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ABSTRACT. Magainin 2, an antimicrobial peptide froXenopusskin, assumes an amphiphilic helix when
bound to acidic phospholipids, forming a pore composed of a dynamic, petipik supramolecular
complex [Matsuzaki et al. (199@®iochemistry 3511361-11368]. Upon the disintegration of the pore,

a fraction of the peptide molecules stochastically translocates across the bilayer (Matsuzaki, et al., 1995).
In order to investigate the effects of peptide charge on the magainiipi@ bilayer interactions, we
synthesized four magainin 2 analogs with different charge$4). MGO: K10E, K11E, F12W-magainin

2. MG2+: K10E, F12W-magainin 2. MG#: F12W-magainin 2. MG&: F12W, E19Q-magainin 2
amide. An increase in charge resulted in a stronger binding of the peptide to the negatively charged
membranes, suggesting that electrostatic attractions play a crucial role in the binding process. The helical
stability in a trifluoroethanol/buffer mixture was decreased with increasing positive charge because of
electrostatic repulsions between the closely spaced positive side chains, whereas the helicity in the lipid
bilayer was much higher and appeared to be independent of the peptide charge. However, enhanced
repulsions between the highly positively charged helices destabilized the pore. Therefore, the efficiency
of the most basic peptide (MG§ to translocate across the bilayer was the greatest by virtue of the short
life span of its pore and the very tight membrane binding. The charge distribution of wild-type magainin

2 was found to be so designed as to exhibit the maximal Iytic activity by simultaneously achieving a
strong binding and a moderate pore stability.

Magainin 2 (GIGKFLHSAKKFGKAFVGEIMNS), iso-
lated from the skin ofXenopus lagis, is a self-defense
peptide with a broad spectrum of antimicrobial activity
(Zasloff, 1987), and a promising candidate of a new antibiotic
of therapeutic value (Maloy & Kari, 1995). The peptide is
considered to Kill its target cells by permeabilizing their
membranes. The lipid matrix appears to be the site of
action: the allb-enantiomer is fully active compared with
the parent all--peptide, suggesting that chiral proteins are
not involved in the exhibition of the activity (Wade et al.,
1990). Magainin 2 induces the efflux of water soluble
molecules entrapped within artificial lipid vesicles (Matsuzaki
et al.,, 1991; Grant et al., 1992; Vaz Gomes et al., 1993).
The dependence of the peptide’s lytic activity on the lipid
species can well explain the selectivity of its action for
various types of cells (Matsuzaki et al., 1995c). Therefore,
a number of studies on magainitipid interactions have
been performed to elucidate the molecular details of its action
mechanism. We propose the following model (Figure 1):
(1) Magainin 2 takes unordered structures in an aqueous
solution, whereas it forms an amphiphilic helix upon
membrane binding. Electrostatic interactions between the
peptide’s positive charge and the negative charge of the

membrane surface play a crucial role in the binding processFIGURE 1: A model for magainin 2lipid bilayer interactions

; . (Matsuzaki, 1995a,b, 1996). (A) Membrane binding accompanying
(Matsuzaki et al., 1991; Vaz Gomes et al., 1993). The helix formation. The shaded area represents the hydrophobic surface

of the amphiphilic helix. (B) Formation of the pore composed of a
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Table 1: Amino Acid Sequences and Helical Properties of Magainin 2 Analogs

[0]22F
designation sequente chargé membrangé TFE/buffee AH (J/molf Tm (K)9
MGO GIGKFLHSAEEWGKAFVGEIMNS +0 nd' —19 400 —24 400 294
MG2+ GIGKFLHSAEKWGKAFVGEIMNS +2 nd —15 800 —21 600 281
MG4+ GIGKFLHSAKKWGKAFVGEIMNS +4 —21 000 —15100 —19 600 277
MG6+ GIGKFLHSAKKWGKAFVGQIMNSamide +6 —21 300 —13 000 —11 800 261

aThe substituted amino acids are underline@ihe local pH of the acidic membrane surface is lower (ca. 0.8 pH unit) than that of the bulk (pH
7.0). Therefore, both the-amino group and the Hesidue are assumed to be protonatdd.deg cnd dmol~. Estimation error ist3%. ¢ In egg
PG/egg PC (1/1, mol/mol) SUVs at 3C. ¢In a TFE/buffer (1/1, v/v) mixture at 11C. f The van't Hoff enthalpy change upon helix formation,
AH, in TFE/buffer (1/1). Estimation error 500 J/mol. Derived from Figure 4B.The temperature of the midpoint of the transitidi, in
TFE/buffer (1/1). Estimation error i&3 K. Derived from Figure 4B" Could not be determined.

Negatively charged acidic phospholipids are necessary forsubstituted glutamic acid (E) residues for lysine (K) residues
effective binding. (2) The helix essentially lies parallel to (MGO and MG2t+). A peptide with an increased positive
the membrane surface (Bechinger et al., 1993; Matsuzaki etcharge was prepared by the amidation of the two COOH
al., 1994) because of its equal hydrophobic and hydrophilic groups of E° and the C terminus (MGB). The binding
angles (Brasseur, 1991). (3) Five helices, together with affinity was monitored on the basis of the tryptophan
several surrounding lipids, form a membrane-spanning porefluorescence spectra. The helical stability was determined
comprising a dynamic, peptigidipid supramolecular com-  in egg PG/egg PYvesicles or a TFE/buffer mixture by CD
plex, which allows not only the ion transport but also the spectra. Calcein, a water soluble, anionic fluorescent dye,
rapid flip—flop of the membrane lipids (Matsuzaki et al., was employed to estimate the lytic activity of the peptide.
1996). The pore-lining lipids make the otherwise insulated Its self-quenching property is also useful in evaluating the
outer and inner leaflets a continuum. The pore structure haslifetime of the pore (Weinstein et al., 1984; Schwarz &
been recently detected by a neutron diffraction technique Robert, 1992; Matsuzaki et al., 1994; Schwarz & Arbuzova,
(Ludtke et al., 1996). (4) Upon the disintegration of the pore, 1995). The methods to detect the peptide translocation have
a fraction of the peptide molecules stochastically translocatesbeen recently developed by our laboratory on the basis of
into the inner leaflet (Matsuzaki et al., 1995a,b). The pore RET (Matsuzaki et al., 1995a,b). We found that natural
formation is transient in that it is mainly observable in the magainin 2 is so designed as to exhibit the maximal lytic
very early stage of the peptiddipid interactions: the  activity and that an increase in peptide basicity is a strategy
reduced peptide density in the outer monolayer resulting from for effective peptide translocation.
the peptide translocation significantly slows the subsequent
pore formation because of its cooperative nature. Further-MATERIALS AND METHODS
more, a quantitative relationship exists between the peptide , o ,
translocation, the ion efflux, and the lipid fligflop (Mat- Materials Magainin 2 analogs were synthesized by a
suzaki et al., 1996). s_tandard Fmoq-_based solid phase met_hod._ The crude pep-
In elucidating the basic principles underlying the peptide tides were purified by HPLC and gel flltrapon (Sephadex
lipid interactions, it is important to know how the peptide ©G-15, 2.5x 35 cm column, 0.02 N HCI being used as an
charge modulates this process. The role of electrostatic€luént), as previously described (Matsuzaki et al., 1991,
interactions between the peptide and the lipid in the peptide 1994). The purities of the synthesized peptides were
binding is well-established (Gawrisch et al., 1993; Kim et determined by qu_antltatlve amino acid analy_5|s and analytlcal
al., 1991, Matsuzaki et al., 1991, 1995¢: Vaz Gomes et al., HPLC. The peptide concentration was routinely determined
1993). However, no systematic study has been performedOn the basis of the tryptophan UV absorption (Gill & Von
about the effects of the peptide charge on the helicity, the Hippel, 1989). Egg PG enzymatically converted from egg
pore stability, and the peptide translocation. Specifically, PC was a kind gift from Nippon Fine Chemical Co.
an increase in peptide positive charge will enhance the (Takasago, Japan). Egg PC and fluorescent lipids (DNS-
binding affinity for the negatively charged membrane. on PE and NBD-PE) were purchased from Sigma (St. Louis,
the other hand, it could destabilize the helix and the pore MO) and Molecular Probes (Eugene, OR), respectively.
structure composed of several helices because of theCalcein and spectrograde organic solvents were supplied by
electrostatic repulsions between the closely spaced positiveP0jindo (Kumamoto, Japan). NMR grade TFE was pur-
charges. For the development of a potent antibiotic (mem- chased from Aldrich (Milwaukee, WI). AII. other chemlcal's
brane disrupter), an effective membrane binding and a long from Wako (Tokyo, Japan) were of special grade. A Tris-
pore lifetime will be simultaneously achieved. If one utilizes HCI buffer (10 mM Tris/150 mM NaCl/1 mM EDTA, pH
the translocation property of this class of peptide for 7.0) was prepared from water twice distilled in a glass still.
intracellular drug delivery, a short life span of the pore will
be required: the peptide can be effectively internalized 1 appreviations: egg PC, egg yolko-phosphatidylcholine; egg PG,
without significantly disturbing the membrane barrier. L-a-phosphatidybL-glycerol enzymatically converted from egg PC;
In this study, we synthesized a series of magainin 2 analogstBaE_)i g:g'igggﬁzfiﬁa?g;%i%;ﬁi‘fgﬁ;ﬂL)’G‘;Ejﬁe'?ﬁgz]g;ﬁ%?gﬁs_
with different charges (96+) whose sequences are sUm-  pg \[(s.(gimethylamino)naphthyilsulfonylldipaimitoyli-a-phos-
marized in Table 1. A tryptophan (W) residue was intro- phatidylethanolamine; Fmoc, fluoren-9-yimethoxycarbonyl; LUVs, large
duced at the 12th position to monitor the peptidipid unilamellar vesicles; SUVs, small unilamellar vesicles; MLVs, multi-

; ; ; ; Ot lamellar vesicles; HPLC, high-performance liquid chromatography;
interactions. We have confirmed that this substitution does NMR, nuclear magnetic resonance: L/P. the lipid to peptide ratio: TFE,

not significantly alter the property of the parent peptide 3 2 7’trifluoroethanol; CD, circular dichroism; RET, resonance energy
(Matsuzaki et al., 1994). To reduce the positive charge, we transfer.
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Vesicle Preparation LUVs were prepared by the extru- 355 T w
sion of MLVs, as described elsewhere (Matsuzaki et al., A
1994). Briefly, a lipid film, after being dried under vacuum 350
overnight, was hydrated with a 70 mM calcein solution for
the dye release assay (pH was adjusted to 7.0 with NaOH)
or the Tris buffer for the other experiments and vortex-mixed
to produce MLVs. The suspension was freeteawed for
five cycles and then successively extruded through polycar-
bonate filters (a 0.@m pore size filter, 5 times; two stacked
0.1um pore size filters, 10 times). SUVs for CD measure- 230 L
ments were produced by sonication of the freettmwed 0 50 100 150 200 250 300 350
MLVs in ice/water under a nitrogen atmosphere (Matsuzaki Lp
etal., 1989, 1991). The lipid concentration was determined
in triplicate by phosphorus analysis (Bartlett, 1959).

Peptide Binding. The binding affinity of the peptide for 1.8
the membrane was determined on the basis of tryptophan
fluorescence. Peptide solutions (2 oru®1) containing
various amounts of egg PG/egg PC (1/1, mol/mol) LUVs
were incubated at 30C overnight to reach a binding
equilibrium. Fluorescence spectra in the range of-3000
nm were measured on a Hitachi F-4500 spectrofluorometer
at an excitation wavelength of 280 nm. The spectra were
corrected for both wavelength-dependent effects (Melhuish, 0.8 S
1962) and intensity loss due to light scattering after subtrac- 0 50 100 150 200 250 300 350
tion of the corresponding blank spectra without the peptide. LP

The latter correction was carried out by use of indoxyl sulfate FIGURE 2:  Changes in tryptophan fluorescence upon membrane
(Matsuzaki et al., 1994) binding. A fixed concentration of a peptide was mixed with various

amounts of egg PG/egg PC (1/1) LUVs and incubated at@G0
CD Spectra. CD spectra were measured on a Jasco J-720 gvernight for equilibration. The fluorescence spectra were recorded
apparatus interfaced to an NEC PC-9801 microcomputer,at an excitation wavelength of 280 nm. The maximal wavelength

using a 1 mm path length quartz cell to minimize the (A) and its intensity (B) are plotted as a function of L/P. Peptide:
absorbance due to buffer components. The instrumental®: MG6T: @ MGA4+; B, MG2+; a, MGO.
outputs were calibrated with nonhygroscopic ammonium
d-camphor-10-sulfonate (Takakuwa et al., 1985). Eightscans Dithionite lon Permeability A lipid film composed of
were averaged for each sample. The averaged blank spectragg PG/egg PC/NBD-PE (1/1/0.005, mol/mol) was hydrated
(the vesicle suspension or the solvent) were subtracted. Fowith the buffer and vortex-mixed. The suspension was
MG4+ and MG6t, the spectra in the membrane-bound form  freeze-thawed for five cycles. Small aliquots of the MLVs
were recorded at 30C by use of egg PG/egg PC SUVs. were injected into the buffer (control) or the peptide solution
The peptide and the lipid concentrations were-328 uM in the presence of 10 mM sodium dithionite. The time course
and 0.9-1.0 mM, respectively. The reported spectra were of the NBD fluorescence intensity at 530 nm (excited at 450
the average of two or three independent preparations. Thenm) was monitored at 36C.
absence of any optical artifacts was elsewhere confirmed
(Matsuzaki et al., 1989). For all peptides, their helical RESULTS
stability was estimated in a TFE/buffer (1/1, v/v) mixture at
10-60°C. The precise temperature of the cell surface was Binding Affinity. The effect of the peptide charge on the
monitored with a small sensor (Takara Thermister SXK-67, binding affinity for the membrane was estimated on the basis
Yokohama, Japan). The peptide concentration was506 of the changes in tryptophan fluorescence upon binding. A
UM. fixed concentration of the peptide was mixed with various
Calcein Leakage Dye-entrapped LUVs were prepared by amounts of egg PG/egg PC (1/1) LUVSs, and the fluorescence
hydrating an egg PG/egg PC (1/1) mixture with the 70 mM spectra in the equilibrium state were measured. The addition
calcein solution. Calcein-entrapped vesicles were separatedf the vesicles caused a blue shift and a concomitant intensity
from free calcein on a Bio-gel A1.5m column. The release enhancement, indicating that the fluorophore is buried in a
of calcein from the LUVs was fluorometrically monitored hydrophobic environment of the membrane (Matsuzaki et
on a Shimadzu RF-5000 spectrofluorometer at an excitational., 1994). Isoemissive points were, however, not observed,
wavelength of 490 nm and an emission wavelength of 520 suggesting that the environments of the fluorophore depend
nm at 30°C. The maximum fluorescence intensity corre- on the peptide density in the membrane phase or the
sponding to 100% leakage was determined by the additionintramembranous aggregational state of the peptide. Al-
of 10% wi/v Triton X-100 (20uL) to 2 mL of the sample.  though binding isotherms could not be obtained from the
RET. Dansyl-labeled LUVs were prepared by hydrating spectral changes because of the absence of the simple two-
the lipid film composed of egg PG, egg PC, and DNS-PE in state equilibrium, the dependence of the spectra on L/P gives
a molar ratio of 4:5:1. RET from the tryptophan residue of a measure of the peptide’s affinity for the membrane. Figure
the peptide to the dansyl chromophore in the membrane was2 shows the maximal wavelength (A) and the maximal
monitored by observing the fluorescence intensity of the intensity (B) as a function of L/P. MGb (open circles)
tryptophan residue (336 nm) upon excitation at 280 nm. The and MG4+ (closed circles) exhibited the largest binding
temperature was controlled at 300.5 °C. affinity for the negatively charged membrane. The maximal
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Ficure 3: CD spectra of MG# (solid line) and MG6&- (broken

line) at 30°C. The free form spectra in a 10 mM Tris/150 mM
NaCl/1 mM EDTA (pH 7.0) buffer and the membrane-bound form
spectra in egg PG/egg PC (1/1) SUVs are shown as thin and thick
lines, respectively.

-In K

spectral change was observed around=/P0. In contrast,
the binding of the less basic peptides, Mc@losed squares)
and MGO (closed triangles), was much weaker. Thus, the
affinity was in the order MG& > MG4+ > MG2+ >
MGO, suggesting that electrostatic interactions between the 0.5 ‘
positive charge of the peptide and the negative charge of 0.003 0.0033 0.0036
the lipid play a crucial role in the binding process. T (K™

Helical Stability. Figure 3 depicts the CD spectra of Fcure4: Stability of the magainin peptides in a TFE/buffer (1/1,
MG4+ (solid line) and MG6&- (broken line) in the absence  v/v) mixture. (A) CD spectra of MG# at 11, 20, 28, 37, 46, and
or the presence of egg PG/egg PC (1/1) SUVs. In the buffer, 55 °C, respectively, from the bottom. (B) The van't Hoff plot
both peptides take unordered structures. On the other handﬁ‘ﬂcégrdéng {0 €q 2. Peptided, MGG+, ®, MGA+, B, MG2+, 4,

. . S . . See the text for details.

they conform to helices in the lipidic environment, as
characterized by the double minima at 2089 and 222
nm and a maximum below 200 nm. The spectra are those
of the completely membrane-bound form, because further
addition of the vesicles did not change the spectra any more. _ _ _
The [0]222 values were—21 000 and—21 300 deg cr In K= (AH/R) (UT = 1Ty, 2)
dmol™ (£5%) for MG4+ and MG6t-, respectively, indicat-
ing that the helicities of both peptides in the membrane are
very similar in spite of the different total charges. M&2 . . )
and MGO also assumed unordered structures in the aqueoud "€ obtained parameters are summarized in Table 1.
medium (data not shown). The spectra of their bound state Mémbrane PermeabilizationThe lytic activity of each

could not be obtained because of their much weaker binding PEPtide was assayed on the basis of the efflux of an anionic,
(Figure 2). Therefore, the helical stability was estimated in fuorescent dye, calcein, from LUVs composed of egg PG/

a helicogenic, less polar media, i.e., a TFE/buffer (1/1, v/v) egg PC (1/1). Figure 5 demonstrates the percent leakage

mixture. For example, Figure 4A illustrates the CD spectra Value after a 10 min incubation as a function of L/P. The
of MG4+ (50 «M) recorded at 1660 °C. MG4+ and the conversion fr(_)m the observed fluorescen_ce _S|gnal to percent
other three peptides (spectra not shown) also form helices/€2kage requires the knowledge of the lifetime of the pore
in this solvent system. The helices appear to be monomeric®" the mgde of leakage (Schwarz & Ar.buzova, 1995), Wh.'Ch
because the CD spectra measured at a lower concentratiofl be dlsc_:u'ssed later. Th'e.W-subst!tuted a”"’."f.’g,"f wild-
(5 uM) were superimposable (data not shown). The helicity type magainin 2, MG4, exhibited the highest activity: 50%
was in the order MGO> MG2+ > MG4+ > MG6+ at leakage was observed at LA 170 (closed circles). The
lower temperatures (see also Table 1). Isodichroic points €SS Positive peptide, MGR, showed a weaker activity
around 202 nm were observed for all peptides, demonstrating(c/0Sed squares), less than half that of M&4s expected

the presence of just two conformations for each residue, helix 7O its weaker bi?ding (kl?igure 2). Tlhe I);tic activity of
and random chain (Padmanabhan et al., 1990). The equi-'vIGO was extremely weak: an L/P value of around 1 was

librium constant,K, can be calculated according to eq 1 needed to observe a significant extent of leakage (data not

the temperature at the midpoint of the transition where
1, Tm, were evaluated by eq 2.

The gas constant was denoted Ry Figure 4B shows the
—In K vs 1/T plots. The linearity was good (R 0.9989).

(Zhou et al., 1993) shown). Interestingly, the most basic, highest affinity analog,
b ' MG6+, possessed a rather weak potency (open circles), being
K = ([6],, — [6])/([6] — [6]) (1) even less effective than MG2 The (L/P}os value was ca.
50.

The molar ellipticities at 222 nm of the helix, the hetix
coil mixture, and the coil were denoted b#]{, [6], and 20ne way to experimentally determiné]f is by TFE titration

[0]c, respectively. Thed], and [p]. values were assumed (Padmanabhan et al., 1990). However, peptides with high positive

to be —37 400 x (1 — 2.5/23)= —33 300 and 0 deg cin charges were not soluble in media containing high percentages of TFE.
: Furthermore, it was recently reported that the helicity of magainin 2

dmol™* (Chang et al,, 1978). The van't Hoff enthalpy  amide does not increase any more at TFE concentrations above 50%
change associated with the celielix transition,AH, and (Wieprecht et al., 1996).
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Ficure 5: The percent leakage of calcein from egg PG/egg PC
(1/1) LUVs during 10-min incubation is plotted as a function of
L/P ([lipid] = 180uM). Peptide: O, MG6+; ®, MG4+; B, MG2+.

The temperature was 3.
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FiGure 6: Estimation of the pore lifetime at 3. The apparent
retention,E, is shown against the quenching factQ:, Peptide:

O, MG6+; @, MG4+; B, MG2+. The curves are theoretical ones
for p = 0.9 (broken) and 0.1 (solid) calculated according to Schwarz

and Arbuzova (1995). See the text for details.

Pore Lifetime. The self-quenching property of calcein was i ) .
utilized to estimate the life span of the pore. This approach comparison of the theory with the data (Figure 6) evaluated
was originally developed by Weinstein et al. (1984) and the p values for MGB- (open circles), MG4 (closed
elaborated by the Schwarz group (Schwarz & Robert, 1992; €ircles), and MG2- (closed squares) to be 0.9, 0.1, and 0.1,
Schwarz & Arbuzova, 1995). If the lifetimer, is much  eSPectively, corresponding to= 0.1z, 970, and &o. The
longer than the intrinsic lifetimezo, which is the time  €Stimation error irp is £0.05.
necessary for a @&/reduction of the intravesicular dye Peptide Translocatian The translocation of the peptide
concentration, a single pore opening is sufficient to exhaust across the lipid bilayer was detected for ME@&nd MG2+
the vesicular contents (“all-or-none mode”). On the other by the two methods developed by our laboratory. The
hand, a number of pore openings are necessary to observe tanslocation of MG4 has already been reported elsewhere
significant extent of leakage in the caserck 7, (“graded- (Matsuzaki et al., 1995a,b). The first technique utilizes the
mode”). There are, of course, many cases between the abovextraction of the untranslocated peptide remaining on the
two extremes. Ther value can be evaluated by the outer surface with excess LUVs. The peptideembrane
determination of the extent of self-quenching of the peptide- association was monitored by use of RET from the tryp-
treated, calcein-entrapped LUVs. After the calcein-contain- tophan residue to DNS-PE. Figure 7 depicts the results. The
ing egg PG/egg PC LUVs were mixed with the peptide at experiments were carried out for M&6and MG2+ under
30 °C, the time course of the calcein fluorescence increaseconditions where approximately 50% leakage was observed
was monitored in a cuvette for 10 min. Aliquots of the for 10 min. In the case of MG (Figure 7A), the addition
liposome suspension were immediately sampled into anof DNS-labeled LUVs at time zero reduced the tryptophan
Eppendorf tube containing an excess amount of calcein-freefluorescence because of RET. The peptide is completely
LUVs to stop the leakage. Triton X-100 was added to the bound, as judged from Figure 2 (LR 47). After 20s, 1
cuvette to completely lyze the vesicles. The apparent min, 2 min, or 10 min incubation (traces-3), a large excess
retention,E, was calculated according to eq 3. of the second population of DNS-free vesicles was added,
as indicated by the arrows. An abrupt increase in tryptophan
fluorescence implies that the peptide which had been bound
to the outer leaflet of the DNS-LUVs was redistributed
F andF, denote the fluorescence intensity before and after petween the two populations of the vesicles, being relieved
the detergent addition, respectivelyFo represents the from RET. However, the recovered intensity was always
fluorescence of the intact vesicle. On the other hand, the smaller than the intensity (trace 1) when the two kinds of
liposomes in the Eppedorf tube were applied on a Bio-gel the vesicles were simultaneously added at time zero. The
A1.5m column. The vesicle fraction was separated from the intensity difference is a measure of the translocation. The
leaked calcein by gel filtration, and its quenching facQy (  difference increased with the incubation time, suggesting
was obtained by measuring the fluorescence intensity beforetime-dependent peptide internalization. About 50% of the
(Fp) and after E4) the addition of Triton X-100. peptide was translocated during 10 rfin.

Q=F/F (4) Figure 7B illustrates the results of MG2 The addition
a

of the DNS-LUVs reduced the fluorescence by only 25%
The Q value was plotted against tlievalue in Figure 6.

because of the rather weak binding of the peptide (Figure
Schwarz introduced a dimensionless paramegerto 2). Therefore, the intensity is considered to mainly arise

describe the pore life span (Schwarz & Robert, 1992; from the free peptide. The enhanced fluorescence intensity
Schwarz & Arbuzova, 1995). after the extraction of the untranslocated peptide was nearly

the same as the intensity of the upper trace. The extent of
p=T7(t + 70) (5)

the translocation was at most 10% during a 10 min
The all-or-none leakager & 10) corresponds t@ — 0,

incubation.
whereas in the case of the graded mode<{(1o), p — 1. 3 The precise determination of percent translocation for this peptide

Theoretical Q vs E curves for variousp values were  as difficult, because the extraction was not as rapid as MBécause
calculated as reported (Schwarz & Arbuzova, 1995). The of the stronger electrostatic binding (Figure 7A).

E=(F — F)/(F,— Fo) 3
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Ficure 7: Detection of the translocation (1) of MG6(A) and
MG2+ (B). The peptide was mixed with DNS-LUVs (egg PG/egg
PC/DNS-PE= 4/5/1) at time zero. The final peptide concentration
was 3uM, and the lipid concentrations were 148 (A) and 185

uM (B). The fluorescence intensity of tryptophan at 336 nm (excited
at 280 nm) was recorded. The binding of the peptide to the vesicle
reduced the intensity due to RET. At various time intervals of
incubation, a large excess (final concentration 1.2 mM) of the
second population of DNS-free LUVs (egg PG/egg+a/1) was

15

added, as indicated by the arrows. An increase in intensity indicates

the relief from RET caused by the redistribution between the two

vesicle populations of the peptide molecules which had been bound

to the outer surface of the first vesicle. The increased intensity
decreases with prolonged incubation and is smaller than the
fluorescence intensity when both populations of vesicles were

simultaneously added at time zero (trace 1), thus indicating that a

fraction of the peptides translocated into the inner leaflet during
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Ficure 8: Detection of the translocation (2) of MG6(A) and
MG2+ (B). Small aliquots of MLVs composed of egg PG/egg PC/
NBD-PE = 1/1/0.005) were injected into a buffer (curve 1) or a
peptide solution (curves-25) in the presence of 10 mM sodium
dithionite at time zero. The essentially membrane-impermeable ion
chemically quenches the NBD fluorescence. The fluorescence at
530 nm (excitation at 450 nm) was normalized to the intensity in
the absence of the reducing ion. [lipig] 100-107 uM. [peptide]
(uM): (A) trace 1, 0; trace 2, 2; trace 3, 7; (B) trace 1, 0; trace 2,
3; trace 3, 4; trace 4, 5; trace 5, 7. Note thatVl of MG6+ makes
almost all NBD groups accessible to theCg?~ ion, suggesting
that it passes through the outermost bilayers to form pores in the
inner bilayers.

DISCUSSION

Peptide Design and Helical Stabilitywe synthesized four
magainin 2 analogs with different total charges-@*) to
investigate the effects of peptide charge on the peptide

the incubation. Each trace is the average of three experiments. . - i~
Incubation time: (A) trace 2, 0.33 min; trace 3, 1 min; trace 4, 2 membrane interactions (Table 1). The local pH of the acidic

min; trace 5, 10 min; (B) trace 2, 10 min. The temperature was membrane surface is lower (ca. 0.8 pH unit) than that of the
controlled at 30+ 0.5°C. bulk (pH 7.0). Therefore, both the-amino group and the
H7 residue are assumed to be protonated. The modification

Figure 8 shows the other method used to detect thewas performed by the K to E substitutions or the amidation
translocation, which uses the NBD-dithionite reaction (McIn- of the COOH groups of £ and the C terminus. Both
tyre & Sleight, 1991). Addition of sodium dithionite to the derivatizations are expected to never deteriorate the am-
MLVs of egg PG/egg PC (1/1) doped with NBD-PE reduced phiphilic property of magainin 2. Furthermore, the K, E,
the chromophores exposed to the external aqueous phaseand Q residues possess similarly high intrinsic helical
making them nonfluorescent (trace 1). The extent of propensities (Chou & Fasman, 1974; O’'Neil & De Grado,
quenching was 2530%, indicating that the lamellarity of 1990; Wgcik et al., 1990). Thus, these analogs are
the vesicle is ca. 2. The external addition ofil MG6+ considered to be useful for the estimation of the effect of
(trace 2 in Figure 8A) quenched75% fluorescence: the peptide charge on the peptidipid interactions. All pep-
pore formed by MG6- introduced the £, ions into the tides take amphiphilic helices in the membrane or the TFE/
first interlamellar space. Further addition of the peptide (7 water mixture (Figures 3 and 4). The latter solvent system
uM, trace 3) allowed the reducing ion to react with almost is often used to explore the helical propensities of peptides
all of the NBD groups within 3 min: the peptide molecules (Lehrman et al., 1990; Jasanoff & Fersht, 1994; Kemmink
translocated across the outermost bilayers to form pores in& Creighton, 1995). The presence of the isodichroic points
the inner bilayers In contrast, the maximal fluorescence suggests a two-state hetixoil transition of each residue
reduction caused by the addition of M&2vas 75%, and (Zhou et al., 1993), whose equilibrium is modulated by side
the kinetics was much slower compared with that of MG6  chain interactions. In MG2, putative B°—K!* and H—
(trace 5 in Figure 8B), indicating the less efficient translo- E'°ion pairs would stabilize the helix. The additional ion
cation of this peptide, in keeping with Figure 7B. pairs of H—E and E!~K!* in MGO could further
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strengthen the helix. The-(i + 4) ion pairs contribute more  that of MG2+ and MGO. In spite of the tighter binding,

to the stabilization compared with thie-(i + 3) type MG6+ exhibited the leakage even weaker than MG2
arrangements (Scholtz et al., 1993). As expected, thesuggesting the presence of pore-destabilizing factors.
stability of the helix in the TFE/buffer system below room The life span of the MG& pore (0.%o) is significantly
temperature is in the order MGO MG2+ > MG4+ (Figure shorter than those of MG4 and MG2+ (91, Figure 6)* It

4B, Table 1). However, the stabilization energy is not should be noted here that thgvalue itself may depend on
sufficient for the less positive peptides to form helices in the peptide charge: the anionic dye could more rapidly pass
the aqueous environment. Hydrogen bond interactions alsothrough the highly positive pore. Thg value is estimated
exist between the £K pair other than electrostatic interac- to be on the order of 10 ms, if one ignores the electrostatic
tions (Scholtz et al., 1993). The latter is considered to more interactions between the dye and the pore wall (Matsuzaki
dominantly operate in a media of low dielectric constants. et al., 1995b). Furthermoreg is inversely proportional to
MG6+ with increased repulsions shows a reduced helicity the pore radius, which might differ from peptide to peptide.
compared with MG4 (Figure 3) in spite of the fact that However, the pore sizes are considered to be similar among
the amidation of the C terminus stabilizes the helix becausethe peptides investigated, because we employed calcein of
of the elimination of unfavorable Coulomb interactions definite size as a marker. In our previous paper (Matsuzaki
between the negative charge of COand the helical dipole et al., 1994), the calcein leakage induced by MGi#om

(Creighton, 1993). egg PG LUVs was reported to occur in the graded made (
Table 1 shows that the van't Hoff enthalpy change upon = 1). The lipid composition may also influence bathand
the helix formation of this class of peptide is aroun@.2 7, because the lipid molecules are involved in the pore

kcal/residue mol, which is comparable with the valu®22) structure (Matsuzaki et al., 1996). In conclusion, the lifetime
of a 50-residue peptide, Ac-Y(AEAAKAF-NH, in an of the pore is also modulated by the charge density of the
aqueous buffer containing 0.1 M NaCl (Scholtz et al., 1991). pore wall and appears to be in the order MG2 MG4+
Merutka et al. (1990) reported that the van't Hoff enthalpy > MG6+. The weak lytic power of MG& can be ascribed
changes of 18-residue peptides in a buffer of low ionic to the fact that its monomer pore equilibrium lies so far on
strength are ca—0.5 kcal/residue mol. The\H value the monomer side. The unstability of the pore formed by
appears to strongly depend on the peptide sequence and ththe highly basic peptide is mainly due to interhelical
medium. electrostatic repulsions rather than the stability of the helix
The TFE-containing aqueous solution has been alsoper se (vide supra). The length of a 23-residue helix is ca.
employed as a “membrane-mimetic medium” (e.g., Rizo et 3.5 nm. Four lipid molecules can dimensionally flank one
al., 1993). However, one should be cautious in that the side of the helix, assuming a surface area per lipid of 0.68
conformation in the mixed solvent does not necessarily reflect nmé.  If the pore is composed of alternating arrays of the
that of the membrane-bound form, as can been seen frompeptide and the lipid, the maximum positive charge that the
Table 1. The helicities of MG# and MG6+ bound to the anionic lipids can neutralize is 4. Therefore, the Migore
membranes are much higher than those in the mixed solventcan be considerably unstable.
Furthermore, the differences in helical propensity between Translocation. According to our scheme (Matsuzaki et
the two peptides predicted in the latter medium is not al., 1995a,b), the peptide with a shorter lifetime can more
reflected in the former system. effectively translocate across the bilayer, because the peptide
The group of Dathe (1996) recently compared the con-
formations of double-substituted magainin 2 amide analogs  “Itis plausible that MG6- translocates via membrane perturbation.

in various media. In a TFE/buffer system, the magainin 2 However, we consider that the M@6pore structure is essentially

- W : J 619 similar to that of the MG4 pore based on the following reasons,
amide hel'x IS m(?St stable in the reglon oft FE ' although the MG6- pore may be less well-defined than the M&4
suggesting that the involvement of the unique negative chargepore, as judged from the shortest lifetime. (1) The peptide molecules

of E'®in the helix stabilization. Similarly, the modification  are completely membrane-bound and form helices under our experi-

. ; mental conditions. Therefore, the membrane permeation of the free
of MG4+ MG6+ causes the largest changes in the peptide through a defect caused by the peptide-induced membrane

thermodynamic parameters (Table 1). Therefore, not only perturbation is unrealistic. (2) The pore should be an intermediate
the net charge but also the position of the substitution affectsstructure during the translocation. The pore model (Figure 1B) avoids
the helix stability. In contrast to the solvent system, the helix the unfavorable exposure of the polar side chains to the hydrophobic

S Sy . . interior of the bilayer.
of magainin 2 amide is uniformly stable in the sequence of "5\, discussed, on the basis of Schwarz's quantitative treatment,

9—-19 in lipid bilayers. Furthermore, the conformation of that the incorporation of egg PC into egg PG membranes shortens the
the membrane-bound state is almost independent of thepore lifetime (Matsuzaki et al., 1995b). However, this estimation does
membrane surface charge, indicating that, in the lipid matrix, N°t agree with the observed life span (Figure 6).

S . 6 To explain the observed coupling between the calcein efflux and
hydrophobic interactions between the apolar face of the e jipiq fiip—fiop, we employed the model (Matsuzaki et al., 1996) in

amphiphilic helix and the hydrocarbon chains of the lipid, which the lipid molecules two-dimensionally diffuse through the
rather than the side chain electrostatic interactions, regulateperimeter of the pore,s# (r: pore radius), using the approximation

; T ; .+~ that the number of the lipid molecules per pore is much larger than 2
the helical stability. Thus, the helices of our magainin (see eq A8). The actual situation would be that the lipid number is

analogs appear to be equally St.able in the membrane, asqual to or smaller than the number of the helices (5). In this case, the
observed for MG4 and MG6t (Figure 3). effective diffusion path is significantly shorter thamr2 Therefore,

Binding and Pore FormationThe affinity of the peptide the sum of the shorter routes of both the dye-permeable and -imperme-

. - able pores may happen to be car2n average.
for the negatively charged membrane augments with the " This conclusion apparently does not hold as for the magainin

positive charge of the peptide (Figure 2), strengthening the Gram-negative bacteria interactions. ME6possesses a stronger
importance of electrostatic interactions in the binding process antimicrobial activity than MG#4. This observation can be explained

(Gawrisch et al., 1993; Kim et al., 1991; Matsuzaki et al by the fact that the interactions of the peptides with outer membranes
” ! v ! .’ of Gram-negative bacteria are more important than those with

1991, 1995¢; Vaz Gomes et al., 1_993)- _This fact can explain, cytoplasmic membranes whose fundamental architecture is phospholipid
at least in part, the stronger lytic activity of MG4than bilayers (Matsuzaki, et al., unpublished work).




Magainin 2-Lipid Bilayer Interactions Biochemistry, Vol. 36, No. 8, 19972111

is internalized only upon the disintegration of the pore. Creighton, T. E. (1993) irProteins. Structures and Molecular
Therefore, the translocation ability is expected to be in the  Propertiespp 182-186, W. H. Freeman and Co., New York.
order of MG6+ > MG4+ > MG2+. Let us compare the Gawrisch, K., Han, K.-I—_|., Yang, J.-S., Bergelson, L. D., & Ferreti,
degree of the translocation at L/P ratios of-8D. MG6+ J- A. (1993)Biochemistry 323112-3118.

crosses the bilayer most efficiently (Figures 7 and 8). The G”:L,’z% C., & Von Hippel, P. H. (19894nal. Biochem. 182319~
peptide reached a 560% equilibrium distribution between '

. . . Grant, E., Jr., Beeler, T. J., Taylor, K. M. P., Gable, K., & Roseman,
the two leaflets during 10 min under the conditions where A (1992) Biochemistry 319912-9918.

55% Ieak_age was observed. In contrast, the extent of jasanoff, A., & Fersht, A. R. (1998jochemistry 332129-2135.
transmcatlon_for MG4 was _only 20-30% under 80%  kemmink, J., & Creighton, T. E. (199Bjiochemistry 3412630
leakage conditions (Matsuzaki et al., 1995a). The membrane 12635.
permeation of MG2 could hardly be detected (Figures 7 Kim, J., Mosior, M., Chung, L. A,, Wu, H., & McLaughlin, S.
and 8). The weaker binding of MG2seems to deteriorate (1991) Biophys. J. 60135-148.
its intrinsic inefficient translocation. Lehrman, S. R, Tuls, J. L., & Lund, M. (1998jochemistry 29

Although the above argument on the relationship betweenL 2?590_55?6'% K Heller W. T.. Harroun. T. A Yand. L.. &

o . .. . i u s . J., , - , . . un, . - g, .
D e e el i W ({0montamicy Jo1325 13720
. - Maloy, W. L., & Kari, U. P. (1995)Biopolymers 37105-122.

be improved. According to Schwarz's theory (Schwarz & y ' ( )Biopoly !

. . Matsuzaki, K., Nakai, S., Handa, T., Takaishi, Y., Fujita, T., &
Robert, 1992), the number of pores per vesicle which had " \jyajima, K. (1989)Biochemistry 289392-9398. :

been formed fromt = 0 tot, p(t), can be expressed by eq 6. atsuzaki, K., Harada, M., Funakoshi, S., Fujii, N., & Miyajima,
K. (1991) Biochim. Biophys. Acta 106362—170.

pt) = —{In(XA — L)}/ — p) (6) Matsuzaki, K., Murase, O., Tokuda, H., Funakoshi, S., Fuijii, N.,
& Miyajima, K. (1994) Biochemistry 333342-3349.
The extent of leakage was denoted Ibfg) (0 < L(t) < Matsuzaki, K., Murase, O., Fujii, N., & Miyajima, K. (1995a)

1). For example, in the case of M&§p = 0.9), p(10 min) Biochemistry 346521-6526. _ _
Matsuzaki, K., Murase, O., & Miyajima, K. (1995Bjiochemistry

= 8 atL(t) = 0.55. Assuming a pentameric pore, this means
that only 40 peptide molecules had formed th during , o 12559712559,

a _ony . pepude molecules had forme € pore auring Matsuzaki, K., Sugishita, K., Fujii, N., & Miyajima, K. (1995c)
the incubation, whereas the number of M&@nolecules Biochemistry 343423-3429.
which had translocated is approximately 1000 (Figure 7A). watsuzaki, K., Murase, O., Fujii, N., & Miyajima, K. (1996)
The large discrepancy may be attributed to the following  Biochemistry 3511361-11368.
possibilities: (1) The peptide translocates also through the Mcintyre, J. C., & Sleight, R. G. (199Biochemistry 3011819~
aqueous pore in its unfolded state. This case is less plausible 11827.
at least in the MG6& and MG4+ systems where most  Melhuish, W. H. (1962)). Opt. Soc. Am. 521256-1258.
peptides are membrane-bound. (2) A major fraction of the Merutka, G., Lipton, W., Shalongo, W., Park, S.-H., & Stellwagen,
peptide crosses the membrane by forming a calcein- E: (1990)Biochemistry 297511-7515.
impermeable, smaller pore. Our previous studies revealed©'Neil. K. T., & De Grado, W. F. (19905cience 250646-651.
that a magainin pore is composed of five helices and severalP@dmanabhan, S., Marqusee, S., Ridgeway, T., Laue, T. M., &
L . . Baldwin, R. L. (1990)Nature 344 268-270.
lipid molecules (Matsuzaki et al., 1995 a,b, 1996). Itis _. .

lausible that the number of the intercalated lipids per pore Rizo, 3., Blanco, F. J, Kobe, B., Bruch, M. D., & Gierasch, L. M.
p 'e that | alated lipias per p (1993) Biochemistry 324881-4894.
has a d|sf[r|_but|on. A larger pore comprising five helices and Scholtz, J. M., Marqusee, S., Baldwin, R. L., York, E. J., Stewart,
several lipid molecules can permeate the dye, whereas a J. M., Santoro, M., & Bolen, D. W. (19919roc. Natl. Acad.
smaller pore containing fewer lipids cannot. On the other  Sci. U.S.A. 882854-2858.
hand, the peptide translocation (and the lipid flffop) Scholtz, J. M., Qian, H., Robbins, V. H., & Baldwin, R. L. (1993)

equally occurs via both porés. Biochemistry 329668-9676.
Schwarz, G., & Robert, C. H. (199Biophys. Chem. 4291—
CONCLUSIONS 296.

_ ) o ) ) Schwarz, G., & Arbuzova, A. (199Biochim. Biophys. Acta 1239
Using a series of magainin 2 analogs with different 51-57.

charges, we clarified that an increase in the positive chargeTakakuwa, T., Konno, T., & Meguro, H. (1988hal. Sci. 1215
enhances the binding of the peptide to the acidic phospholipid 218.

membrane, whereas it shortens the pore lifetime, thusVaz Gomes, A., de Waal, A., Berden, J. A., & Westerhoff, H. V.
promoting the translocation. The charge distribution of wild-  (1993) Biochemistry 325365-5372.

type magainin 2 is so designed as to maximize the lytic Wade, D., Boman, A., Walin, B., Drain, C. M., Andreu, D.,

activity with the relatively strong binding and the moderate E?g" ﬁ_r‘é';ﬁgﬁ%%g'_f'e'd’ R.B. (1990froc. Natl. Acad. Sci.

pore lifetime! A dg_signet:j peptide With a 'arQ? po_Sitive Weinstein, J. N., Ralston, E., Leserman, L. D., Klausner, R. D.
charge would exhibit a high translocation ability without Dragsten, P., Henkart, P., & Blumenthal, R. (1984).iposome
significantly damaging the barrier property of the membrane.  TechnologyGregoriadis, G., Ed.) pp 18204, CRC Press, Boca

Raton, FL.
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