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ABSTRACT. The antimicrobial peptides magainin 2 and PGLa isolated from the skin of the African clawed
frog Xenopus laeis show marked functional synergism. We have proposed that the two peptides form a
heterodimer composed of parallel helices with strong membrane permeabilizing activity [Hara, T., Mitani,
Y., Tanaka, K., Uematsu, N., Takakura, A., Tachi, T., Kodama, H., Kondo, M., Mori, H., Otaka, A.,
Fujii, N., and Matsuzaki, K. (200Biochemistry 4012395-12399]. In this study, to elucidate the molecular
mechanism of the synergy, we synthesized a chemically fixed heterodimer and investigated in detail the
interaction of the hybrid peptide with bacteria, erythrocytes, and lipid bilayers. The hybrid peptide showed
antimicrobial activity and membrane permeabilizing activity against negatively charged membranes, similar
to or even stronger than those of a physical equimolar mixture of magainin and PGLa, indicating that the
synergy is due to the formation of a parallel heterodimer. The heterodimer assumed a more oblique
orientation than the component peptides. In contrast, the cross-linking of the two peptides significantly
strengthened the action against erythrocytes and zwitterionic lipid bilayers by enhancing the affinity for
membranes without changing the basic mode of action. Thus, the separate production of mutually
recognizing peptides without cross-linking appears to be a good way to increase selective toxicity.

Several hundred antimicrobial peptides have been discov- [GIGKWLHSAKKFGKAFVGEIMNS-GGC-NH,
ered in both the animal and plant kingdoms and are expected MG2 é
to be promising candidates for novel antibiotics, because they é
exhibit broad antimicrobial spectra and high selective toxicity PGLa I
(1—3). Most of these peptides potentially form polycationic [OMASKAGAIAGKIAKVALKAL-GGC-NH,
amphipathic structures, such ashelices angB-sheets, that ~ FIGURe 1: Structure of the MG2PGLa hybrid peptide. The
can bind to and permeabilize negatively charged bacterial S€quences surrounded with frames indicate MG2 and PGLa

membranes. One of the most studied peptide groups is thenoretes.

magainin_peptide family4), inpluding magainin 2g) and membrane lipidsX1). The structure of the pore has been
PGLa 6) isolated from the skin of the African clawed frog  yetermined by neutron diffraction ). Upon disintegration

Xenopus lagis (Figure 1). Our group has proposed the the pore, a fraction of the peptide molecules stochastically
following mechamsms for membrane permeablllzatmn iN- translocate into the inner leaflett, 14). Antiparallel
duced by these peptided, (7, 8). The peptide forms an o n6dimers of magainin peptides have been suggested to
amphipathic helix in lipid bilayers, which essentially lies play an important role in pore formatiod%, 16).

parallel to the membrane surfac@),(imposing positive There are several reports that the combined use of two
curvature strain on the membrari®). To release this stress,  yntimicrobial peptides results in synergism, although the
several helices together with several surrounding lipids form underlying mechanisms are yet to be elucidatsg-@1).

a membrane-spanning pore comprising a dynamic, peptide The pest known example is the equimolar mixture of
lipid supramolecular complex (toroidal 'pore'),whlch allows magainin 2 and PGLa, which shows marked functional
not only ion transport but also rapid flip-flop of the gynergism in bacteria, tumor cells, and artificial lipid
membranes 22—26) and becomes hemolytic, losing the
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In this study, to elucidate the molecular mechanism of the hemolysis was purchased from Sigma. All other chemicals
synergy, we synthesized a chemically fixed heterodimer were of special grade and were obtained from Wako (Tokyo,
(Figure 1) and investigated in detail the interaction of the Japan).
hybrid peptide with bacteria, erythrocytes, and lipid bilayers.  Antimicrobial Actiity. The minimal inhibitory concentra-
The use of the fixed dimer is essential, because only ations (MICs) of the peptides were determined as follows.
fraction of the peptides forms the heterodimer in a physical Escherichia coliATCC25922) andStaphylococcus epider-
1/1 mixture of magainin 2 and PGL28). The hybrid peptide  midis (ATCC12228) were cultured in 3% (w/v) TSB at 37
exhibited antimicrobial activity and membrane permeabiliz- °C overnight. To obtain mid-logarithmic phase microorgan-
ing activity against negatively charged membranes, similar isms, aliquots of 1 mL of the cultures were then transferred
to or even stronger than those of a physical equimolar to 100 mL of fresh TSB broth and incubated for2 h.
mixture of magainin and PGLa, indicating that the synergy The cells were washed with buffer [L0 mM sodium phos-
is due to the formation of a parallel heterodimer. In contrast, phate and 100 mM NaCl (pH 7.4)] and resuspended in the
the cross-linking of the two peptides significantly strength- same buffer. The cell concentrations were estimated by
ened the action against erythrocytes and zwitterionic lipid measuring the optical density at 600 nm (R The
bilayers by enhancing the affinity for membranes without relationship between the cell concentration ands§as
changing the basic mode of action. The heterodimer assumedredetermined as colony-forming units per milliliter (cfu/
a more oblique orientation than the component peptides, mL) = ODggo x 3.8 x 10 for E. coliand cfu/mL= ODgqo

especially in zwitterionic membranes. x 1.6 x 1 for S. epidermidisThe suspensions were diluted
to 4 x 10° cfu/mL. The inoculum (9QuL) was added to
MATERIALS AND METHODS each well of 96-well plates. The peptide samples 410

) . . were added to each well and incubated at°87for 3 h.
Peptlde_s The pept_ldes were custom synthesized ar_1d TSB [6% (w/v), 100uL] was added and the mixture
characterlzgd by Peptide Institute (Minou, Japan). The purity incubated at 32C for 20 h. Cell growth was assessed by
of the peptides was greater than 95%. A Trp residue was measuring the optical density of the cultures at 595 nm on
introduced into magainin 2 and PGLa to fluorometrically 5 model 680 microplate reader (Bio-Rad, Hercules, CA).

monitor peptide-membrane interactions. FSW-Magainin 2 \ic was defined as the lowest concentration of peptide that
(MG2)! (9) and L18W-PGLa 26) have been confirmed t0  inhibited growth.

be _equ@potent to the parent peptides. Thg parallel heterodimer, NpN Uptake AssayThe outer membrane permeabilizing
which is spontaneously formed by mixing MG2-Gly-Gly-  4ctivity of peptides was investigated by NPN uptake assay
Cys-amide and PGLa-Gly-Gly-Cys-amide in phospholipid (2g) Briefly, 1 mL of an overnight culture of. coli
membranesd7), was formed by selectively cross-linking the (ATCC25922) was added to 50 mL of fresh 3% (w/v) TSB
Cys residues (Figure 1). The corresponding component nedium and grown to an Qi of 0.4-0.6. The cells were
monomer peptides with the Gly-Gly-Cys linker exhibited \yashed with buffer [5 mM HEPES-NaOH, 5 mM glucose,
membrane permeabilizing activities similar to those of MG2 100 mMm NaCl, and 5M CCCP (pH 7.4)] and resuspended
and PGLa 27). Thus, the heterodimer is expected to be @ i, the same buffer. The cell concentration was determined
good model for the putative magainin-PGLa complex. 55 described above. For fluorescence measurements, 2 mL
The peptide concentration of the dimer was expressed as thgy 5 cell suspension (Qlgy= 0.5) was prepared in a cuvette
concentration reduced to monomer throughout this study. ;g 20uL of a 1 mM NPNsolution in acetone was added
Namely, 1 mol of hybrid peptide is counted as 2 mol of fo|owed by 20 uL of an aqueous peptide solution. The
monomer peptide. fluorescence of NPN was monitored on a Shimadzu RF-
Other Materials Egg yolkL-a-phosphatidylcholine (EYPC), 5000 spectrofluorometer at an excitation wavelength of 350
L-a-phosphatidykL-glycerol enzymatically converted from  nm and emission wavelength of 420 nm at 3D. The
EYPC (EYPG), carbonyl cyanide-chlorophenylhydrazone = maximal value of NPN uptake was determined after addition
(CCCP), and polymixin B sulfate were obtained from Sigma of polymixin B sulfate (0.64 mg/mL, 1@L).
(St. Louis, MO). N-Phenyl-1-naphthylamine (NPN) was Hemolytic Actiity. Human erythrocytes (blood type A)
purchased from Kanto Chemical (Tokyo, Japan). 1-Palmi- from a healthy 24-year-old male were freshly prepared prior
toyl-24{ 6-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]caprbyl  to the experiments. The blood was centrifuged (820 10
L-a-phosphatidylcholine (ENBD-PC) was obtained from  min) and washed three times with PBS (pH 7.4) to remove
Invitrogen (Carlsbad, CA). Calcein and spectrograde organic plasma and the buffy coat. Erythrocyte specimens were kept
solvents were supplied by Dojindo (Kumamoto, Japan). on ice throughout the experiments. Various concentrations
Phosphate-buffered saline (pH 7.4) for measurements ofof peptides were incubated with the erythrocyte suspension
[final erythrocyte concentration, 1% (v/v)]ifd h at 37°C.
The percent hemolysis was determined from the optical

1 Abbreviations: CCCP, carbonyl cyanidechlorophenylhydrazone;

cfu, colony-forming unit; GNBD-PC, 1-palmitoyl-2{6-[(7-nitrobenz- density at 540 nm of the supernatant after centrifugation
2-oxa-1,3-diazol-4-yl)amino]caprdyi -a-phosphatidylcholine; DTT, (800g for 10 min), as described elsewhe9). Hypotoni-
dithiothreitol; NPN,N-phenyl-1-naphthylamine; EYPC, egg yalk- cally lysed erythrocytes were used as the standard for 100%

phosphatidylcholine; EYPQ,-a-phosphatidybL-glycerol enzymati- hemolvsis
cally converted from EYPC; Fmoc, fluoren-9-yImethoxycarbonyl; . ,y " . .

FTIR-PATR, Fourier transform infrared-polarized attenuated total  Lipid Vesicles Large unilamellar vesicles (LUVs) were
reflection; L/P, lipid-to-peptide molar ratio; LUVs, large unilamellar  prepared and characterized as described elsewhldje (

vesicles; MG2, F5W-magainin 2; MIC, minimal inhibitory concentra- ; inid fi ; ;
tion; MLVs, multilamellar vesicles; PC, phosphatidylcholine; PG, Bneﬂy’ a ||p|d film, after drylng under vacuum Ovemlght’

phosphatidylglycerol; SUV, small unilamellar vesicles; TSB, trypticase W@&S hydrateql with the de_sired solution and vortex-mixed to
soy broth. produce multilamellar vesicles (MLVS). The suspension was
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subjected to 10 freezghaw cycles and then extruded wheret, is the time necessary for aelfeduction of the
through polycarbonate filters (100 nm pore size filter, 31 intravesicular dye concentration.

times). Small unilamellar vesicles (SUVs) were produced Lipid Flip-Flop. The peptide-induced lipid flip-flop was
by sonication of frozen and thawed MLVs in an ice/water zssessed as previously reportdd)( NBD-labeled LUVs
mixture under a nitrogen atmosphere for 15 min (5 min, three composed of EYPC and¢NBD-PC (99.5/0.5) were mixed
times) using a probe-type UD-201 sonicator (Tomy Seiko, wjth 1 M sodium dithionite ad 1 M Tris ([lipid] = 40 mM
Tokyo, Japan). The lipid concentration was determined in and [dithionite]= 60 mM) and incubated for 15 min at 30
triplicate by phosphorus analysi8Q). ~ °C to produce inner leaflet-labeled vesicles. The vesicles
Calcein Leakage UVs were prepared by hydrating a lipid  \vere immediately separated from dithionite by gel filtration.
film with a 70 mM calcein solution (pH adjusted to 7.4 with  The asymmetrically NBD-labeled LUVs were incubated with
NaOH) or HEPES-NaOH buffer [10 mM HEPES, 150 mM o without the peptide for various periods at 30 (total
NaCl, and 1 mM EDTA (pH 7.4)]. Vesicles containing volume of 1.9 mL). The fraction of NBD lipids that had
calcein were separated from free calcein on a Bio-gel A-1.5m fiopped during incubation was measured on the basis of
column. Calcein-free LUVs were mixed with dye-loaded fluorescence quenching by sodium dithionite. After the
liposomes to adjust the lipid concentration to the desired addition of EYPG SUVs (final concentration of 1 mM) and
value. The release of calcein from the LUVs was fluoro- githiothreitol (DTT, final concentration of 50 mM) to recover
metrically monitored on a Shimadzu RF-5000 spectrofluo- the barrier, 20uL of a 1 M sodium dithionite/1l M Tris
rometer at an excitation wavelength of 490 nm and an solution was added. Fluorescence was monitored at excitation
emission wavelength of 520 nm at 3C€. The maximum  and emission wavelengths of 460 and 530 nm, respectively.
fluorescence intensity corresponding to 100% leakage wasThe peptide-induced flip-flop could not be assessed for
determined by addition of 10% (w/v) Triton X-100 (2Q.) EYPG/EYPC LUVs, because even a combination of EYPG
to 2 mL of the sample. The apparent percent leakage valuesyys and DTT could not stop membrane permeabilization.

was calculated according to Fourier Transform Infrared-Polarized Attenuated Total
Reflection (FTIR-PATR) Spectroscop@riented EYPG/
EYPC films (1/1) containing various amounts of peptides
were prepared by uniformly spreading a chloroform/methanol
solution of the peptide/lipid mixture on a germanium ATR
plate (80 mmx 10 mm x 4 mm) followed by gradual
evaporation of the solvent. The last traces of the solvent were
removed under vacuum overnight. The films were hydrated
with a D,O-soaked piece of filter paper put over the plate
for 3 h. The film thickness of-6 um, estimated from the
applied amount of lipid, was much larger than the depth of
penetration of the evanescent wave (€028 um) in the range
of 3000-800 cnt’. To minimize spectral contributions of
atmospheric water vapor, the instrument was purged with
dry N, gas. FTIR-PATR measurements were carried out on
a Bio-Rad FTS-3000MX spectrometer equipped with aHg
Cd—Te detector and a PIKE horizontal ATR attachment and
a KRS-5 polarizer. The total reflection number was 10 on
the film side. The spectra were measured at a resolution of
2 cnr! and an angle of incidence of #&nd derived from
256 co-added interferograms with the Hajipenzel apodiza-
tion function. The subtraction of the gently sloping water
vapor was carried out to improve the background prior to
_(F _ _ frequency measurement. The dichroic raf),defined by
E= (R~ PR~ Fo) (2) AAJAA-, was calculated from the polarized spectra. The
absorbanceXA) was obtained as the area of each component
%and for the deconvolved amideHands. The subscripts
andO refer to polarized light with its electric vector parallel
and perpendicular to the plane of incidence, respectively.
For ATR correction, refractive indexes of 4.003 and 1.440
were used for germanium and the sample film, respectively

Q= FyF, @ @2
RESULTS

% apparent leakage 100F — F)/(F, — Fy) (1)

whereF andF; denote the fluorescence intensity before and
after addition of the detergent, respectively, &adepresents
the fluorescence of intact vesicles.

Tryptophan Fluorescence-luorescence spectra in the
range of 256-500 nm were measured at an excitation
wavelength of 280 nm on a Shimadzu RF-5300 spectrof-
luorometer at 3C°C. The blank spectra (buffer or LUVS)
were subtracted.

Pore Lifetime Pore lifetime,r, was evaluated by deter-
mining the extent of calcein self-quenching in the peptide-
treated LUVs 81). After calcein-entrapped LUVs were
mixed with the peptide solution, the time course of the
increase in calcein fluorescence was monitored. Immediately
after the apparent percent leakage value reache®6%,

20 mM EYPG SUVs (10QL) were added to completely
stop leakage. Aliquots of the liposome suspension (450
were sampled. Triton X-100 was added to the rest of the
liposome suspension to completely lyse the vesicles. The
apparent retentiork;, was calculated according to

On the other hand, the sampled liposomes were applied to
Bio-gel A-1.5m column to separate the vesicle fraction from
leaked calcein, and its quenching fact@) (was obtained
by measuring the fluorescence intensity befétg and after
(Fa) the addition of Triton X-100.

The Q value was plotted against titevalue. Thep value, a
dimensionless parameter to describe the pore life spBp ( Antimicrobial Actiity. The MICs of the peptides against
was estimated from theoretid@lversusE curves for various g ¢gljandsS. epidermidisre summarized in Table 1. A 1/1
p values. physical mixture of MG2 and L18W-PGLa had MIC values
. significantly lower than those of the individual component
p=7/(t + 179 4) peptides, indicating a strong synergy, as reported previously
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Table 1: Biological Activities of Peptides

MICE (uM) % NPN
fluorescence %
peptide E.coli S epidermidis enhancemeft hemolysi§
MG2 20 20 27.8-2.9 1.2+ 0.8
L18W-PGLa 20 5 6.8-4.5 2.0+ 0.4
mixture 2.5 2.5 47.14+-4.8 13.4+ 25
hybricP 1.25 5 78.6-0.1 77.9+0.1

a2 An equimolar mixture of MG2 and PGLAThe concentrations
are expressed as concentrations reduced to monofridigimal
inhibitory concentrationd Percent enhancement of NPN fluorescence
as a measure of outer membrane perturbatiom afEemin incubation
of E. coliwith 12.5uM (MG2 and L18W-PGLa) or 2xM (mixture
and hybrid) peptides.Percent hemolysis aftea 3 hincubation of
human erythrocytes with 156M (MG2 and L18W-PGLa) or 31.2
uM (mixture and hybrid) peptides.

1 T T
Qo5 _
0
0 10 20
Time (h)

Ficure 2: Growth inhibition agains§. epidermidisCells (3.6 x

10 cfu/mL) were incubated with peptides (0.63/) at 37 °C.
Bacterial growth was monitored by measuring the optical density
at 595 nm: ) no peptides,M) 1/1 mixture of MG2 and L18W-
PGLa, and @) hybrid peptide.

(25, 26). The antimicrobial activity of the heterodimer was
comparable to that of the mixture.

The effects of the mixture and the heterodimer on the
growth rate ofS. epidermidisvere also examined at a peptide
concentration (0.63&M) well below the MICs (Figure 2).
The hybrid peptide significantly inhibited the bacterial
growth, whereas the mixture had no inhibitory effect.

Perturbation of the Outer Membranén Gram-negative
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Ficure 3: Permeabilization of phospholipid bilayers. Percent
leakage values of calcein entrapped within EYPG/EYPC (filled
symbols) or EYPC (empty symbols) LUVs after a 10 min
incubation at 3CC are plotted as a function of L/ & 2). The
peptide concentrations are expressed as concentrations reduced to
monomers: M andd) 1/1 mixture of MG2 and L18W-PGLa and

(® andO) hybrid peptide.

synergy, as observed elsewhel&)( In contrast, the hybrid
peptide was highly hemolytic.

Permeabilization of Phospholipid Membran&hosphati-
dylglycerol-containing lipid bilayers are a good model for
bacterial membranes and have been often used to investigate
the action mechanisms of membrane-acting antimicrobial
peptides 4, 9, 26, 34—37). The membrane permeabilizing
activities of the mixture and the heterodimer were investi-
gated by measuring the efflux of the fluorescent dye calcein,
entrapped within LUVs composed of EYPG and EYPC (1/
1). The heterodimer induced calcein leakage even at a very
high lipid-to-peptide molar ratio (L/P), 2500, where the
equimolar mixture did not cause detectable leakage (Figure
3, filled symbols). The membrane permeabilizing activity
of the hydrid peptide was also significantly larger at a lower
L/P, 500. The stronger leakage activity of the heterodimer
was manifested against EYPC liposomes mimicking eryth-
rocyte membranes. The physical mixture did not induce
leakage even at a L/P of 250, whereas the heterodimer started
to permeabilize EYPC bilayers at a L/P of 2500 (Figure 3,
empty symbols). The leakage activity of the dimer against
the zwitterionic liposomes was very similar to that against
the negatively charged membranes. Note that the heterodimer
was completely membrane-bound under the experimental
conditions used in the leakage experiments (vide infra).

bacteria, outer membranes serve as a drug barrier. Polyca- Tryptophan FluorescenceThe binding affinity of the
tionic peptides were proposed to cross outer membranes bypeptides for EYPG/EYPC (1/1) LUVs and the depth of the

the “self-promoted uptake” mechanis®3]. Therefore, the
synergism between MG2 and L18W-PGLa in the outer
membrane perturbing activity was investigated with the NPN
uptake assay2@). NPN is normally excluded from outer

membranes but is partitioned into perturbed outer mem-

Trp residues in the membranes were estimated on the basis
of Trp fluorescence. The original PGLa without Trp was used
to simplify the interpretation. Peptide solutions were titrated
with LUVs, and the wavelength of maximal intensity was
plotted as a function of L/P (Figure 4). The binding caused

branes, exhibiting increased fluorescence. MG2 induced a blue shift of Trp fluorescence from 352 to 33336 nm,

greater NPN uptake than L18W-PGLa, although the MICs
of the two peptides were identical (Table 1). The mixture

indicating that the Trp residues are embedded in hydrophobic
environments near the membrane surface. The wavelength

again exhibited synergy. The percent NPN uptake (47%) wasfor the hybrid peptide was identical to that of the physical
larger than the arithmetic sum (34%) of the values observed mixture of MG2 and PGLa. The wavelength for MG2 was
for the component peptides. The NPN uptake induced by slightly (~2 nm) red-shifted compared to that of the dimer

the heterodimer was significantly larger than that of the
physical mixture.
Hemolytic Actiity. The hemolytic activity of the peptides

or the mixture, suggesting a shallower penetration of MG2.
The rank order in terms of affinity for the bilayer was as
follows: dimer> mixture > MG2 (as judged from the L/P

against human erythrocytes was determined as a measure aependence of the fluorescence).

cytotoxicity (Table 1). MG2 and L18W-PGLa were practi-

The binding of the peptides to zwitterionic EYPC bilayers

cally nonhemolytic, whereas their equimolar mixture became was also assessed on the basis of Trp fluorescence. For the

weakly hemolytic under the current conditions, indicating a

dimer, addition of the liposomes caused a blue shift of Trp
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peptides to EYPG/EYPC (1/1) LUVs. Peptide solutiong:{2 as E

Trp) were titrated with LUVs at 30C. The wavelength of maximal FiGure 6: Lifetime of pores formed by the MG2PGLa hybrid

intensity is plotted as a function of L/P. The peptide concentrations Ayl h ;
: eptide in EYPC LUVs at 30C. The apparent calcein retention,
are expressed as concentrations reduced to monomers. The da;?, is shown against the quenching factqr, Theoretical curves

are the averages of two independent preparations for each type o i ;
sample. Error bars indicate the standard deviatiox) MG2, (M) Aorrbﬁz?)v% 81% a(r).ezélasr(l)dsﬂfwzalculated according to Schwarz and
1/1 mixture of MG2 and PGLa, an@®] hybrid peptide. ’
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Ficure 5: Changes in Trp fluorescence upon binding of the Time (min)

peptides to EYPC LUVs at 36C. (A) Peptide solutions (4M) Ficure 7: Coupling between pore formation and lipid flip-flop at
were titrated with LUVs at 30C. The peptide concentrations are 30 °C. Calcein leakage and lipid flip-flop induced by the M&2
expressed as concentrations reduced to monomers. The wavelengtRGLa hybrid peptide (0.2M) against EYPC LUVs (5QiM) are

of maximal intensity is plotted as a function of L/P. The data are shown as a function of timen(= 2). The peptide concentration is
the averages of two independent preparations for each type ofexpressed as a concentration reduced to monomers.

sample. Error bars indicate the standard deviati@: 1{1 mixture

of MG2 and PGLa and®) hybrid peptide. (B) Fluorescence spectra - equimolar mixture of MG2 and PGLa in EYPG/EYPC LUVs

of the hybrid peptide (4M) measured in buffer), in the presence ;
of 400uM EYPC membranes{ — —), and in the presence of both (0.7r0), assuming the same value for the two membrane

EYPC and 40 mM DTT 4-). systems 26). o

an m ) Lipid Flip-Flop. EYPC LUVs with inner leaflets labeled
fluorescence from 352 to 335 nm (Figure 5A), as in the case }N'tg Cg-lc\leD—(ng vx;ﬁre#st()aq dto dett%ct fl_|r;;]—flop of mttal%?brﬁne
of the negatively charged membranes (Figure 4). The affinity 'PIdS Induced by the hybrid peptide. 1 he percent fip-tlop
for EYPC was smaller than that for EYPG/EYPC mem- Valué when L/P= 250 is plotted as a function of time in
branes, because the fluorescence did not reach a plateau untﬁ]igurT 7. Tr;e t:(me COWZ? oI_the fI|p-rop|\_/vas SITVI\IIar to that
the L/P equaled 40. In contrast, the physical mixture of MG2 of caicein leakage, indicaling a couping between pore
and PGLa did not bind to EYPC liposomes, consistent with formation ar)d lipid flip-flop, similar to that of each com-
no leakage (Figure 3B). To confirm that such a difference polg'_?;’é %ﬁ)_lt_'ge_f_(ﬁ)' f i d orientati f th
between the dimer and the mixture is not due to the presence tid o EYPGe/Ei;)Igcorma '%n an (i/nlenalon Ot' ?d
of the GGC extension in the dimer, reduction experiments pepudes n membranes (1/1) were estimate
were performed (Figure 5B). The treatment of the dimer ©N the basis of FTIR-PATR measurements (Table 2). In all
lipid complex with the reducing agent DTT almost com- cases, the lipids in the fluid state were well-aligned (average
pletely reverted the level of fluorescence to that in buffer, ?rlent?rt]long_l arl]ng_les o{_acyl (;hglns Were—3ﬁt.')°_), astjutd%?d
indicating that the mixture of the reduced peptides shows rom the dichroic ratios of Chl asymmetriic stretching

- . . : vibration bands around 2853 cf The peptides exhibited
g%iz.mty for EYPC bilayers, like the mixture of MG2 and amide | peaks in the wavenumber region of 1650654

cm1, indicatinga-helical structures32, 38). The dichroic
atio R can be used to determine the orientation of the
ransition dipoles, and therefore the helix ax@2)( Using

an anglef of 35° between the helix axis and the transition
moments 89), the molecular orientation angle,, around
the membrane normal was calculatd@)(

Pore Lifetime The lifetime of pores formed by the hybrid
peptide in EYPC membranes was estimated on the basis o
self-quenching of calcein according to the method of Schwarz
and Arbuzova. §1). However, it could not be determined
for EYPG/EYPC LUVSs, because the binding of the peptide
to the membrane was too tight to stop leakage by conven-
tional treatment with trypsin or excess EYPG SUVs. The 1
guenching factor@) of calcein is plotted against the apparent cof o = —(
retention of calcein ) in Figure 6. Thep value was 3
estimated to be 0.% 0.1 by comparison of the data with
the theoretical curves, correspondingrte= 97o. Thus, the MG2 and L18W-PGLa assumed surface orientatians (
pore is relatively stable compared to that formed by an ~ 70°) even at a low L/P value of 20 (Table 2). The

4 R—2.00
X +1 5
3co¢p—1 R+145 ) ©)




Magainin 2-PGLa Hybrid Biochemistry, Vol. 46, No. 49, 200714289

Table 2: Conformation and Orientation of the Peptides in Lipid smaller than our observation. The difference may be due to

Bilayers differences in physicochemical properties between the two
wavenumber o mgmbrane systems, such as hydrocarbon thickness and
lipid peptide  L/P  (cmrie R (degy fluidity.

EYPG/EYPC MG2 20 1650 147 72 The hybrid peptide exhibited a much stronger interaction
L18W-PGLa 20 1653 159 67 with zwitterionic EYPC membranes (Figures—8) and
mixture 20 1653 164 65 erythrocytes (Table 1) than the 1/1 mixture of the component

. 20 1654 144 74 peptides, because the entropy in solution is largely reduced
hybrid 50 1653 1.70 63 b T )
100 1654 169 63 y the cross-linking of the two molecules; therefore, a larger

EYPC 50 1655 222 50 free energy gain is obtained upon membrane binding. In

aLipid-to-peptide molar ratio. The peptide concentrations are Contra_St' in n_egatlvely Charged membran(_es,_ electrostatic
expressed as concentrations reduced to monomBesak wavenumber  attraction significantly contributes to the binding energy.
of the amide I band. Errors in duplicated experiments were within 1 Hypothetical interaction of the magainin-PGLa complex
cm™L. ¢ Dicroic ratio. Errors in duplicated experiments were within 0.1.  with zwitterionic membranes can be experimentally deter-
dAngle between }he helix axis and the membrane normal evaluated jined using the hybrid peptide. The heterodimer also forms
with eq 5 6 = 35). a toroidal pore (Figure 7). The helix is more tilted (Table 1)

) ] ) o and the pore more stable (Figure 6) than in EYPG/EYPC
orientation did not strongly depend on L/P. A simitavalue membranes26), probably because electrostatic interaction
of 74° was observed for MG2 at a higher L/P value of 40 peqyeen the positively charged peptide and the negatively
(41). The hybrid peptide took a more oblique orientation charged membrane inhibits deep insertion of the pepfigle (
irespective of L/P values. The orientation of the mixed gppanced leakage against zwitterionic membranes has been

peptides was dependent on L/P. At a higher value, the 554 gpserved for melittirdd) and a His-containing peptide

orientation was similar to that of MG2, whereas thealue 4

approached that of the hybrid peptide with a decrease in L/P,
suggesting that the population of the MGRGLa complex
in the peptide mixture increases with peptide concentration.

The antimicrobial peptide distinctin (5.4 kDa) from the

tree frog Phyllomedusa distinctés similar to our hybrid
peptide in that it comprises two different peptides connected

For the hybrid peptide, FTIR spectra were also measuredby an intramolecular disulfide bridged4). If X. laevis

in EYPC bilayers (Table 2). The peptide also assumed an

produced a magaininPGLa heterodimer analogous to dis-

a-helix. However, the orientational angle was significantly tinctin, the peptide would be potently antimicrobial but highly

reduced to 50
DISCUSSION

cytotoxic at the same time (Table 1). Thus, the separate
production of mutually recognizing peptides appears to be a

good way to increase the therapeutic index that nature
Our hypothesis for the mechanism of synergism between selected.

magainin 2 and PGLa is that a 1/1 stoichiometric complex
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