280 Biophysical Journal Volume 80 January 2001 280-293
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ABSTRACT Mastoparan X (MPX: INWKGIAAMAKKLL-NH,) belongs to a family of ionophoric peptides found in wasp
venom. Upon binding to the membrane, MPX increases the cell’s permeability to cations leading to a disruption in the
electrolyte balance and cell lysis. This process is thought to occur either through a membrane-thinning mechanism, where the
peptide resides on the membrane surface thereby disrupting lipid packing, or through formation of an oligomeric pore. To
address this issue, we have used both high-resolution and solid-state ?H NMR techniques to study the structure and
orientation of MPX when associated with bicelles. NOESY and chemical shift analysis showed that in bicelles, MPX formed
a well-structured amphipathic a-helix. In zwitterionic bicelles, the helical axis was found to rest generally perpendicular to the
membrane normal, which could be consistent with the “carpet” mechanism for lytic activity. In anionic bicelles, on the other
hand, the helical axis was generally parallel to the membrane normal, which is more consistent with the pore model for lytic
activity. In addition, MPX caused significant disruption in lipid packing of the negatively charged phospholipids. Taken
together, these results show that MPX associates differently with zwitterionic membranes, where it rests parallel to the
surface, compared with negatively charged membranes, where it penetrates longitudinally.

INTRODUCTION

Mastoparan X (MPX: INWKGIAAMAKKLL-NH,) is a  phatidylglycerol, increase the association of MPX with
14-residue peptidic toxin found in wasp venom. Masto-model membranes (de Kroon et al., 1991). Furthermore,
parans (MPs) in general have a variety of physiologicaMPX induced a higher extent of dye leakage from vesicles
roles including mast cell degranulation, calmodulin bindingdoped with anionic lipids (Matsuzaki et al., 1996). The ionic
(Malencik and Anderson, 1983), G-protein activation (Hi- strength has been shown to affect both the partitioning (de
gashijima et al., 1988), stimulation of phospholipase A Kroon et al., 1991; Schwarz and Blochmann, 1993; Hell-
(Argiolas and Pisano, 1983), and permeabilization of planamann and Schwarz, 1998) and conductance levels (Mellor
bilayers to cations (Okamura et al., 1981). In general, it issnd Sansom, 1990) of MPs in lipid bilayers. However,
thought that lytic peptides destroy membranes either byeptides within the MP family have been shown to be
disrupting lipid packing, termed the carpet mechanismaffected differently. For example, circular dichroism studies
and/or through formation of an ion channel, termed theosf mastoparan in comparison with MPX showed that the
barrel stave mechanism (Epand et al., 1995). peptide underwent significant conformational changes as a
Many factors have been found to affect peptide permesynciion of NaCl concentration whereas the conformation of
f'ib|!|zat|on of membranes, including Ilpld_ composmon,_MPX was unaffected (Schwarz and Blochmann, 1993).
ionic strength, and transmembrane potential. MPX parti-rpere js also evidence suggesting that a transmembrane
tions differently in vesicles composed of lipids with iden- potential may be linked to MPX activity (de Kroon et al.,
tical headgroups but different faity acid chain lengths. SlOe'1991). However, other studies indicate that MPX may still

f:'f'fr?"y' ﬂl]forii;in.ce d_stludlels rheveariettz! dstlet;p?r assoqimoge capable of some ionophoric activity in the absence of a
ISotherms for In dioleoy’ pPhosphalidylcnoline vesicies potential (Matsuzaki et al., 1996; Arbuzova and Schwarz,

as compared with palmitoyloleoyl phosphatidylcholine ve_s-lg%, 1999),

icles, _and these |sother_ms were affected differently by in- Attempts to determine the location of MPX within the
creasing salt concentrations (Hellmann and Schwarz, 1998). ) .
embrane have been made using various fluorescence tech-

Similar studies also showed that the association of MPX . .
varied with vesicle size (Hellmann and Schwarz, 1998;n|ques. For example, fluorescence quenching of the MPX

Arbuzova and Schwarz, 1999). The presence of certaiﬁrypt()ph"’ln residue (W3) by 5-doxylstearic acid in dimyris-

lipids with negatively charged headgroups, such as phost_oyl phosphatidylcholine (DMPC) vesicles was more effi-
cient than quenching by 12- or 16-doxylstearic acid. This

suggested that the tryptophan rested close to the membrane
Received for publication 28 January 2000 and in final form 16 October surface (Fuijita et al., 1994). Other experiments showed that

2000. the W3 fluorescence emission maximum shifted to a longer
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between W3 and NBD-labeled dipalmitoylphosphatidyleth-will permit high-resolution NMR structures of membrane-
anolamine in vesicles showed that MPX did not penetratessociated peptides to be determined in a flat planar bilayer.
into zwitterionic bilayers as deeply as negatively chargedetergent micelles are commonly used for NMR structural
bilayers (Arbuzova and Schwarz, 1999). Although thesestudies of membrane peptides; however, some MPs have
experiments gave considerable information concerning thbeen shown to exhibit biological activity that differed dra-
interaction of MPX with lipids, they could not define the matically in the presence of detergent (Mellor and Sansom,
angle of orientation of MPX with respect to a bilayer or 1990). Because bicelles are prepared entirely from phos-
reveal the effects of MPX on specific lipids. pholipids, they may provide a more biochemically friendly
Solid-state NMR techniques allow a quantitative measurenvironment for MPX. Bicelles can also be prepared with
of the orientation of a molecule with respect to a lipid mixtures of zwitterionic and anionic phospholipids, which
bilayer. Typically, a'>N-labeled peptide is studied in me- provide more versatility in membrane composition than can
chanically aligned lipid bilayers (Cross and Opella, 1994;be achieved with detergents alone (Struppe et al., 2000). In
Bechinger et al., 1998). Using this technique, the 23-residuparticular, we were able to incorporate dimyristoyl phos-
peptide magainin was found to rest parallel to the lipid-phatidylserine, one of the most abundant negatively charged
solvent interface of palmitoyloleoyl phosphatidylcholine bi- phospholipids in eukaryotic cell membranes, into our bi-
layers with its helical axis perpendicular to the membranecelle samples.
normal (Bechinger et al., 1992) whereas 20-residue alam- Our results showed that MPX forms a well-structured
ethicin inserted into DMPC bilayers with its helical axis amphipathic helix when associated with both zwitterionic
parallel to the membrane normal (North et al., 1995). Solid-and anionic bicelles. However, the orientation of the helical
state deuterium NMR has also been used to study thexis varied with bicelle composition. In zwitterionic bi-
orientation of transmembrane peptides in lipid bilayerscelles, the helical axis was found to rest generally perpen-
(Jones et al., 1998). Deuterium NMR has the advantage thaicular (84° or 75°) to the membrane normal, which could
the quadrupolar interaction is so strong that dipolar ande consistent with the carpet mechanism for lytic activity. In
chemical shift interactions can be neglected (Davis, 1983)anionic bicelles, on the other hand, the helical axis was
Solid-state deuterium NMR can be used to study thegenerally parallel to the membrane normal (17°), which is
orientation of peptides and proteins in oriented bilayerednore consistent with the pore model for lytic activity.
micelles, or bicelles. A bicelle is a lipid aggregate composed
of long- and short-chain phospholipids. Due to the magnetic
susceptibility of the methylene chains of the long-chainmATERIALS AND METHODS
phospholipid, bicelles spontaneously align with their nor-
mals generally perpendicular to the magnetic field at 2
(ratio of long-chain to short-chain phospholipid) agd~ Fluorenyl-methoxycarbonyl (FMOC) and pentafluorophenol amino acids
15-25% (total phospholipid concentration) (Sanders anend 1-hydroxy-7-azabenzotriazole were purchased from PE Biosystems
Schwonek, 1992). In this phase, the bicelles are discoiddfOSter City, CA). Deuterium-depleted water, deuterium oxide, .aath-

: s : : nine-(3,3,3d;, 99%) were obtained from Cambridge Isotope Labs (An-
with the lipid pools segregated into a planar bilayer Ofdover, MA). All other synthesis reagents were obtained from Fisher Sci-

long-chain phospholipid surrounded by a rim of short-chaing i (pittsburgh, PA), Aldrich Chemical Co. (Milwaukee, WI), or VWR
phospholipid that protects the fatty acyl chains from expo-scientific (Los Angeles, CA) and were used as received. Dimyrisigyl-
sure to water (Ram and Prestegard, 1988; Sanders et aphosphatidylcholine (DMP@s,), dimyristoyl-ds, phosphatidylserine
1994; Vold et al., 1997). Both peptide and lipid orientation (PMPSds,), dihexanoyle, phosphatidyicholine (DHP@,,), and their
can be extracted from the solid-state NMR spectra of SucF;]ondeuterated counterparts were obtaingq frgm Avanti Polar Lipids (Ala-
aligned bicelle samples (Sanders and Prestegard, 19986;1Ster' AL) and used without further purification.

Sanders and Landis, 1995; Sanders et al., 1994; Howard and

Opella, 1996; Losonczi and Prestegard, 1998; Struppe et a
1998). In this study, we have incorporated MPX into bi-
celles and have used deuterium solid-state NMR to detempPX and its isotopically labeled counterparts (MPX: INWKGIAA-
mine its motionally averaged angle of orientation as well adMAKKLL-NH 5, MPX-A7y5 INWKGI(ds-A)AMAKKLL-NH 5; MPX-
its effects on lipid packing. A8,5 INWKGIA(ds-A)MAKKLL-NH ,; MPX-A10,5 INWKGIAAM( d5-

Bicelles, unlike mechanically aligned bilayers, also per--)<<--NH 2 MPXIEN:  INWK(EN-G)IACN-AM( N-AKKLL-
! y alig y ! p NH,) were synthesized using FMOC chemistry on a MilliGen 9050 solid-

mit high-resolution NMR structural studies in a phase ofstate peptide synthesizer. The peptide was purified by reverse-phase high-
similar composition. Alg < 1 andc, = 10-15%, bicelles performance liquid chromatography using a Deltapak C18 radial
form an unaligned phase that is suitable for high-resolutiorfompression column (Waters, Milford, MA) and a standard linear gradient
NMR studies (V0|d etal., 1997). Work in our lab has Shownfrom 0.1% trifluoroacetic acid to acetonitrile. The purity of the peptide was

. . . . verified by mass spectrometry and one-dimensional (1D) NMR. Lyophi-
that these bicelles are also discoidal and the |Ip|d poc’Iﬁzed peptide was resuspended®t-depleted water and assayed spectro-

remain segregatgd as they are in the aligned phase (Manghotometrically to determine the concentration (absorbance at 280 nm
script in preparation). Advantageously, these small bicellessing a molar absorptivity 5690 M/cm (Edelhoch, 1967)).

Materials

"eptide preparation

Biophysical Journal 80(1) 280-293
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Sample preparation lation time,, and the generalized order parame32from the relaxation

data using the program Modelfree (Palmer, 1998b).
Samples of MPX in bicelles were prepared by suspending the appropriate
amount of peptide stock solution and long-chain phospholipid (DMPC for
zwitteriqnic bicelles and 3:1 DMPC:.DMPS for negatively charged bi- gglid-state 2H NMR
celles) in 2H-depleted water for solid-state NMR samples and 80:20
H,0:D,0 for high-resolution NMR studies. Phospholipid with deuterated Deuterium quadrupole echo spectra (Davis et al., 1976) were acquired at
fatty-acyl chains was used in all samples for high-resolution NMR exper-either 38.4 or 55.3 MHz. The 38.4-MHz GN500 spectrometer was con-
iments. The samples were vortexed and briefly centrifuged (low speed atolled by a Tecmag LIBRA unit interfaced to an ENI LPI-10 rf amplifier
room temperature), and the pellet was then resuspended with vortexingnd a 5.9 T Oxford Instruments magnet. Spectra acquired at 38.4 MHz
Repeating this cycle two to three times resulted in a uniform suspension ofvere processed using the Felix 2.1 software package (MSI, San Diego,
peptide and long-chain lipid and allowed for bicelle formation once the CA). The 55.3-MHz Chemagnetics CMX-250/360 spectrometer was con-
short-chain lipid was added. DHPC from a stock solutionfirdepleted trolled by a Sun SPARCstation 5 equipped with the Spinsight 3.0 software
water) was added to the mixture to achieye= 3.5 andc, = 20% (w/v) package (Chemagnetics, Fort Collins, CO) interfaced to an ENI LPI-10 rf
for solid-state samples amg= 0.4 andc, = 15% (w/v) for high-resolution ~ amplifier and an 8.5 T Oxford Instruments magnet. The sample tempera-
samples. The samples were vortexed and centrifuged until clear to ensutare in our home-built probes was maintained at 37°C or 40°C with a
homogeneous mixing. No pelleted lipid was separated from the sampléakeShore 91C controller. A standard quadrupole echo sequefie;
after each centrifugation step; it was resuspended with the next cycle ofr/2-t,-acq was used with an acquisition of at least 512 transients with
vortexing and occasional heating until no pellet formed upon further4096 data points and a 1.2-s repetition time when observing deuterated
centrifugation. In viscous solid-state samples, rapid cooling in liqguid N lipid and 122,880 transients with 16,384 data points and a 0.9-s repetition
facilitated mixing and subsequent formation of a uniform suspension. The¢ime when observing the labeled peptide. Parameters common in both types
final pH was adjusted to 5.4 for the zwitterionic bicelle samples and 5.8 forof experiments were = 50.0 us, 7, = 35.0 us, a=/2 pulse length of 2.1
the negatively charged bicelle samples; this was done to minimize amides, and a spectral width of 500.0 kHz to facilitate location of the echo
exchange during the proton NMR experiments. The molar ratio of MPX tomaximum. Data processing included fractional left shifting, zero filling,
total long-chain lipid R) was 1:40 in all high-resolution NMR samples and and multiplication by an exponential (500-Hz line broadening) of the
varied from 1:40 (lowest peptide concentration) to 1:10 (highest peptidesecond half of the quadrupole echo before Fourier transformation.
concentration) in the solid-state NMR samples.

Simulations

One- and two-dimensional homonuclear NMR A hypermatrix procedure (Brasseur, 1990), derived from that used to
surround a drug with lipids (Brasseur et al., 1987) was applied to an

All spectra were recorded at 37°C on a Bruker DRX 600-MHz spectrom-«-helical model of MPX energy minimized taking into account the prop-
eter equipped with a 5-mm TXI probe. One-dimensiottilspectra were  erties of an interface in the presence of an interface (Brasseur, 1990, 1991;
recorded using the WATERGATE pulse sequence to suppress the wat@rasseur et al., 1992; Lins and Brasseur, 1995; Nelder and Mean, 1965).
signal (Piotto et al., 1992). One-dimensional WATERGATE spectra pre-Ten different starting models of MPX with different orientations at the
ceded by the Carr-Purcell-Meiboom-Gill sequence with different repetitioninterface all gave the same results. In this procedure, the position of the
rates (CPMG-WATERGATE) were also acquired to assess line broadeningeptide was frozen and a lipid molecule was moved along and around the
due to chemical exchange (van Tilborg et al., 1999). These experimentgeptide (2880 positions were tested representing different rotations and
had repetition delays forr pulses of 15.24us, 241 us, and 2.5 ms. translations). For each position, the energy of interaction (van der Waals,
Standard 2D TOCSY and NOESY spectra were acquired with waterlectrostatic, torsional, and hydrophobic interactions) was calculated and
suppression again achieved through the WATERGATE sequence. Quadréie energies of all the positions were stored in a hypermatrix. The position
ture phase detection in the indirectly detected dimension was obtained viaf the first lipid was the lowest-energy complex; a second molecule was
time proportional phase incrementation (Marion andthvich, 1983). The  inserted as the next energetically favorable position in the hypermatrix,
TOCSY had a 60-ms MLEV-17 spin lock and the NOESY had a 150-mstaking into account the presence of the first lipid. For the next lipids, the
mixing time. The signals were averaged over at least 64 transients. same process was repeated until the peptide was completely surrounded

Typical relaxation experiments were performed on MPX-at 37°C with lipids.
on the 600-MHz spectrometer using pulse trains for measuring the longi-
tudinal R,) and transversds;) relaxation rates as well as the heteronuclear
NOE ([1H]-15N NOE) modified from Farrow et al. (1994R, was mea- Determination of order parameters
sured for the amides of G5, A8, and A10 of MPRN in zwitterionic
bicelles, negatively charged bicelles, and negatively charged bicelles withetermination of deuterated phospholipid
150 mM KCI from spectra recorded with the following relaxation delay order parameters
times:T = 40, 100, 200, 300, 400, 500, 600, 800, 1000, and 1280 ms. The o )
corresponding values fd®, were measured from spectra recorded with the The observed quadrupolar splitting)( for a deuteron in a molecule
following relaxation delay times: for MPX2N in neutral bicellesT = 12, associated with a bicelle depends on the average ofdg) ¢f the C—D
24, 36, 60, 80, 96, 120, 240, and 320 ms; for MPX in negatively bond vector with respect to the magnetic field (Seelig, 1977):
charged bicellesT = 12, 24, 36, 48, 64, 80, 96, and 120 ms; and for
MPX-°N in negatively charged bicelles with 150 mM KQl= 12, 24, 36, A= <3eZQq/h>& (1)

60, 80, 96, 120, and 180 ms. All NMR experiments were processed with 2 D
the MSI Felix 97.0 software package (San Diego, CA).

Relaxation rate constants and heteronuclear NOEs were calculated fromhere Qg/h is the quadrupolar coupling constant168 kHz for an alkyl
cross-peak heights in tHel-**N correlation spectra. The program Curvefit C—D bond (Seelig, 1977)S. is described by an order matrix and in the
(Palmer, 1998a) was used to extract the rate constants and their standardse of uniaxially symmetric motion can be reduced to the principal order
deviations from the relaxation data, and Lipari-Szabo Formalism (LipariparametesS,, (Losonczi and Prestegard, 1998), can then be expressed
and Szabo, 1982a,b) was then used to extract the overall isotropic corr@s a product of order paramete&)(each of which describes the average
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orientation (3;) of the G—D bond vector within a defined coordinate
system:

S =(1/23 cosp, — 1)) 2

As determined previously (Prosser et al., 1998), the relevant order param-
etersS necessary to fully describe the observed quadrupolar splitting of a
deuterated phospholipid in a bicella,.) are shown in Eq. 3:

Agic = (252 kH2S,nSnSSu ®3)

As mentioned earlier, bicelles align with their normals perpendicular to
B, (B = 90°) resulting in a bicelle order parametgy, of 1/2.S,, is the
individual lipid reorientational order parameter, and studies of lipids in
bilayers have determined its value to b®.25 (Bloom et al., 1991). The
uniaxial rotation of the lipid about its long molecular axis results in a net
C—D bond vector pm) that is parallel tom (Fig. 1 A). Bicelle spinning
about its normal results in an angh,, betweenpm andn of ~0° and
consequently &,,,of 1 using Eq. 2 (Vold and Prosser, 1996; Prosser et al.,
1998). The new net-&D bond vector ifin) is therefore parallel to.

In an ideal system, all bicelles would align with their normals exactly
perpendicular to the magnetic field. However, there is a significant degree
of fast wobble §,,) of mn aboutN, which yields a final €-D bond vector
that is parallel to the average bicelle normal (Prosser et al., 1998kan
be approximated by taking the ratio of the quadrupolar splitting of the
plateau deuterons (those closest to the DMRCheadgroup and with the
largest quadrupolar splitting) in a bicelle versus that of a multilamellar
vesicle (MLV). If the reasonable assumption is made Sgt(lipid order)
is the same in a MLV as in a bicelle, the observed quadrupolar splitting for

DMPC-dg, can be expressed similarly to Eq. 3: B
. 1
Ay = (252 kH2 2 Snmv (4)

where a factor of 1/2 arises because we are measuring at the 90° edge of
the powder pattern. Dividing Eq. 3 by Eqg. 4 alloBg, to be expressed as

i a3 oy cD
Sn= AIEHC/AIKALV . (5) _ O T NP o
5 > r=
. . OGN
Determination of peptide order parameters { ,@(v/\zz ) § ‘
O,‘WZ § g ¢ <
The observed quadrupolar splitting") of a deuteron in a peptide asso- (ﬂi@‘//yé ;%
ciated with a bicelle can be described by Eq. 1. Agaia, can be TJMj e “
represented as a product of order paramefessising from both peptide fﬂrf’/ﬁ /rvji/\ >y

and bicelle order. To obtain an accurate description of the orientation of a *- 'ﬁﬁ A
peptide with respect to the bicelle surface, all order parameters, which ™ i< /<
represent motion on a time scale that is short compared with the time scale §) <§f)
of the measured quadrupolar interaction, must be accounted for. Our
discussion of peptide order is based on a methodology presented by Jones

et al. (1998), which we found integrated well with the framework we use

to describe bicelle order (Jones et al., 1998; Kovacs and Cross, 1997). As

with the analysis of the lipid splitting, the quadrupolar splitting for a X
deuterated peptideA{) can be expressed as

DOVAVAVAVAN BN

VNN
(@

p FIGURE 1 @) Representation of the important axes involved in deter-
A" = (252 kHZ)SanpS:wSmS]NSNl : (6) mination of the order parameters responsible for scaling the quadrupolar

The fi d idesis which for f splitting of a fatty acid perdeuterated phospholipid in a bicelle. In this
e first-order parameter we must considegjs, which accounts for fast schematic, p represents the originaHO bond vector for a deuterated

rota_ltion of _the ale_mine me”“_" group. Based on the geometry of an alanin‘lenethylene group, m is the molecular axis of the phospholipid, n is the
residue, this motion results in a value of 1/3 &, and a resultant €D bicelle normal, N is the net bicelle normal (arising from alignment of the

__CB i
bond vectormr along the C—C" bond. Because the methyl group is bicelles in the magnetic field), and | is the direction of the magnetic field

attached directly to the peptide backbone, the next possible order parametgr, laboratory frame R) Representation of the coordinate system used
is Sy, arising from fast uniaxially symmetric rotation about the helical axis to define the tilt ) and rotation () of the MPX a-helix with respect to the

(we will experimentally show that MPX is as-helix). A model of MPX bicelle normal.
constructed in Insight Il (MSI, San Diego, CA) shows that the angle

betweermr and the helical axis is 56°. An order parameter describing this

rotation would subsequently collapse the quadrupolar splitting@dkHz.

Biophysical Journal 80(1) 280-293
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oy
FIGURE 2 One-dimensional *H
spectra of MPX in water (1.5 mM
peptide; A), zwitterionic bicelles R
= 1:40; B), and negatively charged
bicelles R = 1:40; C). R = ratio of
peptide to total long-chain phospho-
lipid. All spectra were recorded at
37°C and the residual water line was
referenced to 4.623 ppm (Wishart et
al., 1995). The peptide spectra in wa-
ter and zwitterionic bicelles were ac- B
quired at pH 5.4 and the peptide
spectrum in negatively charged bi-
celles was acquired at pH 5.8.

Vi

8.6 8.4 8.2 8.0 7.8 7.6 1.4 1.2 7.0 6.8 09 08 07 06 05 04 03 02 01 00
ppm ppm

Overall, the splittings we observe are greater than those expected for fasame deuterium spectra for a particular tilt angle. However, our observa-
helical rotation, and because MPX is an amphipathieelix, fast rotation tions of different quadrupolar splittings for the three labeled alanines,
about the helical axis would be energetically unfavorable. Therefore, wendicates preferential binding of one face of the helix to the bicelle.
assign a value of 1 t§,, but note that partial rotations about the helical Therefore, we must account for a fixed degree of rotatignapout the

axis could still result in a small degree of motional averaging. The remain-helical axis ). As described in Jones et al., we established a coordinate
ing peptide order parameter we must consigy, reflects conformational ~ system where = 0° when the C of A7 is directed along the positiweaxis
instability and helix wobble about the major and/or minor axis (which and counterclockwise rotation abawtis positive (Fig. 1B) (Jones et al.,
could result in motional averaging of the peptide tilt angle with respect t01998). The cosine of the angle between the-@ bond vector and the

the bicelle normal). This parameter will be determined experimentally bymembrane normal can then be expressed in termsanfir:

analysis of the relaxation rate constants and heteronuclear NOEs obtained

using high-resolution solution NMR techniques. for A7, cosB,, = — sin 56 cos(r)sint + cos 56 cost
Similar to the order parametes,,, for deuterated lipids in bicelles, (7)

uniaxial bicellar motion about its normal will result in an order parameter

S, If we assume that slight rolls about the helical axis and overall peptide for A8, cosB,, = — sin 56 codr + 260)sint

wobble are minimal (the latter of which is supported by the dynamics

studies) then the orientation of MPX with respect to the bicelle normal can + cos 56 cost (8)

be considered to be fixed. The value®f, will depend on the average tilt

angle () of the peptide helical axis with respect to(assuming that the for A10, cosB,, = — sin 56 cogr + 60°)sint

majority of MPX interacts with the planar region of the bicelle, which our

data supports). Because our solution-state NMR structure and dynamics + cos 56 cost (9)

will show that MPX forms a rigid amphipathig-helix, particularly around

the regions of our deuterium labels in the solid-state work, we wouldEgs. 7-9 will result in varyingS,, for the different labeled peptides.
expect that if there were no preference for which face of the helix associ{Determination of the actual rotation angle was corrected for the 37°
ated with the membrane, then all of the alanine residues would have thdifference between the defined coordinate axis 0 position (alongakes)

Biophysical Journal 80(1) 280-293
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FIGURE 3 Two-dimensional homonuclear spectra for MPX in zwitterionic bicelles with 150 mM KCI. (a) The TOCSY spe@juhe H'-H* region

of the NOESY spectrum;Q) the H'-H region of the NOESY spectrum. The TOCSY spectrum was recorded with a 60-ms spin locking time and the
NOESY mixing time was 150 ms. Both spectra were acquired at 37°C and pH 5.4, and the residual water line was referenced to 4.623 ppm (Wishart et
al., 1995).
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04

Secondary Chemical Shift (ppm)

Whiles et al.

TABLE 1 'H chemical shifts of MPX in bicellar solution with
150 mM KCI at pH 5.4 and 37°C

Chemical shift (ppm)

Residue NH C*H CPH

llet — 3.59 1.49
Asr? 8.58 493 2.89, 3.05
Trp® 8.29 4.35 3.30, 3.06
Lys* 8.44 4.06 1.93, 1.87
Gly® 7.87 3.82, 3.94

lle® 7.89 3.79 2.08
Ala’ 8.43 3.94 1.53
Ala® 7.91 4.12 1.56
Met® 7.87 4.19 2.09
Ala® 8.50 3.93 1.46
Lys't 8.09 3.90 1.94, 1.72
Lys'? 7.57 4.09 1.98, 1.72
Leut® 7.86 4.17 1.84, 1.79
Leut* 7.74 4.23 1.79, 1.62

08
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The chemical shifts were referenced to water at 4.623 pffisHart et al.,
1995. The experimental uncertainty is approximatel.01 ppm.

and the &-D bond vector along the €-CF bond (Fig. 1B).) Having
accounted for variations i8,,, due to residue position, the resulting-D

bond vector (N) is parallel to the bicelle normal. The remaining order
parametersg, ands,,, are the same as were determined for a deuterated
phospholipid in a bicelle. Substitution of these order parameters as well as
the quadrupolar coupling constant into Eg. 6 leads to

AP = (42 kH2S,,S\nSi » (20)

whereS,, varies with the position of the alanine label.

A C++ computer program allowed computation of the tilt angles
(varied in 1° intervals from 0° to 90°) and the rotation angles (varied in 1°
increments from 0° to 360°) that were consistent with the quadrupolar
splitting of all three alanine labels. The program then ranked all possible tilt
and rotation angle combinations based on how far the individual and
average quadrupolar splittings varied from the theoretical values for a
particular tilt and rotation.

RESULTS AND DISCUSSION
One-dimensional NMR

To initially explore the effects of lipid environment on the
structure of MPX, 1D'H spectra were collected under five
different sample conditions: MPX in water (MPXWAT),
MPX in zwitterionic bicelles (MPXZB), MPX in zwitteri-
onic bicelles with 150 mM KCI (MPXZBKCL), MPX in
negatively charged bicelles (MPXNB), and MPX in nega-
tively charged bicelles with 150 mM KCI (MPXNBKCL).

FIGURE 4 Plots of secondary chemical shifts as a function of residue
number for K (A) and H' (B) at 37°C for MPX in zwitterionic bicelles
(solid line), zwitterionic bicelles with 150 mM KClI dotted ling, and
negatively charged bicelles with 150 mM KGigshed ling The second-

ary chemical shift was calculated by subtracting the random coil value
(Withrich, 1986) from the experimental value. The zwitterionic bicelle
samples were at pH 5.4, and the negatively charged bicelle samples were
at pH 5.8.
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FIGURE 5 NOE connectivites observed in MPX for peptide bound to zwitterionic bicelt#il (ineg, zwitterionic bicelles with 150 mM KCldotted

lines), and negatively charged bicelles with 150 mM K@haéheddotted liney. NOESY spectra were recorded at 37°C with a 150-ms mixing time. The
residual water line was referenced to 4.623 ppm (Wishart et al., 1995). The zwitterionic bicelle samples had pH 5.4, and the negatively charged bicell
samples had pH 5.8. Thin lines represent ambiguous NOE cross-peaks that were difficult to interpret due to residual signal from the phospholipids.

As shown in the representative spectra in Fig. 2, the peptidéore, the line broadening observed for MPX in bicelles
signals had greater chemical shift dispersion in the bicelleompared with in water is likely due to a peptide-bicelle
samples (Fig. 2B and C) than in water alone (Fig. 3), interaction.
indicating that the peptide assumed secondary structure in
the presence of bicelles. A characteristic upfield peak lo-
cated near 0.1 ppm, later assigned to the methyllgroup of ”Two-dimensional homonuclear NMR
appeared in all bicelle samples but was absent in the MPX-
WAT spectrum. The 11 methyl group would become ring- To determine the structure of MPX when associated with
shifted upfield by W3 when the peptide formed the helicalbicelles, TOCSY and NOESY spectra were acquired under
structure later suggested by the 2D homonuclear NMRhe same conditions as the 1D spectra. TOCSY and NOESY
experiments. spectra for MPXZBKCL are shown in Fig. 3, and the
Compared with the MPX spectrum in water, the line- corresponding resonance assignments are summarized in
widths of MPX in bicelles were significantly larger. This Table 1. Resonances for all amino acids were present and
line broadening could be due to the presence of a peptidesould be assigned. The two-dimensional spectra for all
bicelle interaction and/or chemical exchange. The secondamples with MPX in bicelles were similar to that for
possibility was addressed through the acquisition of CPMGMPXZBKCL with the exception of MPXNB, which had
WATERGATE spectra for MPXZB and MPXNB. As the poor linewidths and therefore could not be assigned. How-
delay period betweemr pulses (15.24us, 241us, and 2.5 ever, the NOESY spectrum for MPXNB was very similar to
ms) in the CPMG pulse sequence was increased, no signifthe NOESY spectra of MPX in the other bicelle samples,
icant change in intensity was observed for either samplesuggesting that the peptide also maintained the same general
(data not shown), indicating that MPX was not undergoingsecondary structure in negatively charged bicelles. The ad-
chemical exchange on the millisecond time scale. Theredition of 150 mM KCI to the sample of MPX in negatively

TABLE 2 Relaxation rate constants and heteronuclear NOEs from MPX-'°>N NMR relaxation experiments

Sample Residue R, R, [*H]-**N NOE Averager,, (ns) AverageS?

MPXNB G5 1.38+ 0.04 10.95* 0.05 0.628+ 0.006 8.01+ 0.05 0.929+ 0.006
A8 1.30*+ 0.03 11.08+ 0.04 0.626+ 0.003
A10 1.33+ 0.03 10.96+ 0.04 0.622+ 0.003

MPXAB G5 1.262+ 0.004 14.86+ 0.08 0.67+ 0.03 10.622+ 0.006 0.97+ 0.02
A8 1.197+ 0.003 14.95+ 0.06 0.64+ 0.01
A10 1.269+ 0.003 14.93* 0.006 0.62+ 0.01

MPXABKCL G5 1.357+ 0.002 11.76+ 0.09 0.64+ 0.01 8.98+ 0.02 0.90= 0.03
A8 1.282+ 0.001 11.50+ 0.07 0.65+ 0.01
A10 1.377+ 0.001 12.11+ 0.07 0.64+ 0.01
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charged bicelles sample (MPXNBKCL) resulted in a hydrophobic residues generally shifting downfield and the
TOCSY spectrum similar to those observed for the peptidenore hydrophilic residues generally shifting upfield. Simi-
in zwitterionic bicelles. Because the addition of salt did notlar results have been observed previously for amphipathic
change the MPX spectrum in zwitterionic bicelles, the salta-helices (Kuntz et al., 1991; Zhou et al., 1992). Reymond
effect on the spectrum for MPX in negatively chargedet al. (1997) showed that when opportunities for hydrogen
bicelles is not due to a structural change but instead to donding between the helix and water are reduced, the down-
modulation of the peptide-bicelle interaction, most likely field shift of amide protons on the hydrophobic face of
through electrostatic screening. Later experiments in thifielices was intensified. Similarly, this periodicity, along
study further support this. with a blue-shifted W3 fluorescence spectrum (unpublished
MPX associated with bicelles ig-helical as determined results), suggests that in our system, the M&Xelix is
by both chemical shift and NOE connectivity analysis. Fig.amphipathic with its hydrophobic face interacting with the
4 shows plots of the secondary chemical shifts for tie H lipid bilayer (Vold et al., 1997). However, the interaction of
(Fig. 4 A) and H' (Fig. 4 B), calculated by subtracting the the hydrophobic face of MPX with the bicelle could be
random coil chemical shift (Warich, 1986) from the ex- satisfied by either the peptide resting parallel to the mem-
perimental value, as a function of residue number. Thérane surface or inserted in the form of a pore.
negative secondary chemical shifts of thé ($zilagyi and
Jardetzky, 1989) coupled with the NOE connectivites .
throughout the sequence, shown in Fig. 5, indicate thaMPX dynamics
residues 3-14 of MPX assume arhelical configuration in  To determine the flexibility and wobble of the MPX helix,
the presence of bicelles under all conditions studied. NOER,, R,, and heteronuclear NOEs were measured for MPX-
characteristic of:-helices,aN(i, i + 1), aN(i, i + 2), aN(i,  **N-containing isotopic labels at G5, A8, and A10. The
i + 3), andaf(i, i + 3) are seen throughout the sequenceresults from these experiments as well as the resutting
including the regions of our isotopic labels. In addition, the
ring-shifted 11 methyl group shows that it is held in close
proximity to W3, which indicates a high degree of structure TABLE 3 Quadrupolar splittings for MPX in bicelles (kHz)

at the N-terminus. These structural results agree well with.abel Position Zwitterionic bicelles Anionic bicelles
previous studies of MPX in different membrane mimetic =, Not resolvable 6.3
systems (Higashijima et al., 1983, 1984; Wakamatsu et al., as 4.4 9.6
1992; Seigneuret and Levy, 1995; Kusunoki et al., 1998). Al0 7.3 8.7

The H' secondary chemical shifts (Fig.B) were found to 4 splittings are +0.5 kHz with the exception of MPX-A®, in zwitteri-
have a three- to four-residue periodicity with the moreonic bicelles, which was given a general value of &.(8.0 kHz.
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The generalized order parameter obtained from Model-
free analysis of the relaxation data showed that MPX in all

A
A7 AS systems was well ordered with &% of 0.90 or greater.
Others have obtained similarly high values from line-shape
A 100 mM analyses for other stable membrane-associated peptides
KCl (Koeppe et al., 1994; Prosser et al., 1994). The generalized
order parametei$®, was reduced to the usual order param-
eter defined in Eq. 1 (Lipari and Szabo, 1982a) and substi-
tuted asS,,, in Eq. 10.
Al10

Determination of bicelle wobble from 2H NMR

0 KCl S, was determined by taking the ratio of the quadrupolar
splitting for DMPC+g, in a bicelle to the splitting at the 90°
edge of the powder pattern in DMPd3; MLVs (data not

2 8 4 o 4 8 a2 2 8 4 0 4 a8 a2 shown). This value was found to be 0.840.02 for zwit-
terionic bicelles and 0.9G- 0.02 for negatively charged

B bicelles. These high order parameters indicate bicelles align
almost as well as DMPC bilayers aligned on glass plates
A7 A8 100 mM (Opella and Morden, 1989).
KCl
Interaction of MPX with zwitterionic
phospholipid bicelles

To examine the effects of MPX on lipid packing and zwit-
terionic bicelle stability, spectra for both fatty acid perdeu-
terated DMPC and DHPC in bicelles containing MPX were
0 KCI acquired (Fig. 6). The DHP@,, spectra were identical in
the absence and presence of peptide=(1:40), indicating
that the bicelles remain stable and well aligned at ratios of
we e MPX to DMPC corresponding to over 100 molecules per
bicelle. Because bicelle order is maintained, any perturba-
F'%;’RE 7 Ql{ad'_UpQ'a{)_Sp'Iilmng of MPX-A%, ’V'P.X'Azdaﬁ and 'V_'Pf' tions we see in the long-chain lipid spectra in the presence
g\lar;e'g t()iAc)eTIVevg:imJ]_I:CZO,lc;Hess.g _M;ﬁ%a'[;'?sss'ﬁb 3\,?1 E) tﬂzgjﬁg’zn);e of MPX must result from disruptions in the lipid packing. In
and presence of 100 mM KCR = ratio of peptide to total long-chain the presence of peptlde, there were subtle changes in the
phospholipid. All spectra were recorded at 55.3 MHz and 40°C. plateau region of the DMP@s, whereas the splittings of
the remaining methylene and methyl group deuterons
(smallest quadrupolar splitting) remained unchanged. These
] o plateau perturbations, which have been seen in other deu-
alndSlZSare shown in Table 2. For each labeled position, theg i, NMR studies of lipids in the presence of ionophoric
["H]-"N NOE ranged from 0.63 to 0.67 in all systems pepiides, suggest that not only is a significant MPX popu-
studied, further indicating that MPX bound to bicelles is a|ation associating with the planar region of the bicelle but
well-structured helix, particularly in the regions surround- giso that it is interacting near the bilayer interface (Banerjee
ing our deuterium labels. Although tH®, values did not et g1, 1985).
vary significantly between residues or for MPX in different  Because the high-resolution NMR experiments indicated
bicelle systems, there was a marked increasdinfor  that MPX formed a sturdy helix, we were able to use
MPXNB. This may be due to an increased interaction bepeptides with alanines containing deuterated methyl groups
tween MPX and the bicelle as a result of an electrostatigo determine the average angle of orientation for the
attraction between the positively charged peptide sideviPX-d, helical axis with respect to the bicelle normal.
chains and the anionic phosphatidylserine headgroups. TtBeuterium spectra for MPX-Ag, MPX-A8y;, and MPX-
addition of salt to the sample of MPX in negatively chargedA10,4; were collected foR = 1:40. The observed quadru-
bicelles (MPXNBKCL) may lead to screening of the elec- polar splittings for these labels are shown in Table 3, and the
trostatic interaction and result in the observed relaxatiorcorresponding spectra are shown in the bottom of Fig. 7
data that is similar to that observed for MPXZB. Although deuterium-depleted water was used in these ex-
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periments, control experiments revealed that the sharp pedétion of the rotation angles is not possible without a com-
in the middle of the spectrum resulted from residual heavyplete understanding of the penetration depth of MPX into
water. Other studies have shown that this residu@,or  the bilayer. Nevertheless, what is most important is that
HOD, likely arises from lipid-associated water (Jendrasiakalthough there are two possible tilt angles, they are both
and Hasty, 1974; Struppe et al., 2000). In addition, spectraonsistent only with MPX resting at a slightly oblique angle
for MPX-A8,; were collected at various peptide (data notnearly parallel to the membrane surface.
shown) and salt (Fig. &) concentrations. Peptide titrations,
ranging fromR = 1:40 to 1:20, revealed no significant
changes in the observed splitting for MPX-A8In addi-
tion, the presence of 100 mM KCI (Fig.A) did not have a
significant effect on the quadrupolar splitting for MPX-
A843 in zwitterionic bicelles. Fig. 8 shows lipid spectra for fatty acid perdeuterated
Because the quadrupolar splitting of MPX-Advas so DMPC, DMPS, and DHPC in negatively charged bicelles.
small that it was not resolvable, we estimated it to be 0.0As in zwitterionic bicelles, the DHP@,, remained unper-
kHz with a generous error o£3.0 kHz. After computa- turbed by MPX R = 1:40), indicating that the bicelles
tional analysis, two possible tilt and rotation combinationsremain stable. A comparison of Figs. 6 and 8 shows that
were consistent with the quadrupolar splittings for all threeMPX was more disruptive to the long-chain lipids in the
deuterium labels, both of which were very similar: 84° tilt negatively charged bicelles when compared with the zwit-
with 1°-2° rotation and 75° tilt with 21° rotation. Interpre- terionic ones. Deuterium labeling of either DMPS or DMPC

Interaction of MPX with negatively charged
phospholipid bicelles

Biophysical Journal 80(1) 280-293
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FIGURE 9 Molecular simulations of MPX effects on DMP®)(and
DPPS B) at 37°C.

291

region of the bicelle (Dufourc et al., 1986), but it is also
preferentially interacting with the negatively charged phos-
pholipid. An electrostatic interaction between the positively
charged lysine residues and the phosphatidylserine head-
groups would facilitate this type of preferential binding.
This leads to two interesting possibilities. Either MPX se-
lectively recruits the anionic lipid and induces long-chain
lipid segregation or the zwitterionic and the anionic phos-
pholipids are already segregated within the planar region of
the bicelle.

The peptide spectra for MPX in negatively charged bi-
celles are shown in Fig. B, and their corresponding qua-
drupolar splittings are in Table 3. After computer analysis,
only one possible tilt and rotation cluster was found: a 17°
tilt with a 273°-275° rotation. Again, interpretation of the
rotation angle is not possible, but paramount is the striking
difference between the tilt angles observed here compared
with the results in zwitterionic bicelles. In zwitterionic
bicelles, the conclusion was that MPX rested generally
parallel to the bicelle surface. Interestingly, the data ob-
tained for MPX in negatively charged bicelles is consistent
with a pore-type structure. Simulations of the interaction
between DMPC and MPX compared with the interaction
between dipalmitoyl phosphatidylserine (DPPS) and MPX
show that MPX caused severe positive curvature strain in
the negatively charged DPPS but had no such effect on
DMPC (Fig. 9). Such curvature of the anionic phospholipids
would be expected to result in the disordering of the lipid
bilayer, perhaps resulting in porous defects in the bilayer.
With the observed angle of MPX being close to perpendic-
ular to the membrane surface, a pore would form in which
the anionic phospholipid headgroups line the channel of the
pore. In this situation, the molecular axis of the DMPS
would no longer be parallel to the bicelle normal. This is
consistent with our observation of significantly reduced
splittings and large perturbations of only the DMBS-in
the presence of MPX. This type of channel formation has
been suggested previously for MPX (Matsuzaki et al., 1996)
as well as other ionophoric peptides such as magainin 2
(Cruciani et al., 1992; Matsuzaki et al., 1998).

As shown in Fig. 7B, the addition of 200 mM KCI lead
to a significant decrease in the quadrupolar splitting of
MPX-A8d; in negatively charged bicelles, and the spectrum
was more like that of MPX-A8; in zwitterionic bicelles.
The perturbations observed here were too large to be due to
salt effects on bicelle stability (Struppe et al., 2000) and are
most likely due to electrostatic screening of the peptide-
bicelle interaction. In addition, the KCI effects observed in
the high-resolution solution NMR support this conclusion.

allowed us to individually observe changes in each of the

lipids constituting the planar region of the bilayer. There
were slight decreases in splitting for the DMIRIG; plateau
and methylene deuterons, whereas the DMEPSshowed

CONCLUSIONS

The versatility of bicelles coupled with solution-state and

severe distortion throughout the lipid chain. These resultsolid-state NMR techniques has allowed us to obtain struc-
imply that not only is MPX interacting with the planar ture, dynamics, and orientation information for MPX bound
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to a mimetic membrane as well as the effect of the peptid@rasseur, R., L. Lins, B. Vanloo, J. M. Ruysschaert, and M. Rosseneu.

on Iipid order and bicelle stability We have definitively 1992. Molecular modeling of the amphipathic helices of the plasma
. . : . apolipoproteinsProteins.13:246-257.

shown that the orientation of MPX with respect to the

. . .. .. étross, T. A, and S. J. Opella. 1994. Solid-state NMR structural studies of
bicelle surface is dependent upon the lipid composition and eptides ‘and proteins in membranesurr. Opin. Struct. Biol.

that MPX is more efficient at perturbing the lipid order in  4:574-581.
negatively charged bicelles. This latter result correlates weltruciani, R. A., J. L. Barker, S. R. Durell, G. Raghunathan, H. R. Guy, M.

with previous studies that showed that MPX induced a Zasloff: and E. F Stanley. 19_92._ I\_/Iagainin 2, a natural antibiotic from
. . . frog skin, forms ion channels in lipid bilayer membranEsr. J. Phar-

higher extent of dye leakage from vesicles doped with ,5c01 226:287-296.

anionic IIpIdS (Matsuzak' etal, 1996)' Our work Sugges'tSDavis, J. H. 1983. The description of membrane lipid conformation, order,

that the mode of MPX binding to lipid bilayers, carpet and dynamics byH-NMR. Biochim. Biophys. Actar37:117—171.

mechanism versus pore formation, is controlled by mem®bavis, J. H., K. R. Jeffrey, M. Bloom, M. I. Valic, and T. P. Higgs. 1976.
brane composition. Quadrupolar echo deuteron magnetic resonance spectroscopy in ordered
hydrocarbon chainsChem. Phys. Let#2:390.
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