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ABSTRACT. lon channel peptides have been prepared by solid-phase peptide synthesis, labeled atith
selected sites, and reconstituted into oriented lipid bilayers. The (Leu-Ser-Ser-Leu-Leu-SecQélb,

peptide has previously been shown to exhibit well-defined and discrete ionic conductances when investigated
by single-channel measurements [Lear, J. D., et al. (1$88nce 2401177]. Proton-decouple®N
solid-state NMR spectroscopy indicates that (Leu-Ser-Ser-Leu-Leu-Se~CONH, preferentially aligns

parallel to the membrane surface in excellent agreement with its amphipathic helical structure. However,
by carefully choosing the conditions of the membrane environment, significant contributions that are
indicative of transmembrane alignments become obvious iffthehemical shift solid-state NMR spectra.

The data thereby provide experimental evidence for an equilibrium between in-plane and transmembrane-
oriented helix configurations where the transmembrane and surface-oriented peptide fractions are in slow
exchange. Similar topological equilibria are observed when the N-terminus of the LS21 peptide is acetylated.
These observations provide experimental support for previous models, suggesting that the channels observed
in single-channel conductance measurements are indeed formed by hexameric transmembrane helical
bundles. In contrast, the shorter peptide (Leu-Ser-Ser-Leu-Leu-Ser-C&ONH, is oriented parallel to

the membrane surface under all conditions tested. This peptide exhibits erratic conductance changes when
investigated by electrophysiological methods, probably because it is too short to span the lipid bilayer.

Membrane channel proteins fulfill important functions able detail 23). This peptide has been designed with the
during cellular signal transduction, neuronal excitability, potential to form an amphipathic-helix in membrane
muscle function, and many other important physiological environments. Assembling these helices without including
processes. Defects associated with these proteins can haveharged amino acid side chains increased the possibility that
severe pathological consequences, a prime example beinghey assemble into ion-conducting transmembrane helical
the putative chloride channel involved in cystic fibrosis. bundles. In this configuration the serines line a water-filled
Unfortunately, membrane proteins are difficult to purify in channel and help in the solvation of passing i0Rg).( At
gquantitative amounts, and the common structural techniquesthe same time the leucines remain in contact with the
often fail. Therefore, very little high-resolution structural hydrophobic membrane interior.
information is available for channel proteink<7). In planar lipid bilayer experiments the presence of trans-

To elucidate some of the requirements of pore formation membrane potentials causes the (LSSLLSieptide to form
in structural detail, peptides that are known to increase the discrete openings which exhibit conductivities of predomi-
conductivity across phospholipid bilayers, such as alame-nantly 70 pS [0.5 M KCI,—100 mV @28)]. More channels
thicin or melittin 8—12), have been extensively studied in are formed atcis-negative voltages, a finding that is
the past. Furthermore, protein domains that are thought tosuggestive that the peptide inserts into the membrane with
line the pore of large channel proteins have been preparedits C-terminus first 28). These studies also reveal a 10-fold
and studied by structural methods (reviewed in r&3s- increase in lifetime when the N-terminal amino group of the
20). Although small, these peptides exhibit a dynamic and peptide is acetylated, as this reduces the electrostatic repul-
complex behavior within the “soft” membrane environment. Sion by like charges within the ion-conducting compl2g)(
To further simplify matters, synthetic organic model com- The electrophysiological properties together with molecular
pounds or minimalist peptide sequences have been designednodeling calculations suggest that the predominant channel
prepared, and studied by biophysical methd2is{26). structure is a transmembrane helical bundle of six parallel

Among those, the (LSSLLSEpeptide first presented by a-helices enclosing a channel diameter of ab®WA (23,

de Grado and co-workers has been investigated in consider—zs)' The channels are mode.rately cat|on—s<_alect|ye, an pb—
servation attributed to the alignment of serine side chains

along the pore lumer2@). The rectifying properties of this
. TfW% ?Ck?ﬁwfdge tthi Max-t'tf’!ﬁntCkéStOCliJeg gnd thgiRe Alsace  and related channels correlate with the configuration of the
Oor tunaing tne stuaentsnips attriouted to U.o>.o. _ . . .
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However, when tryptophan derivatives of the peptides
were investigated by fluorescence spectroscopy, the peptide
has been found to insert into the membrane with a predomi-
nant orientation parallel to the membrane surfa2#.(In
contrast, no direct structural evidence has, to our knowledge,
so far been published for the postulated transmembrane
orientations of these peptides. Notably, increases in mem-
brane conductance have previously been observed also for
charged peptides that are very unlikely to adopt stable
transmembrane alignments at the peptide concentrations used

L8

LS14

during channel measurements (reviewed in B¥and33).
It is, therefore, desirable to have further experimental
evidence for the proposed model.

Proton-decoupleéPN solid-state NMR spectroscopy has
a proven record during the investigation of interactions of
polypeptidea-helices with oriented or nonoriented phos-
pholipid bilayers (recently reviewed in r8B). Whereas®N
chemical shifts<100 ppm are indicative of helix alignments
approximately parallel to the membrane surface, vaiE30
ppm are associated with transmembrane orientatidds (
By introducing a nonperturbing’N label into the peptide

2
$20
Ficure 1: Edmundson helical wheel diagram of LS14 and LS21.
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backbone, the method can thus be used to investigate the

membrane alignments of these sequences. Wheri®the
chemical shift measurement is combined with solid-state

position of the heptad repeat (Figure 1) the chemical
preparation of quantitative amounts of the LS21 sequence

NMR measurables obtained from other nuclei, a very detailed @S Proven difficult to achieve in the past (e.g., 2.

analysis of the structure and topology of membrane associ-

ated peptides can be obtained (e.g., 1@¥sand 36). The
oriented solid-state NMR technique works with extended

lipid membranes and has been applied to study membrane

inserted peptide channels and antibioti88, (35, 37—39),
lytic peptides 40), and model sequence83), as well as
membrane-associated proteidd)(

When we used this technique to investigate LS sequence
in DOTAP bilayers, a lipid also used for transporting DNA
and polypeptides into cellsA®), a tendency of the LS21

peptide to adopt TM alignments has been observed. We

therefore decided to investigate the lipideptide interactions

of these peptides in a more systematic manner. In this pape
LS14, LS21, and AcLS21 have been prepared and recon-

stituted in DOTAP, DPhPC, or DOPC membranes, and their
alignment has been studied under a variety or different
conditions. The implications of our results for the proposed
model of channel formation will be discussed.

MATERIALS AND METHODS

Phospholipids were purchased from Avanti Polar Lipids
(Alabaster, AL). Peptides LS14 [(LSLLSSI) LS21
[(LSLLSSL)s], and Ac-LS21 N-acetyl-(LSLLSSL)] were
prepared by solid-phase peptide synthesis on a Millipore
9050 automatic peptide synthesizer using Fmoc (9-floure-
nylmethyloxycarbonyl) chemistry4@, 44) and a TentaGel
SRAM-Leu-Fmoc resin (RAPP Polymer, bingen, Ger-
many) with which C-terminal amides are obtained after the
cleavage reaction. Despite the apparent simplicity in com-

! Abbreviations: DPhPC, 1,2-diphytanogirglycero-3-phospho-
choline; DOPC, 1,2-dioleoy$n-glycero-3-phosphocholine; DOTAP,
1,2-dioleoyl-3-(trimethylammonium)propane; fwhm, full width at half-
maximum; [P, in-plane; LS14, (Leu-Ser-Ser-Leu-Leu-Ser-keu)
CONH,; LS21, (Leu-Ser-Ser-Leu-Leu-Ser-LetJONH,; Ac-LS21,
N-acetyl-(Leu-Ser-Ser-Leu-Leu-Ser-Let@@ONH,; NMR, nuclear mag-
netic resonance; TM, transmembrane.

S

Therefore, the standard synthetic protocols of this peptide
synthesizer were modified by including double couplings for
serines 3, 6, 10, and 13 and, more importantly, by applying
the novel “pseudoproline” technologyf) at the serine

serine positions [Fmoc-Ser(tBu)-SgrMePro)-OH from
Novabiochem, VWR International, Fontenay sous Bois,
France]. In this manner the yield of the LS21 synthesis could
be much improved when compared to the individual addition
of serines. At position 7 of LS14 and at position 12 of LS21,
respectively, the™N-labeled derivative of leucine was
inserted (Cambridge Isotopes Inc., Andover, MA). About 200
mg of crude synthetic products was obtained, which were

Ipurified by reversed-phase high-performance liquid chro-

matography using an acetonitrile/water gradient and a
Prontosil 300-5-C4 5.@xm column (Bischoff Chromatog-
raphy, Leonberg, Germany). The yields after purification
were 55% and 72% for LS21 and LS14, respectively. The
identity and purity of the synthesized peptides were analyzed
by using the matrix-assisted laser desorption ionization mass
spectrometry (MALDI-MS) and analytical reversed-phase
HPLC. The cationic lipid 1,2-dioleoyl-3-(trimethylammoni-
um)propane (DOTAP) as well as the zwitterionic phospho-
lipids 1,2-dioleoylsnglycero-3-phosphocholine (DOPC) and
1,2-diphytanoyknglycero-3-phosphocholine (DPhPC) were
purchased from Avanti Polar Lipids (Alabaster, AL).

To reconstitute the peptides into oriented lipid bilayers,
typically 7—16 mg of peptide was dissolved in trifluroetha-
nol/water (4 mL/0.3 mL) and mixed with 200 mg of lipid in
dichloromethane. Unless indicated otherwise, the peptide-
to-lipid molar ratios were 2 mol %. The solutions thus
obtained were clear and homogeneous. During the prepara-
tion the pH of the sample was set to the indicated pH values
using Tris buffer ad 1 N NaOH. The lipid-peptide mixture
was applied onto 30 ultrathin cover glasses{22 mm;
Paul Marienfeld GmbH & Co. KG, Lauda-Kigshofen,
Germany), first dried in air and thereafter in high vacuum
overnight (1.8x 10~2 mbar). The samples were equilibrated
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in a closed chamber where a defined relative humidity is
obtained due to contact with saturated salt solutions of KNO
(93% relative humidity), NENOs (84% relative humidity),

or NH4CI (75% relative humidity), respectivelyt§). After

3—5 days the glass plates were stacked on top of each other.
The stacks were stabilized and sealed with Teflon tape and
plastic wrappings.

For solid-state NMR spectroscopy the samples were
introduced into the flattened coild7) of a double-resonance
probe and inserted into the magnetic field (9.4 T) of a Bruker
Avance 400 wide-bore solid-state NMR spectrometer. The
sample was oriented with the membrane normal parallel to
the By field of the spectrometer. Proton-decoupted solid-
state NMR spectra were acquired using the MOIST cross-
polarization pulse sequencé8]. The static solid-state NMR
spectra were acquired using the following parametéks:

B, field of approximately 1 mT, 1 ms contact time, 3 s
recycle delay, 37 kHz spectral width, 512 data points, and
number of acquisitions typically 25086B5000. During
acquisition the sample was cooled with a stream of air at
room temperature. An exponential apodization function
corresponding to a line broadening of 200 Hz was applied
before Fourier transformation. N8I (41.5 ppm) was used
as a reference corresponding to approximately O ppm for
liquid NHs.

The tilt and rotational pitch angles that agree with the
measured®N chemical shift were calculated according to

ref 36. T T T T T T T T
300 250 200 150 100 50 0 ppm

RESULTS FiGURE 2: Proton-decoupled®N NMR solid-state NMR spectra
of LS21: (A) dry powder, (B) 2 mol % LS21 reconstituted in DOPC
The LS14 and the LS21 channel peptides were preparedat pH 8.5 and 93% relative humidity, and (C) same as (B) except
by solid-phase peptide synthesis, labeled Withat a single ~ "econstituted in DPhPC.

backbone site within the central part of the polypeptide, f5re ysed during the electrophysiological investigations of
reconstituted into uniaxially oriented lipid bilayers, and | 521 and LS1423). The 5N chemical shift line shape of
investigated by proton-decoupletiN solid-state NMR ¢ sample is, within experimental error, identical to the one
spectroscopy. Using CD and tryptophan fluorescence spec-gpained in the presence of DOPC membranes (Figure 2C).
troscopies it has been shown previously that these and othe{yen the pH is decreased to 7.5, ¥ chemical shift value
amphipathic pgptides adopt-helical conformations in ¢t e4 4 3 ppm remains unaffected (not shown).
membrane environment&g, 27, 32). _ Furthermore, the effects on the topology of LS21 of the

Figure 2B shows the proton-decouplétN solid-state  composition of the lipid headgroup region was tested by
NMR spectra of 2 mol % LS21 when reconstituted in DOPC  reconstitution into DOTAP lipid bilayers. Figure 3A shows
lipid bilayers. The spectrum of th€N-labeled leucine at  the proton-decouple¥N solid-state NMR spectra of 2 mol
position 12 of the LS21 peptide is characterized by a single o5 | S21 when inserted in DOTAP lipid bilayers at pH 7.5.
peak at 63 ppm. This value is indicative of an orientation of The spectrum of théN-labeled leucine at position 12 of
the helix long axis parallel to the membrane surfa®4).(  the .S21 peptide is characterized by a single peak at 65 ppm.
Notably, the resonance is characterized by a broad line shaperhis value is indicative of an orientation of the helix long
that extends into the 100 ppm region. axis parallel to the membrane surfa@#)( The resonance

For comparison, the proton-decouplé solid-state NMR s characterized by a narrow line shape with full width at
spectrum of a powder of dry LS21 is shown in Figure 2A. half-maximum (fwhm) of 8 ppm, indicative of a well-defined
In this sample all orientations are present at random, andtilt angle of this peptide. Figure 4 indicates the combinations
the spectrum therefore represents thefiNl chemical shift  of tilt and rotational pitch angles that are in agreement with
anisotropy of the labeled amide bond covering approximately a 15N chemical shift value of 65 (inner contour) or 70 ppm
175 ppm 49-53). The “hole” observed in the central region  (outer contour), indicating the orientational restraints that are
of the spectrum is probably due to the orientation dependencepbtained with this measurement. When the peptide-to-lipid
of 'TH—*N dipolar interactions which are smallest close to ratio is increased to 1/20, tA&N broadens, indicating a more
the magic angle, concomitant with decreased cross-polariza-heterogeneous alignment of the peptide relative to the
tion efficiency at these frequencies. magnetic field direction (Figure 3B).

To test for the effects on the topology of LS21 of the  The increased dispersion itN chemical shift values
composition of the lipid fatty acyl chains, the LS21 peptide observed when LS21 is reconstituted into phosphatidylcho-
was also reconstituted into DPhPC lipid bilayers. This lipid line or at high peptide-to-lipid ratios into DOTAP membranes
forms electrically well-insulated membranes and was, there-is indicative of macroscopic distortions of the membrane,
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Ficure 3: Proton-decoupled®N NMR solid-state NMR spectra of LS21 in DOTAP lipid membranes equilibrated at 93% relative

humidity: (A) pH 7.5, 2 mol %, (B) pH 7.5, 5 mol %, (C) pH 6.5, 2

mol %, and (D) 2 mol % of the N-acetylated peptide at pH 6.5. Only

7000 and 13000 scans were acquired for spectra B and D, respectively.
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FiIGURE 4: Analysis of the helix orientations off\N-Leul12]-LS21
that agree with &N chemical shift value of 65t 5 ppm. The
inner contour corresponds to the measured value (Figure 3A) and
the outer contour to 70 ppm.
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peptide conformational changes, modifications in the distri-
bution of alignments, exchange between isotropic and
oriented peptide configurations, and/or alterations in the

At pH 8.5 and 93% relative humidity two signal intensities
at 79 and 217 ppm are visible at a ratio of approximately
1:1 (Figure 5A). This result indicates the coexistence of in-
plane and transmembrane peptide orientations. Notably,
exchange between these configurations is slow on the time
scale of the!™>N chemical shift anisotropy (18 s). When

this sample is dehydrated, the equilibrium between in-plane
and the transmembrane-oriented peptide shifts in favor of
the former one (Figure 5). After the sample has been
equilibrated at reduced hydration levels of 84% and 75%
relative humidity, respectively, tHéN NMR peak intensity

at 79 ppm dominates, although significant intensities in the
217 ppm region remain (Figure 5B,C).

To test if interactions between the positive surface charge
density of the DOTAP lipid bilayer and the cationic
N-terminus of the peptide affect its interactions with the
membrane, an LS21 sequence was prepared with the N-
terminus acetylated. After reconstitution of Ac-LS21 at pH
8.5 and equilibration at 93% relative humidity a distribution
of transmembrane and in-plane alignments was obtained
(Figure 5D) comparable to the one observed for LS21 (Figure
5A—C).

Additional spectra were recorded of LS21 and Ac-LS21

exchange rates between peptide structures and topologiesafter reconstitution into DOTAP lipid bilayers at pH 6.5 at

Indeed, proton-decoupletiP NMR spectra of the DOPC
samples exhibit additional signal intensities reaching 1@
ppm, which is indicative of pronounced distortions in DOPC
phospholipids headgroup orientations due to the presence o
LS21 (not shown). In analogy with other amphipathic peptide
preparations from our laboratory we suggest that the bilayer
alignment is disturbed due to the high density of interfacial
insertion of LS21 peptides4).

In a next step we investigated the effect of pH and degree
of hydration on the topology of the LS21 peptide when
reconstituted into oriented DOTAP lipid bilayers (Figure 5).

a peptide-to-lipid ratio of 2 mol %. ThéN spectra are
characterized by narrow line shapes at 79 and 69 ppm with
fwhm of about 10 ppm, respectively (Figure 3C,D). These
flata confirm the unique and well-defined alignment of LS21
observed also at pH 7.5 (Figure 3A).

Finally, the peptide encompassing only two leueiserine
heptad repeats (LS14) was investigated.cAhelical peptide
of this length is generally believed to be too short to span a
biological membrane2d). Indeed, when LS14 is reconsti-
tuted in DOTAP lipid bilayers at pH 7.5 and 93% relative
humidity, the proton-decoupledN solid-state NMR spec-
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FiGURE 6: Proton-decoupled®N NMR solid-state NMR spectra
. . : . . . . . of 2 mol % LS14 peptide reconstituted in DOTAP bilayer: (A)
300 250 200 150 100 50 O ppm pH 7.5 and 93% relative humidity, (B) pH 8.5 and 93% relative

i 0 ) O
Ficure 5: Proton-decoupled®™ NMR solid-state NMR spectra gﬁ?gg& Eg)ag\t'eghﬁrg%?tfd'/o relative humidity, and (D) pH 8.5

of 2 mol % LS21 pepltide reﬁzonséituted in DOTAlP merﬂbrarcljes at
H 8.5 at (A) 93% relative humidity, (B) 84% relative humidity, ; ;
gnd ©) 75((’A))relat_ive humidity, and)ED()_ ,215_21, same conditioné_l in DPhP.C.membranes, thereby resembllng the.fungal _peptlde
as (A). The relationship between helix orientation and chemical alamethicin or large channel proteir @3). This peptide
shift scale is illustrated (on top). has, therefore, been suggested to be a model for proteins
, i , . forming transmembrane helical bundles, in particular when
trum is characterized by a narrow signal at 75 ppm with yansmembrane electrical potentials are app&#iZ8). The
fwhm of 13 ppm/0.5 kHz (Figure 6A). This result is  channel properties of its N-acetylated form exhibit 10 times
indicative of a well-defined alignment of this he_le parallel_ longer channel lifetimes and have been investigated in even
to the membrane surface. When the pH of this sample is greater detail in electrophysiological experimergs, (57,
increased to 8.5, the main peak intensity is shifted to 119 g5g
ppm, which corresponds to the isotropic value of leucine o the other hand, LS14 is too short for such an
amides 49, 50, 55, 56); albeit significant signal intensities  5rangement and, therefore, only induces stochastic currents
also remain in the 70 ppm region. When the degree of \yhen added to planar lipid bilayera3). Other amphipathic
hydration is reduced, resonance mte_nsmes remain betweerbeptides which carry many lysines at their hydrophilic face
120 and 70 ppm, when at the same time the mean dfthe  haye initially been suggested to also form TM channels:
signal intensity shifts toward the low-field end of the NMR - o\ever, a considerable amount of experimental data shows
spectrum (Figure 6B,C). that neither the channel properties nor the structural and
topological characteristics agree with such a model (reviewed
DISCUSSION in ref 32). Furthermore, theoretical estimates of the energies
The LS21 and LS14 peptides have been designed to forminvolved in associating a large number of charged residues
amphipathic helices in membrane environmer®3).(The in a small channel volume indicate a high energetic penalty
LS21 peptide has been shown to exhibit channel propertieswhen such a TM helical bundle is formetlj. Other models

Cel
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such as the carpet model or the detergent-like mode of action The ensemble of data can thus be explained by a model
have therefore been suggested to be the underlying mechawhere peptides in the water phase are in dynamic exchange
nism for these highly charged peptid&2,(59). However, with membrane-inserted configurations. In the membrane-
in the case of LS21 the hydrophilic side of the amphipathic associated state the LS21 sequences can adopt in-plane (IP)
helix is composed of polar but uncharged serines, and theor transmembrane (TM) alignment88{ 69). Oriented>N
formation of transmembrane helical bundles seems to presensolid-state NMR experiments as well as a variety of other
a reasonable mode2®). In this paper we, therefore, tested biophysical experiments have previously been used to
the alignment of LS peptides in lipid bilayers of variable demonstrate the existence of +° TM equilibria of peptai-
composition using proton-decouplétN solid-state NMR bols (70, 71) and melittin 40, 72, 73, 74), as well as pH-

on oriented membrane83). dependent peptide antibiotics and model sequences (reviewed
The N chemical shift<100 ppm, which was observed [N ref 62). _ _
for the LS peptides in all the samples tested (Figures)2 Furthermore, LS21 has been shown to exist as an equi-

indicates that an alignment parallel to the membrane surfacelorium mixture of monomers and dimers in the absence of
is the preferred configuration of this series of amphipathic & Voltage gradient across the bilay@). In a simplified
peptides. The data are in excellent agreement with static™anner these exchange processes can be represented by the
fluorescence guenching experiments which suggest an in-€duation (cf. also TOC graphics): aggregates in the aqueous
plane alignment of LS21 and a location of the helix axis a Phasé< ... <> membrane surface associatedIP <> TM.

few angstroms below the polar headgroup/hydrocarbon Within these general definitions subequilibria such as
boundary 27). .This ?n—plane arrangement ideally reflects the_ IP, <> IP, <> ...

perfect amphipathic separation of polar and hydrophobic

residues (Figure 1) as it allows the polar serine residues togr

be exposed to the water phase when at the same time the

leucines are immersed in the bilayer interior. In a similar T™; < TM, < ... TM,

manner other amphipathic helices with charged side chains . . . )
and/or with high hydrophobic moment have been found exist, where the indices indicate _the number of assomgted
oriented parallel to the membrane surfa@0+62). In monomers. A parallel bundle of six transmembrane helices
contrast, sequences composed of leucine and alanines or ofTMs) has been modeled as the predominant channel
leucines alone adopt stable transmembrane alignments, eveRPServed in electrophysiological experimers)( Within
though, to our knowledge, channel formation has so far not this framework the exchange between weakly surface as-

been demonstrated for these hydrophobic model sequenceSociated (isotropic on the NMR time scale) and |P-oriented
(63—67). LS14 (Figure 6) as well as between IP and TM aligned LS21

When L52Lis reconsivted no catonic DOTAP Ipid e, SRR L
mempranes at pH 85 an addltlongl signal 'F“ef‘ﬁmo and>200 ppm visible in Figure 5A indicates that the<4P
ppm 1S observed (Figure 5). This result I_ndlcates t_he TM equilibrium is governed by a difference in Gibbs free
cogmstencg of surface and transmembran_e-onented peF)t'desienergy close to zero under the conditions of the investigation.
which are in .SlO.W ex.change_o.n t.he‘fOs time scalc_a. Th.e When we estimate that the signal-to-noise ratio of ‘i
observed variations in LS2dlipid interactions and in ori- 5|4 state NMR spectra allows us to detect a signal which
entational mosaic spread in different lipid environments oncompasses at least 5% of the total intensity, the difference
(Figures 2, 3, and 5) are probably related to the alteratlonsof the free energy describing this two-state equilibriux®]
in packing constraints at the level of the phospholipid

) must not exceedt7.5 kJ/mol. This value indicates that
headgroups. Whereas the small size of the DOTAP head-rg|atively small energetic changes can indeed modify the

group provides an explanation why transmembrane insertion yisyribytion of signal intensities such as observed in Figures
is observed for this but not phosphatidylcholine lipids, the 5 54 4 when the membrane hydration level or the sample

pH dependence is more difficult to explain. However, the s changed. Notably, in our model the transmembrane
dependence of the observed topologies on hydration (F'guretopology is a requirement but not sufficient for pore

5A—C) suggests that subtle shifts in the environment, such tormation, but needs to be followed by oligomerization of
as changes in the structure of the lipid-associated Water’amphipathic helices. Whereas TM insertion of Ac-LS21
modified H-bonding interactions, differences in the ionic might be as good or even slightly less favorable when
composition of the buffer, or combinations thereof are compared to LS21 (Figure 5), the electrostatic repulsion
involved. Notably, changes in th&G of transition of only  peryeen these former helices is reduced and a more stable
a few kilojoules per mole are sufficient to shift the IP to  -gnquctive pore is thus obtainedlj.
TM equilibria (cf. below). In case of alamethicin channels it has been suggested that
In contrast, the LS14 peptide is too short to span the lipid transmembrane electrical fields result in an increased par-
membrane and remains surface-associated at this and otheitioning of this peptide into the membrang5, as well as
conditions tested (Figure 6). Consideralidé signal intensi- a shift in the IP< TM equilibrium due to a reorientation of
ties reach into the “isotropic” region of theéN chemical the helix macroscopic dipole (reviewed in r&fand11). A
shift dispersion, in particular when the degree of hydration similar model has also been proposed for LS23).(Here
is increased (Figure 6). These data suggest that LS14 iswe present direct experimental proof that transmembrane
associated with the lipid interface but in conformational and/ orientations of LS21 or other highly amphipathic peptides
or topological exchange with the membrane-associated water(68) occur in lipid bilayers as long as the number of charges
layer. carried by these peptides is limited. Therefore, the data
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support the idea that transmembrane electric fields help to 17.
reorient a fraction of LS21 peptide&%), concomitant with

the formation of transmembrane helical bundles and channel ;g
formation. The gating charge associated with this process
has been measured to encompass 3.6 elementary charges in
the case of LS212Q). This corresponds to moving 0.6
elementary charge per monomer when a hexameric channel
structure is considered. In a transmembrane electric field of
100 mV such a process is associated with a favorable energy 20.
contribution of about 5 kJ/mol (per monomer), i.e., according

to the data presented in this paper (Figure 5), sufficient to
significantly increase the number of transmembrane helical 21.
peptides. As a consequence, our results support the previously
proposed model for the voltage-induced increases in ion

conductivity @3). 22.
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