacetic acid; TFE, trifluoroethanol; TOCSY, total
correlation spectroscopy.

Table 2: Antimicrobial and Hemolytic Activity of P. saharica
Temporins

MIC (uM)”
temporin-  temporin-  temporin-
SHa SHb SHc
Gram-positive bacteria
S. aureus ATCC 25923 3 58 10
E. faecalis ATCC 29212 10 >116 >80
B. megaterium 2 46 4
Gram-negative bacteria
E. coli ATCC 25922 10 231 >161
E. coli ATCC 35218 10 >116 >80
P. aeruginosa ATCC 27853 20 >231 >161
fungus
A. flavus ND“ 58 10
yeasts
C. albicans ATCC 90028 16 >116 20
C. parapsilosis ATCC 22019 31 >116 20
S. cerevisiae 8 >116 10
LCsp (uM)”

temporin-SHa

erythrocytes 25 >116 >80

temporin-SHb temporin-SHc

“ND, not determined. ” MICs and LCsq are the average values from
three independent experiments performed in triplicate.

Temp-SHa' is the first member of the temporin family with
a net charge of +2 that exhibits a broad spectrum of
antimicrobial activity. Yet, the lack of three-dimensional
structural data and biophysical studies on the interaction of
Temp-SHa with model membranes made it impossible to
draw sound conclusions as to how this unique peptide acts
on bacterial cells. In contrast, Temp-SHc, which contains a
single histidine residue (net charge +1 at pH 7.5) is in-
active against Gram-negative bacteria and has a reduced
efficacy against Gram-positive bacteria but is still highly
active against yeasts and fungi. Temp-SHb (net charge +1),
which has no basic residue, has no antimicrobial activity. A
comparison of the three-dimensional structures and mode of
actions of these peptides, therefore, should allow one to
evaluate whether 13-residue temporin family members car-
rying a net charge of +1 are only weakly active or inactive
against bacteria because they cannot bind to anionic phos-
pholipid membranes or, if they are bound, cannot organize
themselves into structures that lyse the membrane.

We have now determined the solution structure of Temp-
SHa and Temp-SHc once bound to negatively charged SDS
micelles using CD and NMR spectroscopy in combination
with molecular dynamics calculations. The solution structure
of Temp-SHb, which has no antimicrobial activity, is also
reported for comparison. SDS was used to mimic negatively
charged bacterial membranes and because the small nega-
tively charged headgroup of SDS is similar to the negatively
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charged phosphatidic acid and phosphatidylglycerol head-
groups of the plasma membrane of Candida species against
which temporins-SH are active. In addition, the micelle size
of the detergent is hardly influenced by the small size of the
temporins. Furthermore, we characterized the interaction of
Temp-SHa and Temp-SHc with MLVs of varying phospho-
lipid composition by differential scanning calorimetry.
Mechanisms of membrane perturbation by temporins are
proposed, based on the results presented herein as well as
previous findings.

EXPERIMENTAL PROCEDURES

Solid-Phase Peptide Synthesis. Fmoc-protected amino
acids were purchased from Novabiochem (Switzerland), resin
was from Senn Chemicals (Switzerland), and solvents were
from SDS (France). Temporin-SHa, -SHb, and -SHc were
synthesized using solid-phase FastMoc chemistry procedures
on an Applied Biosystems 433A automated peptide synthe-
sizer as described (/7). The peptides were purified by RP-
HPLC on a Waters RCM compact preparative cartridge
module (300 A, 25 x 100 mm) eluted at a flow rate of 8
mL/min by a 0—60% linear gradient of ACN (0.07% TFA)
in 0.1% TFA/H,O (1% ACN/min). The homogeneity and
identity of the synthetic peptides were assessed by MALDI-
TOF mass spectrometry (Voyager DE-PRO, Applied Bio-
systems) and analytical RP-HPLC on a Symmetry C-18
column (5 um, 4.6 x 250 mm; Waters) using the conditions
above with a flow rate of 0.75 mL/min.

Antimicrobial Assays. Bacteria (Escherichia coli ATCC
25922, E. coli ATCC 35218, S. aureus ATCC 25923, E.
faecalis ATCC 29212, Bacillus megaterium, and P. aerugi-
nosa ATCC 27853) were cultured in LB medium. Yeast
(Saccharomyces cerevisiae, Candida albicans ATCC 90028,
and Candida parapsilosis ATCC 22019) and fungal strains
(Aspergillus flavus) were cultured in YPD medium. The
minimal inhibitory concentration (MIC) of synthetic Temp-
SHa, Temp-SHb, and Temp-SHc was determined as previ-
ously described (/8). MIC was expressed as the lowest
concentration of peptide that completely inhibited bacterial
growth and as the average value from three independent
experiments, each performed in triplicate with positive (0.7%
formaldehyde) and negative (without peptide) inhibition
control, and sterility control (H,O). The hemolytic activity
of Temp-SHa, -SHb, and -SHc was determined using fresh
human erythrocytes from a healthy donor. Synthetic peptides
(1—200 uM) were incubated with washed human erythro-
cytes (2 x 107 cells) in Dulbecco’s phosphate-buffered saline,
pH 7.4 (100 uL), for 1 h at 37 °C. After centrifugation
(12000g for 15 s), the absorbance at 450 nm of the
supernatant was measured. A parallel incubation in the
presence of 0.1% v/v Triton was carried out to determine
the absorbance associated with 100% hemolysis. The LCs
value corresponding to the mean concentration of peptide
producing 50% hemolysis was determined from three
independent experiments performed in triplicate.

CD Spectroscopy. The far-ultraviolet CD spectra were
recorded at 25 °C in a Jobin-Yvon CD6 spectropolarimeter
using a quartz cell of 0.1 cm path length. The instrument
outputs were calibrated with d(+)-10-camphorsulfonic acid.
Temporin-SHa, -SHb, and -SHc were solubilized in H,O
milliQ at a concentration of 10 M with and without 40%
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trifluoroethanol (TFE) or 80 mM sodium dodecyl sulfate
(SDS). The CD spectra were acquired between 190 and 260
nm with a spectral bandwidth of 2 nm. Each spectrum was
averaged from four successive scans. The baselines (H,O,
40% TFE, and 80 mM SDS) were acquired independently
under the same conditions and then subtracted from the
corresponding peptide spectra. Circular dichroism measure-
ments are reported as Ae/n, where Ae is the dichroic
increment (M~'-cm™!) and n is the number of residues in
the peptide. The relative helix content was estimated ac-
cording to the relation % helix = —(A€x mm X 10)/n.

NMR Spectroscopy. The NMR samples were prepared in
550 uL. of H,O/D,0 (90:10 v/v) or D,0O containing 80 mM
SDS-d,s (Eurisotop, France), using peptide concentrations
of 1—2 mM. Sodium 3-(trimethylsilyl)propionate-2,2,3,3-
ds (Isotec, Sigma Aldrich) was used as an internal reference
for chemical shift calibration. The NMR experiments were
recorded on a Bruker Avance III spectrometer equipped with
a 'H/3C/PN/H Z-gradient TCI cryoprobe and operating at
a 'H frequency of 500 MHz. All spectra were recorded at a
temperature of 309.5 K. Two-dimensional homonuclear
TOCSY and NOESY experiments were collected with 512
t; increments and 4096 data points in #,, over a spectral width
of 12 ppm in both dimensions. The relaxation delay was set
to 1—1.2 s. A DIPSI-2 mixing sequence (/9) was used in
the TOCSY experiments with durations of 23 and 63 ms.
NOESY experiments were recorded with mixing times of
50 and 150 ms. The solvent signal was suppressed by a
WATERGATE sequence (20) and water flip-back pul-
ses (21, 22). Two-dimensional '"H—"3C HSQC spectra were
recorded using gradient pulses for coherence selection (23).
NMR experiments were processed with the Bruker TOPSPIN
2.0 program. Time-domain data were typically multiplied
by shifted sine-bell functions and zero-filled prior to Fourier
transformation. Indirect dimensions were extended by linear
prediction. Baseline distortions were corrected with a fifth-
order polynomial function. Spectra were analyzed with the
aid of the XEASY program (24). 3Jun.ua coupling constants
were extracted with the INFIT program from F, rows
selected on 2D NOESY spectra (25). 3JHQ_H[; coupling
constants were measured on F, rows on 2D NOESY
experiments recorded in D,0. The 'H and '*C chemical shifts
of temporin-SHa, -SHb, and -SHc have been deposited in
the BioMagResBank (BMRB; http://www.brmb.wisc.edu)
under accession numbers 20016, 20017, and 20018, respec-
tively. The chemical shift deviations (CSDs) of 'H and *C
resonances were calculated using a set of random coil values
reported in water (26).

Titrations with Paramagnetic Probes. NMR samples used
for the paramagnetic relaxation enhancements contained 1
mM of each temporin peptide in the presence of 80 mM
deuterated SDS in H,O/D,O (90:10 v/v). Titrations with
paramagnetic Mn*>" ion were performed by stepwise addi-
tions of microliter amounts of a 80 mM MnCl, solution in
D0, to a final concentration of 0.3 mM. Assuming an
average number of 60 SDS molecules per micelle, this
corresponds to 0.23 Mn?" ion per micelle. 5-Doxylstearic
acid (Sigma Aldrich) was dissolved in CD;OH (0.37 M) and
added to the samples to obtain final concentrations of 6.7
mM (corresponding to five spin labels per micelle). The
paramagnetic relaxation enhancements were monitored by
recording 1D spectra after each addition of paramagnetic
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agent. 2D TOCSY spectra were recorded with a mixing time
of 63 ms and a relaxation delay of 4s, in the absence and in
the presence of paramagnetic agents. Cross-peak volumes
were integrated using the TOPSPIN program.

NMR Restraints. Interproton distance restraints were
estimated from NOESY cross-peak intensities. Three upper
limit classes of 2.8, 3.3, and 3.8 A were defined depending
on cross-peak intensities in the NOESY spectra recorded with
a short mixing time (50 ms) to avoid spin diffusion.
Additional cross-peaks observed on NOESY spectra with a
longer mixing time (150 ms) were converted to upper limits
of 5 A. The ¢ torsion angle was restrained between —90°
and —30° for residues exhibiting *Jun_ue coupling constants
smaller than 6 Hz and between —170° and —70° for residues
having 3Jyn.ie coupling constants larger than 8 Hz. Some
y1 torsion angles could be restrained from the analysis of
intraresidual and sequential NOEs together with 3JHQ_H/g
coupling constants.

Structure Calculation. For each peptide, a set of 50
structures was calculated by torsion angle dynamics in
DYANA using standard parameters (27). The best 25
structures having the lowest target function were then
minimized using XPLOR-NIH program (28) and CHARMM?22
force field. Nonbond terms consisted of a Lennard-Jones
potential and an electrostatic potential with a distance-
dependent dielectric € = 4r. The 20 structures exhibiting
the lowest energies were selected to represent the NMR
ensemble. Structures were analyzed using InsightII (Accelrys,
San Diego, CA) and PROCHECK-NMR programs (29). The
distance restraints and NMR structures of temporin-SHa,
-SHb, and -SHc have been deposited within the BioMagRes-
Bank (BMRB; http://www.brmb.wisc.edu) under accession
numbers 20016, 20017, and 20018, respectively.

Differential Scanning Calorimetry. DMPC and DMPG
were purchased from Avanti Polar Lipids. One milligram
of phospholipids was dissolved in chloroform/methanol (1:
1) (DMPG) or chloroform (DMPC). The samples were then
dried under a nitrogen stream, and films were kept under
vacuum for 3 h to remove all traces of organic solvents.
MLVs were formed by hydrating the dry lipid film with 1
mL of PBS buffer (10 mM phosphate, 100 mM NaCl, pH
7.3) at temperatures > 10 °C above the lipid phase transition
and vortexing until a homogeneous suspension was formed
(1 mg of MLVs/mL). Appropriate volumes of the MLV
suspension (DMPG or DMPC) and Temp-SHa (1 mM) or
Temp-SHc (1 mM) were mixed to obtain different desired
lipid:peptide molar ratios (1:200, 1:100, and 1:50). Calo-
rimetry experiments were performed using a Nano III
calorimeter (Calorimetry Sciences Corp.). Ten scans were
run for each sample, with 10 min equilibration time between
each scan. Heating and cooling rates of 0.5 and 1.5 °C/min,
respectively, were used over a temperature range of 0—40
°C. The raw data corresponding to the heating scans were
converted to molar heat capacity, and the values for transition
temperature and enthalpy were estimated using CpCalc
software. For each conversion, the average lipid molecular
weight for each sample and a partial specific volume of 0.730
mL/g were used.

Preparation of Calcein-Loaded Liposomes and Leakage
Experiments. Dry lipid films of DMPG and DMPC (20 mg)
were prepared in a similar manner to that described for DSC
experiments. DMPG and DMPC LUVs with entrapped
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calcein were prepared by hydrating the dried lipid film with
1 mL of 10 mM Tris-HCI buffer, pH 7.4, containing 70 mM
calcein. After seven rounds of freeze—thawing, the lipid
suspension was extruded successively through a 400 nm
polycarbonate membrane (5 times), a 200 nm polycarbonate
membrane (5 times), and a 100 nm polycarbonate membrane
(10 times). The average hydrodynamic diameter of the
vesicles was about 100 nm, as determined by dynamic light
scattering measurements using a Malvern Zetasizer Nano ZS
(Malvern Instruments, Worcestershire, U.K.). Nonencapsu-
lated calcein was removed by ultracentrifugation (100000g,
90 min, 4 °C), and the resulting pellet was washed twice
with isosmotic buffer (10 mM Tris-HCI, 100 mM NaCl, pH
7.4). Peptide-induced leakage reflected by an increase in
fluorescence was investigated by using a Perkin-Elmer
luminescence spectrofluorometer (model LS50B) at excita-
tion and emission wavelengths of 496 and 515 nm, respec-
tively. The percent leakage values induced by various
concentrations of Temp-SHa and Temp-SHc were calculated
according to the equation % leakage = [(F — Fo)/(Fuax —
Fp)] x 100, where F and F, denote the fluorescence
intensities observed with and without peptide, respectively,
and Fay represents the fluorescence after addition of 20 uLL
of 10% Triton X-100 (final volume = 300 uL).

RESULTS

Antimicrobial Activity of Temporin-SHa, -SHb, and -SHc.
The antimicrobial activities of synthetic Temp-SHa, -SHb,
and -SHc were assayed against Gram-positive and Gram-
negative bacteria, filamentous fungi, and yeasts (Table 2).
Despite the paralogous relationships of the three peptides,
their spectra of action differ considerably. Temp-SHa was
active against most of the tested microorganisms at micro-
molar concentrations. The dose—response profiles showed
sharp curves in which 0—100% inhibition was generated
within a 1—2-fold peptide dilution. When MIC well contents
(S. aureus and B. megaterium) were spread on agar plates
and incubated overnight at 37 °C, no bacterial growth was
observed, indicating that Temp-SHa is bactericidal. Temp-
SHc was inactive against Gram-negative bacteria and E.
faecalis. However, it effectively inhibited the proliferation
of yeasts and fungi. Temp-SHb was virtually inactive against
all the tested microorganisms. Tests of the peptides’ hemolyt-
ic activity against human erythrocytes (Table 2) showed that
Temp-SHa has moderate hemolytic activity above the MIC
values observed for most of the bacterial strains tested.

Secondary Structure of Temporin-SHa, -SHb, and -SHc
As Examined by CD Spectroscopy. Preliminary indications
of the peptides’ secondary structure were obtained by CD
measurements in water, in TFE/water mixtures, and in SDS
(Figure 1). The CD spectra of synthetic Temp-SHa, -SHb,
and -SHc (10 uM) in aqueous solution showed that the
peptides have very little ordered structure. The same peptides
had helical-ordered structures with the characteristic minima
at 208 and 222 nm when mixed with 40% TFE (20%, 35%,
and 30% o-helix content for Temp-SHa, -SHb, and -SHc,
respectively), a structure-promoting solvent, or with 80 mM
SDS (39%, 41%, and 30% a-helix content for Temp-SHa,
-SHb, and -SHc, respectively), a membrane-mimetic environ-
ment.

NMR Spectroscopy of Temporins in Micellar SDS. The
conformations of temporins were investigated by NMR
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FIGURE 1: Circular dichroism spectra and helical wheel diagrams
of synthetic temporin-SHa, -SHb, and -SHc. The spectra of each
peptide (10 uM) were obtained in 40% TFE (solid lines) and 80
mM SDS (dotted lines). The amphipathic nature of the o-helical
projections is highlighted with the hydrophobic residues indicated
in black circles, the polar residues in gray circles, and the basic
residues in white circles.

spectroscopy in 80 mM SDS. The NMR spectra of the three
peptides exhibited good chemical shift dispersion and were
suitable for structural investigation. Sequence-specific reso-
nance assignments were obtained from the analysis of
homonuclear TOCSY and NOESY experiments. Hetero-
nuclear 'H—"'3C HSQC experiments were also analyzed to
facilitate the side chain assignment and provide additional
conformational probes through Ca and CS chemical shifts.
The chemical shift deviations (CSDs) of 'H and 3C
resonances, corresponding to the differences between ob-
served chemical shifts and values obtained for the same
residues in random coil state, are good indicators of
structuration. For the three peptides, most residues exhibit
upfield shift of their Ho resonance (average CSDs of —0.18,
—0.19, and —0.20 ppm for Temp-SHa, -SHb, and -SHc,
respectively) and downfield shift of their Co resonance
(average CSDs of 2.1, 2.2, and 2.3 ppm), indicating that they
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FIGURE 2: Chemical shift deviations (CSDs) of Ha (A) and Ca
(B) resonances of temporin-SHa (white bars), -SHb (gray bars),
and -SHc (black bars) in micellar SDS.

adopt predominantly helical conformations in micellar SDS
(Figure 2). The o-helical conformation was further confirmed
by the measurement of *Junnq coupling constants smaller
than 6 Hz for several residues (Figure 3) and the observation
of characteristic NOE correlations throughout the peptide
chain, in particular strong sequential dyn(i,i + 1) NOEs and
typical don(i, 1 +3) and dug(i,i + 3) medium-range NOEs
(Figure 3). Although temporins are largely helical, the
analysis of the CSDs along the sequence reveals different
helical propensities of the peptide segments (Figure 2). The
N-terminal 1—2 segment of Temp-SHb has the weakest
helical propensity. This can be accounted for by a confor-
mational effect of the proline residue in position 3, stabilizing
extended conformations of the preceding Leu? residue. In
contrast, segment 4—6 has a high helical propensity that can
be ascribed to a helix initiator conformational effect of Pro?
on the following residues. The residues in the C-terminal
segment of temporins have larger Jyn 1o coupling constants,
indicating a greater conformational flexibility in the last turn
of the a-helix. Temporins-SH are characterized by the
presence of at least one Gly in their sequence, a residue
known to have great conformational flexibility and a small
propensity for the og-helical region in proteins. The Ho
resonances of Gly residues have small deviations from
random coil values, in comparison with other residues (Figure
3). However medium-range NOEs are observed between
residues on either side of Gly residues, indicating that the
a-helices are not interrupted by the presence of Gly residues.
The residues on either side of Gly adopt mainly helical
conformations, as indicated by CSD analysis. The CSDs in
position i + 1 are generally smaller than those in position
i — 1, which may reflect a destabilization of the helix on
the C-terminal side of Gly.

Structure of Temporins in Micellar SDS. The solution
structures of temporins in 80 mM SDS were calculated by
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FIGURE 3: Summary of NMR conformational parameters of temporin-SHa (A), -SHb (B), and -SHc (C) in micellar SDS. 3/un.ga coupling
constants are represented by squares: open square, J < 6 Hz; gray square, 6 < J < 8 Hz; filled square, J > 8 Hz. The y; torsion angles of
residues having a major rotamer, based on NOE and/or 3JHa_Hﬁ analysis, are indicated: #, y; ~ 180°; g~, y1 ~ —60°. The relative intensity
of NOE connectivities is indicated by horizontal bars of varying thickness.

restrained molecular dynamics in DYANA and minimized
within XPLOR-NIH with CHARMM?22 force field to im-
prove the nonbonded term energies and side chain conforma-
tions. The NMR families of temporins have good geometrical
quality and exhibit few restraint violations (Table S1 in the
Supporting Information). The rmsd of all backbone atoms
is around 0.7—0.8 A for the three peptides. The NMR
structures of the temporins are shown in Figure 4. In each
structure family, segment 3—12 forms a well-defined helix,
with backbone rmsds smaller than 0.4 A. No deformation
of the helices is observed around the glycine residues.
Residues 1—2 at the N-terminus are more disordered and
adopt different conformations in the peptides. In particular,
residue 2 in Temp-SHa and -SHc explores mainly the
o-helical region of the Ramachandran diagram while it
adopts more extended conformations in Temp-SHb. The
three-dimensional structures of temporins are stabilized by
many i, i + 3 and i, i + 4 contacts between aliphatic and
aromatic side chains. Several side chains of the 4—12
residues adopt a major rotamer around their y; angle as
indicated by 3Juenp coupling constants and NOE analysis,
while others show an equilibrium between gauche™ (y; ~
—60°) and trans (x; ~ 180°) conformations (Figure 3). These
side chains define a large hydrophobic core on one face of
the o-helix.

Temporin Orientation in SDS Micelles. The position of
temporins relative to the SDS micelle surface was examined
using two paramagnetic probes, Mn>" and 5-doxylstearic
acid. The spatial proximity of protons with a paramagnetic
agent leads to strong enhancements of longitudinal and
transversal relaxation. The Mn?* ion is located in the aqueous
phase in the vicinity of the anionic headgroups of SDS and
is expected to cause selective broadening of residues exposed
to the solvent or close to the water—micelle interface.
5-Doxylstearic acid is embedded in the SDS micelle and
should cause broadening of residues in the micelle interior
but close to the polar heads. For the three temporin peptides,
the addition of the doxyl paramagnetic probe caused severe
broadening of proton resonances on 1D spectra, in particular
of aromatic and methyl resonances, indicating that temporins
strongly interact with SDS micelles. The addition of Mn>*"
also affects proton line widths, indicating that the temporins
remain close to the micelle surface. In order to get informa-
tion for each residue of temporins, the paramagnetic en-
hancements induced by the two paramagnetic probes were
monitored by measuring the residual volumes of HN-Ha and

Ha-Hp cross-peaks on 2D TOCSY spectra (Figure 5). The
residues exhibit different sensitivities to the paramagnetic
probes depending on their position in the sequence. Interest-
ingly, periodic variations of the residual amplitudes are
observed for the three peptides (Figure 5), forming para-
magnetic waves (30). Indeed, for the three temporin peptides,
residues around positions 2, 5, and 9 are strongly affected
by 5-doxylstearic acid but are much less sensitive to the Mn**
probe. In contrast, a low sensitivity to the doxyl probe is
observed for residues around positions 3, 7, and 11. These
periodic variations fit well with the helix amphipathicity,
indicating that the use of the two paramagnetic probes
enables to discriminate the hydrophobic and polar faces of
temporin helices. Furthermore, the variations of paramagnetic
enhancements along the sequence suggest that the three
temporin peptides should adopt nearly parallel orientations
with respect to the micelle surface. For each temporin
peptide, residues of the C-terminal 10—13 segment are very
sensitive to the Mn*" probe since their HN-Ha correlations
completely disappear on the 2D TOCSY spectra. This
indicates that the C-terminus is closer to the micelle surface.
However, a paramagnetic wave is still observed with
5-doxylstearic acid showing that the C-terminal segment also
interacts with the micelle. The analysis of cross-peak
attenuations upon addition of Mn?" reveals slight differences
between temporins. For Temp-SHa, the central segment 5—9
is less sensitive to the Mn®>" probe than the extremities,
indicating that it more distant from the surface, in agreement
with its hydrophobicity and the absence of polar residues.
In Temp-SHb, the least accessible region to the Mn?* probe
is shifted toward the N-terminus (segment 2—6). This result
can be ascribed to differences in hydropathy, residues 3 and
4 being more hydrophobic and residue 7 more hydrophilic
in Temp-SHb. Temp-SHc exhibits an attenuation pattern
quite similar to Temp-SHa, although region 7—9 is more
sensitive to Mn?*. The observed differences may reflect slight
variations in helix orientation and peptide dynamics within
the micelle.

Monitoring the Binding of Temporin-SHa and Temporin-
SHc to Model Membranes by Differential Scanning Calo-
rimetry. Differential scanning calorimetry was used to study
the thermotropic behavior of DMPC and DMPG multila-
mellar vesicles (MLVs) upon addition of Temp-SHa or
Temp-SHc. The peptides were added at different concentra-
tions after liposomes were formed to ensure that they could
only interact with the external surface of the MLVs. DMPG
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FIGURE 4: NMR structure families of temporin-SHa (A), -SHb (B),
and -SHc (C) in micellar SDS. Structures were superimposed by best
fitting of backbone N, Ca., and C” atoms of residues 3—13 to the lowest
energy structure. The backbone of the lowest energy structure in each
family is shown as a ribbon. Atoms are shown with different colors
(amide hydrogen, white; carbon, green; nitrogen, blue; oxygen, red;
sulfur, yellow). N and C, N- and C-terminus.

was chosen as a model system for bacterial membranes
because they contain substantial (up to 30%) amounts of
negatively charged lipids such as phosphatidylglycerol and
cardiolipin. DMPC, a zwitterionic phospholipid, was used
as a model for mammalian cell membranes. In the absence
of peptide, DMPC MLVs exhibit two endothermic events
on heating, i.e., a weakly energetic pretransition near 13 °C
(conversion of the ordered lamellar gel phase, L', with tilted
hydrocarbon chains to the ordered rippled gel phase PS’)
(Figure 6) and a strongly energetic and highly cooperative
main transition near 24 °C (conversion of the rippled gel
phase to the fluid lamellar liquid-crystalline phase Lo
(Figure 6) (31, 32). DSC data from the heating curves
reflected essentially the same changes as those from the
cooling curves, indicating that thermotropic events were
recorded under conditions close to thermodynamic equilib-
rium. The pretransition is due to interactions between the
headgroups of the phospholipids, and increasing the distance
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between the headgroups eliminates these interactions and
causes the pretransition peak to disappear. The main phase
transition (chain melting) is mainly due to trans—gauche
interconversion of the acyl chains, which decreases the acyl
chain packing of the lipid molecules, increasing fluidity of
the membrane. Therefore, the effect of added peptides on
the temperature (7},), enthalpy (AH), and cooperativity
(AT)p) of the pretransition and the main transition serves as
an indicator of the ability of the peptide to interact with lipid
headgroups and to perturb the packing of the lipid acyl
chains, respectively (33—-35). The addition of Temp-SHa or
Temp-SHc to zwitterionic DMPC vesicles caused only minor
effects in the thermotropic phase behavior of the lipids
(Figure 6, Table 3). The incorporation of increasing quantities
of peptide onto the DMPC bilayers lowers the temperature,
the enthalpy, and the cooperativity of the pretransition,
abolishing it entirely at a peptide:lipid ratio = 1:100. These
results suggest that interaction of the peptides with the lipid
headgroups abolishes hydrocarbon chain tilt in the gel phase
bilayer, causing the replacement of the L3” and PS5’ phases
with a disordered L{-like phase (36). Temp-SHa and Temp-
SHc also affect slightly the main lipid phase transition as
demonstrated by small increase (Temp-SHc) or decrease
(Temp-SHa) in the enthalpy of the main peak with increasing
peptide concentration (Figure 6, Table 3). However, the Ty,
the half-width, and the shape of the peak change little from
those of pure DMPC throughout the peptide concentration
range.

Conversely, Temp-SHa and Temp-SHc have considerable,
but different perturbing effects on the phase behavior of
negatively charged MLVs. In the absence of peptide, DMPG
MLVs exhibit a weakly energetic pretransition near 13 °C
(conversion of the ordered lamellar gel phase LS to the
ordered rippled gel phase P3’) and a more energetic phase
transition near 23 °C (conversion of the rippled gel phase to
the fluid lamellar liquid-crystalline phase Lo.). The presence
of small amounts of Temp-SHa (peptide:lipid ratio = 1:200)
strongly reduces the temperature, the enthalpy, and the
cooperativity of the pretransition (Figure 6; Table 3). As more
peptide is introduced, the pretransition disappears, indicating
that there are significant interactions of the peptide with the
lipid headgroups. The melting of the acyl chains becomes
less cooperative as demonstrated by the decreasing amplitude
and increasing half-width of the main transition with increas-
ing peptide concentration. Despite the dramatic change in
T}, and cooperativity of the main transition, the AH remains
close to that of pure DMPG throughout the peptide concen-
tration range, indicating that Temp-SHa decreases the
apparent order of the hydrocarbon chains of the liquid-
crystalline lipid bilayers. On the other hand, Temp-SHc
caused a different perturbing effect than Temp-SHa. At the
lowest concentration of peptide:lipid ratio = 1:100, Temp-
SHc abolished the pretransition and induced a marked
decrease of both 71, and AH of the main phase transition,
together with an enhanced broadening of the peak and the
apparition of a shoulder at the right wing of the main phase
transition thermogram (Figure 6). Increasing quantities of
the peptide induced a two-component main phase transition
consisting of a broad, higher temperature and less cooperative
component superimposed over a sharper, lower temperature
component. The total enthalpy of the main phase transition
decreases rapidly with increasing peptide concentration
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FIGURE 5: Residual volumes of TOCSY cross-peaks of temporin-SHa (A), -SHb (B), and -SHc (C) after addition of paramagnetic probes.
The relaxation enhancements induced by Mn?* (0.3 mM) or 5-doxylstearic acid (6.7 mM) are shown in blue and red, respectively. For each
residue, the volumes of residual HN-Ha and Ha-Hf3 cross-peaks were measured and compared to corresponding correlations on a reference
TOCSY recorded in the absence of paramagnetic agent with the same acquisition parameters. For the C-terminal residue of each temporin,
the cross-peak between carboxamide protons was analyzed in place of the HN-Ha cross-peak because of the weak intensity of the latter in

the reference spectrum.

(Table 3). Using the rationale provided by previous
studies (36, 37), the sharp and broad components of the DSC
endotherms were assigned to the chain melting phase
transition of peptide-poor and peptide-rich phospholipid
domains, respectively. The decrease in the temperature and
cooperativity of the sharp component may be attributable to
domain boundary effects arising from the decreasing size of
the peptide-poor lipid domain.

Although the peptides were added after liposomes were
formed to ensure that they only interact with the external
surface of DMPC and DMPG MLVs, high concentrations

of Temp-SHa and Temp-SHc abolished the pretransition,
suggesting that they altered the phase of the internal MLVs
layers. The peptide-induced aggregation and dissociation of
DMPG and DMPC MLVs (1 mg/mL) were evaluated by
monitoring the turbidity of the lipid suspensions at 436 nm
with the same buffer and lipid:peptide molar ratios (1:200,
1:100, and 1:50) used in DSC experiments. Whereas a
complete clearance was observed upon the addition of 20
uL of Triton X-100 (10% v/v in water), only a minor and
equivalent decrease of the turbidity was observed with Temp-
SHa (3%) and Temp-SHc (4%) on DMPG. No changes were
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FIGURE 6: DSC heating thermograms illustrating the effect of temporin-SHa and temporin-SHc (insert) on the thermotropic phase behavior
of DMPG (A) and DMPC (B) MLVs. The corresponding pretransition regions are shown on a larger scale (5x), and the main transition
region has been enlarged (2x) for Temp-SHc/DMPG, 1:50. Scans were acquired at different peptide:lipid molar ratios (temporin-SHa,

1:200, 1:100, and 1:50; temporin-SHe, 1:100 and 1:50).

Table 3: Thermotropic Behavior of DMPC and DMPG Multilamellar
Vesicles upon Addition of Temporin-SHa or Temporin-SHc”

pretransition main transition

AH, AH,
T, °C kcal/mol T, °C kcal/mol

DMPG blank 128 £0.02 0.9 £0.02 23.2+0.02 7.6+0.02
Temp-SHa/DMPG, 1:200 10.2£0.12 0.3 +£0.00 22.94+0.00 7.8 +£0.15
Temp-SHa/DMPG, 1:100 223+£0.00 7.7+0.24
Temp-SHa/DMPG, 1:50 223+£0.00 7.7+£0.29
Temp-SHc/DMPG, 1:100 223+£0.02 5.12£0.11
Temp-SHc/DMPG, 1:50 222+£0.02 4.57£0.02
DMPC blank 13.0£0.02 0.9 £0.05 23.94+0.00 9.2+0.36
Temp-SHa/DMPC, 1:200 12.1 £ 0.06 0.7 +0.02 24.0 £0.02 8.8 £0.29
Temp-SHa/DMPC, 1:100 24.1£0.00 7.2+£0.26
Temp-SHa/DMPC, 1:50 24.1+£0.02 72+0.18
Temp-SHe/DMPC, 1:100 23.7+£0.00 9.3 +£0.43
Temp-SHc/DMPC, 1:50 24.0+£0.02 10.3 £0.61

“Phase transition temperature (7,) and total enthalpy for gel to
liquid-crystalline transition of DMPG and DMPC MLVs with and
without temporin-SHa and temporin-SHc are indicated. Phase transition
temperature and total enthalpy were estimated by a peak-fitting
procedure using CPCalc software. Values were obtained from six scans
and represent the mean == SEM.

observed for DMPC with both peptides. These results
confirm that Temp-SHa and Temp-SHc do not induce
aggregation or dissociation of anionic and zwitterionic model
membranes. On the other hand, we observed that the
thermotropic phase behavior was not completely reproducible
for the first few scans presumably because the peptide was

progressively gaining access to internal bilayers, so that 5—6
scans were performed before equilibrium was reached.
Although no direct physical evidence exists to support this
hypothesis, this strongly suggests that temporins may be
internalized by exposure to high temperatures and multiple
cycling through the gel to liquid phase transition.

Permeabilization of Lipid Vesicles. The membrane-per-
meabilizing ability of temporin-SHa and temporin-SHc was
investigated by measuring the release of the fluorescent
marker calcein from zwitterionic (DMPC) or anionic (DMPG)
large unilamellar vesicles. As shown in Figure 7, up to 50
uM Temp-SHc was unable to promote the leakage of both
types of lipid vesicles in our experimental conditions. In
contrast, a substantial difference in the permeabilizing activity
of Temp-SHa was observed with an efficiency depending
on the vesicle composition. Indeed, Temp-SHa caused the
release of approximately 25% of calcein from negatively
charged DMPG vesicles and was virtually inactive on neutral
DMPC.

DISCUSSION

All proposed models for binding of cationic antimicrobial
peptides to bacterial anionic membranes invoke electrostati-
cally driven peptide association at the bilayer surface,
followed by hydrophobic adsorption of the peptide at the
membrane caused by peptide penetration into the polar



10522  Biochemistry, Vol. 47, No. 40, 2008

40

w
<

N
<

-
o
1

Calcein leakage (%)

o
.

Temporin (uM)

FIGURE 7: Effect of temporin-SHa and temporin-SHc (dotted line)
on calcein leakage from DMPG (@) or DMPC (a) LUVs. Calcein-
containing LUVs (400 uM) were incubated 10 min in buffer (10
mM Tris-HCl, 100 mM NaCl, pH 7.4) with increasing concentra-
tions of peptide at 25 °C. The apparent leakage percentage was
calculated as described in the Experimental Procedures section.
Results are expressed as average values of three independent
measurements.

headgroup region only or deeper penetration into the
hydrophobic core of the bilayer. An important finding of this
work is that Temp-SHa and Temp-SHc exhibit differential
capacities to insert into and perturb the anionic bilayer.
The calorimetric data demonstrate that DMPC membranes
are only slightly perturbed by Temp-SHa and Temp-SHc in
accordance with the low hemolytic activity of the peptides.
There were changes in the pretransition that was broadened
at low peptide:lipid ratios, slightly shifted toward lower
temperatures and which enthalpy was lower. However, it
does not indicate either strong disturbance in the membrane
or deep peptide penetration in the bilayer (38) because the
pretransition is very sensitive to the presence of minute
amounts of foreign molecules (impurities, ions, drugs,
peptides, proteins) even if they interact “electrostatically”
and “atmospherically” with the lipid headgroups. The loss
of the pretransition can be a consequence of the interaction
of peptides with phospholipid headgroups which lead to a
spacing between them, thus eliminating the driving force for
the formation of a rippled phase. The disappearance of the
pretransition was not accompanied by pronounced alterations
of the main transition. As the peptide concentration increased,
the Lo transition peak was only slightly reduced in ampli-
tude, and AT, remains unchanged compared to the untreated
DMPC control. This suggests that Temp-SHa and Temp-
SHc provoke the disruption of hydrogen bonding at the
lipid—water interface by accumulating at the bilayer surface
but do not significantly disrupt the acyl chain packing of
the DMPC MLVs. The absence of membrane-permeabili-
zation effects of Temp-SHa and Temp-SHc on DMPC LUVs
supports this hypothesis. In contrast, DSC results indicated
that both peptides interact strongly with anionic DMPG
MLVs, not only with the polar region of the phospholipid
bilayer, as indicated by changes in the pretransition, but also
with the core of the bilayer, as indicated by changes in the
main transition. The observation that Temp-SHa and Temp-
SHc interact more strongly with anionic DMPG bilayers than
with zwitterionic DMPC bilayer is probably due to the more
favorable electrostatic and H-bonding interactions between
the cationic peptides and the negatively charged surfaces of
DMPG bilayers. Accordingly, Temp-SHa permeabilizes
negatively charged calcein-loaded DMPG vesicles but not
neutral DMPC vesicles. The low leakage efficiency observed
(25%) from pure DMPG vesicles could be due to strong
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electrostatic interactions between cationic residues of Temp-
SHa and negatively charged headgroups of DMPG that may
anchor the peptide on the membrane surface, restricting its
penetration into the bilayer core and thus its lytic activity.
The absence of leakage of negatively charged lipid vesicles
has been observed for cationic amphipathic peptides such
as temporin L, melittin, or the synthetic model peptide KLAL
9.

It is evident that Temp-SHa interacts with the anionic
bilayer in a different manner from Temp-SHc. Temp-SHa
produced a gradual broadening of the main transition peak
as a function of peptide concentration. A simple broadening
of the main transition without any change in the peak melting
temperature would be characteristic of peptides localized in
the outer cooperative zone of the bilayer. In the case of
Temp-SHa, the main transition peak was both broadened and
shifted toward lower temperatures upon binding, indicating
fluidification of the membrane and lower packing and van
der Waals attraction between lipid molecules as a result of
some penetration of the peptide into the hydrophobic domain
of the bilayer. The lack of change in AH concomitant with
the observed Ty, lowering and endotherm broadening can be
interpreted in terms of peptide forming an approximately
ideal solution with the MLVs, consistent with a strong
perturbation of the lipid bilayer, in agreement with the strong
antibiotic activity of this peptide. Temp-SHa could insert into
the lipid bilayer with an orientation either in-plane (parallel)
or perpendicular to the surface (39, 40). The NMR position-
ing experiments using paramagnetic probes clearly indicate
that temporins-SH bind to SDS micelles with a parallel
orientation with respect to the micelle surface. Therefore,
an in-plane insertion into the lipid bilayer is very likely.

In contrast, binding of Temp-SHc induced a marked
decrease of both 7,,, and AH of the main phase transition,
together with an enhanced broadening of the peak and the
apparition of a second, broad component at the right wing
of the main phase transition thermogram. The appearance
of a second component in thermograms of Temp-SHc is a
consequence of a nonideal mixing behavior, which creates
a nonhomogeneous distribution of the peptide within the
membrane. As a result, regions of two coexisting phases,
one phase rich in peptide (higher temperature) and the other
lipid-rich (lower temperature), could be formed. This gradual
phase segregation between peptide-poor and peptide-rich
domains may eventually lead to membrane disruption.
According to the classification of Papahadjopoulos et al. and
McElhaney et al. (41, 42), Temp-SHc would thus be
considered as a type II peptide which most likely resides at
the hydrocarbon core—water interface of the lipid bilayer,
interacting with the polar headgroups and glycerol backbone
region of the phospholipids and the region of the lipid acyl
chain near the bilayer surface only.

The three temporin peptides exhibit high helical propensi-
ties in structure-promoting solvents such as TFE or micellar
SDS, as inferred by CD analysis. A greater stabilization of
helices is observed in SDS, suggesting different driving
forces for o-helical formation, as already observed for other
antimicrobial peptides (43). The NMR conformational studies
were carried out in micellar SDS, which is considered as a
better membrane-mimetic system than TFE. The determi-
nation of the three-dimensional structure of these peptides
bound to anionic micelles of SDS allowed us to evaluate
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whether the great differences observed between their effects
on anionic membranes could be rationalized in terms of
degree of structure formation, amphipathicity, and/or hy-
drophobicity and peptide location in the membrane-mimetic
system. The NMR study shows that temporin peptides adopt
well-defined o-helices with a large hydrophobic face in the
presence of SDS micelles. The differences in local helical
propensities can be rationalized in terms of sequence
variation, such as the conformational effect of proline in
Temp-SHb. The peptides differ by the absence or presence
of a cationic side chain. Although Temp-SHbD lacks a cationic
side chain, it has a helical propensity similar to Temp-SHa
and -SHc. This indicates that the helical stabilization of
temporins in anionic micelles is primarily driven by hydro-
phobic interactions rather than electrostatic interactions.
Temp-SHa and -SHc have a cationic His or Lys side chain
in the first or last turn of the a-helices, respectively. The
His imidazole group was shown to be protonated in the
conditions of the NMR study, on the basis of its H¢' chemical
shift. The position of the cationic side chain either in the
N-terminal part or in the C-terminal part has no effect on
the helix stabilization of temporins. A characteristic of these
temporins is the presence of Gly residues in the helix. In
particular, Temp-SHa has three Gly residues in positions 4,
7, and 10 but still adopts a well-defined helix. All of the
Gly residues are located on the polar face of the helix.
Therefore, the presence of Gly does not destabilize the
hydrophobic interactions on the apolar face of the helix. The
amphipathic character of temporins-SH is highlighted on a
Shiffer—Edmundson helical wheel representation (44), with
two well-separated clusters of hydrophobic and hydrophilic/
basic residues located on opposing sides of the helical wheel
(Figure 1). Whereas the polar face of the Temp-SHc helix
subtends a radial angle of 180° perpendicular to the long
axis, that of Temp-SHa is much smaller (~100°), with only
two polar side chains.

The location of temporins with respect to the micelle was
analyzed by monitoring relaxation enhancements induced by
a water-soluble or a lipophilic paramagnetic probe. The
peptides do not penetrate deeply in the micelle core but are
located near the micelle surface, since they are sensitive to
both Mn?>* and 5-doxylstearic acid probes. The observed
relaxation waves clearly indicate that the peptides adopt
nearly parallel orientations with respect to the micelle surface.
The C-terminal part of temporins was found to be more
sensitive to the Mn?>" probe, suggesting that it is pointing
toward the micelle surface. However, the hydrophobic
residues in positions 12 and 13 are also sensitive to the doxyl
probe, indicating that their side chains are anchored into the
micelle. The slight modifications in paramagnetic attenua-
tions observed between temporins could be ascribed to subtle
changes in helix tilt and depth of immersion. Additionally,
the time averaging of paramagnetic relaxation enhancement
makes it sensitive to factors such as peptide conformational
flexibility or peptide motions within the micelle. Accordingly,
the conformational heterogeneity in the last turn of the
o-helix might explain the higher sensitivity of the 10—13
segment to the Mn>" probe in the three temporins. The
C-terminal part could interconvert between a-helical and
unfolded conformations that would position the residues at
the water—micelle interface. In contrast, the central parts of
temporin helices are less subject to conformational hetero-
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geneity so that their paramagnetic enhancements depend
mainly on the depth of immersion and on dynamic equilibria
of the peptides within the micelle or between the micelle
interior and the micelle—water interface. Overall, the three
temporin peptides exhibit the same order of sensitivity toward
both paramagnetic probes, suggesting that their average
immersion depths are close. Therefore, the slight differences
in the attenuation patterns observed between temporins likely
reflect the amplitude of peptide translational motions inward
or outward. We observed that the presence of a polar side
chain in the central segment of temporins is associated with
an increased sensitivity to Mn?" probe, as observed for the
His* residue in Temp-SHc or Asn’ residue in Temp-SHb,
whereas the sensitivity to the doxyl probe is not decreased.
A possible explanation is that the average immersion depth
remains unchanged while the amplitude of translational
motions enables the peptide to get closer to the surface. Since
Temp-SHa does not have any polar side chain in positions
4,7, and 10, it is less prone to get close to the surface,
explaining the low attenuations in the 5—9 segment by Mn?*.

Temp-SHa and Temp-SHc have highly similar membrane-
bound helical structures, plus identical mean hydrophobic
moments, mean hydrophobicities (Table 1), and amphipath-
icities. Both peptides have numerous Leu and Phe residues,
which are known to serve as membrane anchors in trans-
membrane helices (45), and a similar potential to act as
amphipathic in-plane membrane anchors (46). It is thus likely
that the differences in membrane-perturbing properties of the
two peptides may reflect the peculiar properties of the Lys
residue near the C-terminus of Temp-SHa (instead of a His
residue near the N-terminus in Temp-SHc), as well as subtle
differences in the amino acid composition of the polar face
of the peptides. An obvious explanation is that long-range
Coulombic attractions between the peptides and the nega-
tively charged headgroups of the DMPG MLVs are much
weaker in the case of Temp-SHc. The His side chain has a
pK. value close to 6.5 when in an unstructured polypeptide
chain, thus being positively charged at acidic pH and only
weakly charged at pH =7. One would therefore expect that
higher concentrations of Temp-SHc are needed to bind to
anionic membranes and kill bacteria in functional assays at
physiological pH. This is the case for several naturally
occurring and synthetic polyhistidine-rich antimicrobial pep-
tides, such as clavinins (47), histatins (48), and LAH4 (49).
Note, however, that the ionization state of the His residue
can be modulated by hydrophobic, electrostatic, and polar
interactions with anionic surfaces. For instance, a large shift
of pK, of the His residue to a much higher value is expected
if His acts as a hydrogen bond donor to form a H-bond with
the anionic headgroups of negatively charged bilayers via
its N°'"H™ or N?H* groups.

Although Temp-SHc-membrane association at pH 7.5 must
be reduced when compared with Temp-SHa, this phenom-
enon does not provide a basis for the differential capacities
of these peptides to insert into and to perturb the anionic
bilayers. An additional explanation invokes differences
between polar surfaces of the two peptides. As already
mentioned, the polar face of Temp-SHa is rather small, being
constituted of only two polar side chains (Ser and Lys). The
three Gly residues may also provide conformational adapt-
ability to the peptide chain, thereby facilitating insertion into
the lipid bilayer. However, a greater conformational flex-
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ibility around the Gly residues was not observed in SDS
micelles. In addition, the polar face of Temp-SHc contains
two Ser residues and one Asn residue, which prefer to be
localized at the level of the polar and negatively charged
groups of the bilayer surface, where favorable electrostatic
and hydrogen-bonding interactions are maximized. These
interactions would additionally impede peptide insertion. This
phenomenon, which does not bear out the obvious role of
the overall peptide net charge, may explain why Temp-SHa
and Temp-SHc interact in different ways with anionic
membrane models at pH 7.5 and the reduced efficacy of
Temp-SHc against bacteria.

Although the results presented here provide insights to the
understanding of temporin—lipid interactions, they show that
our present knowledge of the mechanism of membrane
permeabilization and disruption of bacterial cells is not
sufficient to safely predict antimicrobial potencies and
selectivities of this class of peptides by biophysical ap-
proaches involving simple model membranes. In addition,
an intriguing observation is that Temp-SHc is as potent as
Temp-SHa to kill yeasts despite the fact that the plasma
membrane of Candida species contains a large proportion
of negatively charged phospholipids, namely, phosphatidic
acid and phosphatidylglycerol. Thus, the possibility that these
peptides act against yeasts via other mechanisms, i.e.,
inhibition of metabolic functions, binding to DNA, or altering
the function of membrane-bound multienzyme complexes
such as electron transport chains, cannot be excluded.
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