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ABSTRACT. The interaction of g-hairpin antimicrobial peptide, protegrin-1 (PG-1), with various lipid
membranes is investigated By, ?H, and*3C solid-state NMR. Mixed lipid bilayers containing anionic

lipids and cholesterol are used to mimic the bacterial and mammalian cell membranes, respétfively.
and?H spectra of macroscopically oriented samples show that PG-1 induces the formation of an isotropic
phase in anionic bilayers containing phosphatidylglycerol. Two-dimensiRatxchange experiments
indicate that these isotropic lipids are significantly separate from the residual oriented lamellar bilayers,
ruling out toroidal pores as the cause for the isotropic sigitélspin diffusion experiments show that

PG-1 is not exclusively bound to the isotropic phase but is also present in the residual oriented lamellar
bilayers. This dynamic and morphological heterogeneity of the anionic membranes induced by PG-1 is
supported by the fact th&iC T, relaxation times measured under cross polarization and direct polarization
conditions differ significantly. In contrast to the anionic membrane, the zwitterionic phosphatidylcholine
(PC) membrane does not form an isotropic phase in the presence of PG-1 but shows significant orientational
disorder. The addition of cholesterol to the PC bilayer significantly reduces this orientational disorder.
The13C T, relaxation times of the PC lipids in the presence of both cholesterol and PG-1 suggest that the
peptide may decrease the dynamic heterogeneity of the cholesterol-containing membrane. The observed
selective interaction of PG-1 with different lipid membranes is consistent with its biological function and
may be caused by its strong cationic and amphipathic structure.

Antimicrobial peptides are potent microbicidal molecules as fluorescence spectroscopy, NMR, and differential scanning
produced by many plants, amphibians, mammals, and othercalorimetry.
organisms 1, 2). Most of these peptides kill microbial cells Protegrin-1 (PG-1)is an 18-residugs-hairpin peptide
by disrupting their cell membranes. One of the most found in porcine leukocyteslp). The peptide contains two
intriguing aspects of antimicrobial activity of peptides is their disulfide bonds from its four Cys residues. These disulfide
selective disruption of microbial cell membranes but rela- bonds not only hold the two strands of {hénairpin together
tively moderate toxicity toward host cell membranes. Many (13, 14) but also are crucial to antimicrobial activityL 5,
studies on antimicrobial peptides have been carried out in16). Like many antimicrobial peptides, PG-1 is highly
an effort to elucidate the cause for this selectivity. One cationic, with six Arg residues at the N- and C-termini and
hypothesis is that the highly anionic lipids 80 mol %) @, at theS-turn. This makes PG-1 an amphipathic molecule
4) in the cytoplasmic membranes of bacterial and fungal cells with a significant hydrophobic patch at the center. PG-1 kills
facilitate antimicrobial action by electrostatically attracting Gram-positive bacteria, Gram-negative bacteria, and fungi
these cationic peptides to the membrane. In contrast, the lack(15, 17, 18), and has moderate antiviral activity against
of negative charges in the eukaryotic membrane of higher HIV-1 (19). The minimal inhibitory concentrations (MICs)
organisms combined with the high level of cholestereb of PG-1 against various bacteria and fungi range from 0.1
mol %) (5, 6) may reduce the extent of binding and counter to 3uM (17, 18), while the PG-1 concentration that causes
the effects of these peptides on the membrane. Indeed50% hemolysis (E&) is ~80uM (18). Thus, PG-1 selects
charge- and cholesterol-dependent antimicrobial activity hasbacterial membranes over eukaryotic membranes b2 1
been observed for a number of peptides such as magainin®rders of magnitude.
(7, 8), gramicidin S 9), tachyplesin 10), and cecropinsi(l), Our recent solid-state NMR investigations showed that
using both activity assays and biophysical measurements suclPG-1 interacts with phosphatidylcholine (PC) lipids in a
concentration- and chain length-dependent manéy. (
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of POPC membranes. Motionally averaged chemical shift lipids. The mixture was dried under a stream ofdgss, and
anisotropies and dipolar couplings indicate that PG-1 is the dried film was redissolved in a 2:1 chloroform/TFE

uniaxially mobile in DLPC bilayers, which have 12 carbons
in the acyl chains, but immobilized in POPC bilayers, which
have 16-18 carbons in the acyl chaingl). In DLPC
bilayers, PG-1 inserts fully into the membrar22)(with its
p-strand axis tilted by~55° from the bilayer normalZ0).

While these NMR studies provided useful insight into the

mixture containing a 5-fold excess of naphthalene with
respect to the lipids. The solution was deposited on 20 glass
plates at a surface concentration of 0-@02 mg/mm, air-

dried for 2 h, and then vacuum-driedrfé h toremove all
solvents and naphthalene. Approximatelyl1of water was
added directly to each glass plate, and then the sample was

membrane requirement for PG-1 insertion and the depth andhydrated indirectly at a relative humidity of 95% over a
orientation of the inserted peptide, they did not address thesaturated solution of NBPO, for 2—3 days at room

origin for the selective membrane disruption by PG-1. On

temperature. The glass plates were stacked, wrapped in

the other hand, measurement of the activities of PG-1 towardParafilm, and sealed in a polyethylene bag to prevent

various organisms1@, 18) did not give insight into the
molecular mechanism of interaction of PG-1 with lipids and
cholesterol.

dehydration.
Unoriented membrane samples for MAS experiments were
prepared by codissolving PG-1 and the lipids in TFE and

To bridge the gap between the activity studies and the chloroform solutions to achieve the desired peptide:lipid

structural studies of PG-1 and better understand the origin™Molar ratio (P:L). Approximately 2640 mg of lipid was
of PG-1's membrane selectivity, we have undertaken an dissolved in~4 mL of chloroform, and PG-1 was dissolved

NMR investigation of the interaction of PG-1 with mem- N ~1mL of TFE. The combined solution was dried under

branes of varying lipid compositions. Solid-state NMR is a & Stream of nitrogen gas, and the resulting film was
powerful spectroscopic tool for determining the structure and "€dissolved in~4 mL of cyclohexane, frozen in liquid
dynamics of membranes in the presence of peptdBsi3C, nitrogen, and lyophilized. T_he resulting dry peptide/lipid
and2H NMR probes both the headgroup and the hydrophobic mixed powder Was_packed into 4 mm rotors and hydrated
interior of lipid bilayers. Information about the dynamic and {0 35% water by weight. A Teflon spacer was used to center
static disorder and the morphology of the lipid membrane the sample in the rotor to reduce radio frequency field
can be readily obtained from the anisotropic line shapes of iNhomogeneity. . _

the NMR spectra. Specifically, here we investigate how the ~ Solid-State NMRNMR experiments were carried out on
addition of anionic phosphatidylglycerol lipids and neutral & Bruker Avance (Karlsruhe, Germany) DSX-400 spectrom-
cholesterol molecules to POPC bilayers affects PG-1's 8er operating at resonance frequencies of 162.12 MHz for
interaction with the membrane. By using macroscopically °.P» 100.72 MHz for'“C, and 61.48 MHz fofH. A static
oriented membranes, which have much better resgifed ~ double-resonance probe equipped with a custom-designed
peaks than unoriented powder samples, we readily identify rectangula_r coil was usgad for oriented-membrane experi-
and distinguish lipid domains with different mobilities and ~ Ments, while MAS experiments were conductedao4 mm
morphologies?H NMR of chain-perdeuterated lipids pro- ~double-resonance probe with spinning speeds of-2.6
vides complementary information about the dynamic disorder kHz. The®*P chemical shift was referenced externally to 85%
of the hydrophobic core of the bilayer that may be induced Phosphoric acid at 0 ppm, and th&€ chemical shift was

by PG-1. Qualitative information about the partition of PG-1 referenced to thew-glycine carbonyl signal at 176.4 ppm
into different lipid morphologies is obtained usifg spin ~ On the TMS scale. Thé'P spectra of oriented samples
diffusion. Finally, we investigate the dynamic heterogeneity tyPically required 1000 scans of signal averaging, while
of the membranes in the absence and presence of PG-1 usin%~4000 scans were coadded for tH€ MAS spectra under

differential1C T, relaxation times between cross polarization POth CP and DP conditions. For oriented membrane samples
(CP) and direct polarization (DP) conditions. tilted with the alignment axis at 98rom B, the3'P chemical

shift was corrected for susceptibility effec®4]. This was
done by comparing thiH chemical shift of water in a glass
plate-oriented membrane sample at tfieafid 90 orienta-
tions. The 90 aligned sample exhibited an upfield shift of
4.8 ppm compared to the @ligned sample, while a control
sample of pure water in a cylindrical tube showed no
difference in chemical shift between the two orientations.
Thus, the 90-aligned®'P spectra were corrected by adding
glycero-3-phosphatidyliglycerol (POPG), 1-palmitaiyl-2- 4.8 ppm to the nominal frequency. The corrected spectra
oleoylsnglycero-3-phosphatidylglycerol (POP@z1) (custom  show the same lipid 90frequencies between thé And 90
synthesis), and cholesterol. PG-1 was synthesized accordinglignment directions, as expected.
to previously published procedure20). Trifluoroethanol 24 spectra were acquired with the quadrupole echo
(TFE), chloroform, and cyclohexane were obtained from sequence with a recycle delay of 0.5% experiments were
Aldrich Chemicals (Milwaukee, WI). Glass cover slide80 carried out using a recycle delay of 2 s. Typical pulse lengths
um in thickness were obtained from Marienfeld Laboratory were 5us for 3P and!H. 13C T, relaxation times were
Glassware and cut into 6 mm 12 mm rectangles. measured using a Hahn echo sequeneel 80°—1) follow-
Sample PreparatiorGlass plate-oriented membrane mix- ing either a'*C 90° excitation pulse (direct polarization) or
tures were prepared using a naphthalene-incorporated proa!H—3C cross polarization (CP) step. The Hahn echo delay
cedure described recentl23). The peptide was dissolved 7 ranged from 1 to 9 ms and is set to be an integer multiple
in TFE and mixed with a chloroform solution of the desired of the rotor period. To remove the offset dependencé,of

EXPERIMENTAL PROCEDURES

Materials. All lipids were purchased from Avanti Polar
Lipids (Alabaster, AL) and used without further purification.
These include 1-palmitoyl-2-oleogirglycero-3-phosphati-
dylcholine (POPC), 1-palmitoyds;-2-oleoylsnglycero-3-
phosphatidylcholine (POP@z), 1-palmitoyl-2-oleoylsn
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Ficure 1: 3P spectra of oriented POPC lipids with varying molar
concentrations of PG-1: (a) 0%, (b) 1.3%, and (c) 4%. The control
spectrum (a) shows nearly vanishing powder intensity, while the
presence of PG-1 increases the disorder significantly.

4%

40 20 0 20
31P (ppm)
relaxation, the 180%°C pulse was phase-cycled with respect FIGURE 2! *P spectra of an oriented POPC/cholesterol (1.2:1 molar
to the excitation ulsepor thec Spin Iocky ulse usin tﬁe ratio) membrane with varying concentrations of PG-1: (a) 0%, (b)
P P P ng the 105 (c) 2%, and (d) 4%.
EXOYCYCLE schemeZb). The decay of the echo intensi-

ties as a function of 2was fit to a single-exponential decay To test whether cholesterol, which is present&0 mol

to yield theT, value. o _ % in mammalian cell membranes but absent in bacterial
The *P-detected'H spin diffusion experiments were  membranes, protects the lipid bilayer against PG-1, we
carried out using théH 90°—7—"H 180°—7—'H 90° —tmix— prepared POPC/cholesterol (Chol) bilayers at a molar ratio

'H 90°—(*H,*'P) CP-*'P FID pulse sequence (see Figure of 1.2:1 and probed the effect of PG-1 on the orientational
8a). This is the one-dimensional (1D) version of the two- order of the mixed membrane. Figure 2 shows*#espectra
dimensional (2D) spin diffusion experiments we introduced of POPC/Chol bilayers with 4% PG-1 (calculated with
recently @6). The*H echo period (2) acts as > filter to respect to POPC). In the absence of PG-1, the bilayers are
select thelH magnetization of the mobile I|p|dS while We”_a"gned, exh|b|t|ng a dominant"@lp peak at 25 ppm
suppressing the rigid peptide magnetization. The value of and negligible 90intensity. The addition of PG-1 moderately
27 ranged from O to 2Qus. The mixing time i) during increases the disorder. The intensities away from thee@k
which *H spin diffusion occurs ranged from 5 to 100 ms. grow less compared to the POPC membrane. At 4% PG-1,
the disorder is manifested mainly as & 9fequency peak
RESULTS at —10 ppm while the intensity near the isotropic shift (1
Interaction of PG-1 with Zwitterionic and Anionic Mem- PPM) is much weaker than the corresponding POPC spectrum
branes Figure 1 shows th&P spectra of zwitterionic POPC  (Figure 2d).
bilayers with varying concentrations of PG-1. Unless oth-  Anionic POPC/POPG (3:1 molar ratio) bilayers were
erwise stated, the spectra were acquired with the glass platgrepared to mimic the bacterial cytoplasmic membrane. The
normal parallel to the external magnetic fielBj. In the 31p spectra of POPC/POPG bilayers with and without PG-1
absence of the peptide (Figure 1a), t#¢ spectrum shows are shown in Figure 3. In addition to the general increase in
a dominant O frequency peak at 30 ppm with nearly powder intensities similar to those seen for the zwitterionic
vanishing intensity elsewhere, indicating that the lipids are membranes, a distinct peak at 1.5 ppm grew with an increase
well-aligned. Such control spectra generally exhibit percent- in the PG-1 concentration. This peak is nearReisotropic
ages of alignment of 7585%, as shown in Figure 5, attesting chemical shift and has a full width half-maximum of 1.6
to the high degree of orientational order of the membrane in kHz (~10 ppm). This isotropic peak could originate from
the absence of the peptide. At 1.3% PG-1, the intensitiessmall lipid vesicles or micelles that undergo isotropic
between—15 and 20 ppm grow noticeably, indicating the tumbling and lateral diffusion on time scales moderately
onset of orientational disorder. At 4% PG-1, the intensities faster than the inverse of ti#P chemical shift anisotropy
from —15 to 20 ppm dominate the spectrum, indicating that (CSA). Another possibility is the formation of cubic-phase
the majority of the membrane has become unoriented. Thislipids (27); however, given the large line width of the
broad line shape deviates significantly from the powder isotropic peak and the order required for cubic-phase lipids,
pattern of a randomly oriented sample, suggesting that inthis is a less likely scenari®(28). The third possibility is
addition to the orientational disorder, the lipid headgroup toroidal pore defects within the lamellar bilayer, where the
conformation may have changed or the lipids may undergo lateral diffusion of the pore-lining lipids over the curved
intermediate time scale motion due to PG-1 binding. surface reduces th&P CSA. In this latter case, since the
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Ficure 3: 31P spectra of oriented POPC/POPG (3:1 molar ratio)
lipids with (a and d) 0%, (b and e) 1%, and (c and f) 4% PG-1.
The alignment axis is alternately paralleH@ and perpendicular
(d—f) to the external magnetic field. The isotropic peak in spectra
c and f resonates at 1.5 ppm.
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FIGURE 4: 2H spectra of orientedl;;-POPC/POPG lipids with
varying amounts of PG-1: (a and d) 0%, (b and e) 1%, and (c and

f) 4%. The alignment axis is alternately parallel-@ and
perpendicular (etf) to the external magnetic field.

40 20

pore geometry is not spherical, tf® peak should be close
to but not at the isotropic frequency.
To confirm that the 1.5 ppm peak in the POPC/POPG
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Ficure 5: Membrane disorder as a function of PG-1 molar
concentration for POPC¢), POPC/POPGHN), and POPC/Chol
(O) bilayers.

absence of PG-1, a characteristic symmetric spectrum with
multiple splittings was obtained, where the individual split-
tings reflect the dynamic order parametegs,, of the C

and CD; groups along then-2 chain @6, 29, 30). The more
rigid methylene groups at the top of the acyl chain near the
glycerol backbone have larger splittings, while the more
mobile groups at the end of the acyl chain have smaller
guadrupolar couplings. Figure 4a shows a maximum splitting
of 53 kHz and a minimum of 5.8 kHz, corresponding3®
values of 0.21 and 0.02, respectively, consistent with the
known C-H order parameters of liquid-crystalline bilayers
(30). Upon addition of PG-1, the spectral resolution signifi-
cantly worsened and the relative intensity of the small
couplings in the center of the spectra increased; moreover,
a zero-frequency peak grew to dominate the spectrum. These
indicate that PG-1 not only increases the orientational
disorder of the membrane but also promotes the formation
of isotropic lipids, which are fully consistent with tH#éP
data. There is no significant overall reduction of the €
order parameters for the chain methylene groups, as the
guadrupolar couplings remain similar to the control spectrum.
To confirm this, we rotated the samples by 9m B, and
measured théH spectra again (Figure 4d). When the glass
plate normal is perpendicular &, the spectral maximum

of a perfectly aligned sample occurs wheg(cos 90Avq

= —0.5Avq, which coincides with the spectral maximum
for a randomly oriented sample. Thus, at thé @lignment
direction, only changes of the motional order parameters,

spectrum with 4% PG-1 does not have residual anisotropy, but not orientational distribution, can affect tfté¢ quadru-

we measured th&P spectra of the same samples rotated by
90° so that the glass plate normal is perpendiculaBgo
The spectra (Figure 3¢f) show the same chemical shift of
1.5 ppm for the central peak, unchanged from thaligned

polar coupling. Figure 4df shows that PG-1 does not alter

the sizes of the individual splittings but only broadens the
lines. Thus, PG-1 influences the orientation distribution but
not the chain dynamics of the bilayer. The preservation of

spectra. Therefore, the central peak cannot result from lipidsthe C-H order parameters by PG-1 is the same as that

in nonspherical toroidal pores but most likely come from
small vesicles or micelles as a result of fragmentation of the
bilayer by PG-1.

°H spectra of thesn-2 chain-perdeuterated POPC in the
POPC/POPG bilayers provide further information about the
nature of disorder induced by PG-1. Figure4ashows the
°H spectra acquired at the® @lignment direction. In the

observed on a POPC membrane without POR®, (but
differs from that of colicin la channel domain and ovispirin,
which reduced the acyl chain order parameters, indicating
membrane thinning2Q, 31).

Figure 5 compares the disorder of the three different
membranes as a function of PG-1 concentration. The disorder
was calculated as the integrated intensity of the unoriented
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FiIGURE 6: 2D 3P exchange spectra of oriented POPC/POPG membranes with 4% PG-1. The exchange mixing times are (a) 5, (b) 50, and
(c) 400 ms. Dashed lines guide the eye for the expected cross-peak positions betweearitiesdtropic peaks.

region of the3'P spectra, defined to be 75% of the total

chemical shift range starting from the upfield°ikak, over (a)
the total intensity of the spectra. The POPC/POPG membrane

and POPC membrane exhibit similarly high disorder in the

presence of PG-1, while the POPC/Chol membrane shows

the least disorder.

Structure of the POPC/POPG Membrane in the Presence
of PG-1.To further elucidate if the isotropic lipids in POPC/
POPG membranes are spatially separate from or a part of
the residual lamellar bilayer, we conducted 2B exchange
experiments. Lipids undergo lateral diffusion with diffusion
coefficients of 107—108 cn?/s (32, 33). If the isotropic
lipids are contiguous with the residual oriented lipids, and '
if a typical radius of curvature of1 um is assumed for the E
membrane, then the laterally induced lipid reorientation '
should change th&P frequency on time scales of Q00
ms. This should give rise to cross-peaks in the 2D exchange
spectra. Figure 6 displays the 2fP spectra of the POPC/
POPG/4% PG-1 sample acquired with mixing times of 5,
50, and 400 ms. At 5 ms, only diagonal intensities are . T T . T T .
observed, including the prominent,09¢°, and isotropic > S 2 1
peaks. Increasing the mixing time produced only weak cross- H chemical shift (ppm)
peaks between theOQ)eak and the |Sotroplc peak desplte FIGURE 7: (a) 1D1H MAS SpeCtl’um Of POPC/POPG Wlthout PG-

L . . I . 1. Asterisks and underlines indicate the POPG and POPC sites,
their high diagonal intensities. This strongly suggests that respectively, while the other assignments are the same for the two

the isotropic lipids reside in separate domains from the |ipids (50). (b) *H MAS spectrum of POPC/POPG membranes with
residual lamellar bilayer. Therefore, it is unlikely for the 4% PG-1. Note the line broadening caused by the peptidéH(c)

isotropic peak to reflect toroidal pores or other membrane cross section of 8H—31P 2D correlation spectrum acquired with a
defects within the oriented bilayer CP contact time of 4 ms. The headgroup and glycerol protons are
) . . , ' _ selected because of their proximity .
Since the isotropic peak in the POPC/POPG spectra is

caused by PG-1, one may expect the peptide to be prefer- .

entially associated with the isotropic domain and the residual @nd to be close to th&P nucleus. Comparison of 14
oriented lipids to be free of the peptide. To test this and 2D'H—3'P correlation MAS spectra of an unoriented
hypothesis, we conductééP-detected 1BH spin diffusion POPC/POPG/PG-1 membrane showed thatr aftemstH—
experiments using orienteds;-POPCd;;-POPG bilayers 3P CP contact time, only the glycerol backbone and
containing 4% PG-1. The pulse sequence of the experimentheadgroup protons contribute to fi® magnetization (Figure

is shown in Figure 8a. A shottl T; filter first suppresses 7). The static oriented experiments were conducted with a 2
theH magnetization of the rigid peptide while retaining the s cp; thus, théH spin diffusion source should be even

magnetization of the mobile lipid. AH mixing time then 0 selective and likely excludes theproton and G1
allows the remaining lipidH magnetization to be transferred proton. A second consideration is that if the acyl chain

to the peptide. After cross polarization frod to 3P, spin . I
diffusicl)an IC;rom the lipid to tphe peptide is manifeste(;3 as a protons also transfer their magnetization to the pep@é; (
then this alternative pathway would inhibit the desired

reduction in the®'P intensity of the corresponding lipid il
domain. If the peptide is solely bound to the isotropic domain Magnetization transfer from the glycerol and headgroup
but absent in the residual oriented lamellar phase, then oneProtons. Thus, we usesit2 chain-perdeuterated POPC and
would expect the isotropi#P peak to be reduced more than POPG lipids to inhibit the chain to peptide transfer. Double-
the O peak. chain perdeuteration is not commercially available for POPC
For the experiment to work, it is crucial for the number and POPG lipids. The remaining protons in the oleoyl chain
of lipid protons that participate in spin diffusion to be small should not dilute the backbone magnetization transfer much,
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@ o e oo . This would yield aT, ratio of 1. Reduction ofT2,cdT20p
H . o e dipolar from unity indicates that the bilayers are dynamically
"Te I CP | decoupling heterogeneous.
90" Tofilter Figure 9a shows th&C DP spectrum of a POPC/POPG
31PI" o membrane where the POPE assignment is indicated. The
’—W POPC!3C T, values under CP and DP are shown in Figure
9b. In general, thd, values are shorter in the presence of

100%

the peptide than in its absence. This means that peptide
binding causes lipid motions that are slower than the fast
uniaxial rotational diffusion of the pure lamellar lipids. The
DP experiment gives longdk values than the CP experiment
for both samples, but the difference is more pronounced for
the PG-1-bound sample. As a result, thecd T, pp ratio
decreased upon PG-1 binding (Figure 9c¢). Thus, the POPC/
POPG bilayer becomes more heterogeneous in the presence
of PG-1. A control experiment on a pure POPC bilayer
without the peptide shows near-uniyratios for most sites,
indicating homogeneous dynamics, which is expected for the
one-component syster21).

Similar experiments were carried out on the POPC/Chol
membrane. Thél, values of the assigned POPC carbons
(Figure 10a) with and without PG-1 are shown in Figure
10b. Noticeably, the CP and DR difference for each sample
is now larger than the peptide-induced difference between

(©) two samples. Specifically, the c# T, ppratios of the peptide-
absent membrane are already significantly smaller than 1,
. . . . indicating that cholesterol increases the membrane hetero-
40 g? 0 20 geneity substantially (Figure 10a). The fact thatThepand
P (ppm) T.pp values are both shorter than those of the POPC/POPG
FiGUre 8: (a) Pulse sequence for the HP-detectedH spin bilayer indicates that the cholesterol-containing membrane

diffusion experiment. (()bd) P spectra of the glass plate-oriented has slower motions than the POPC/POPG bilayer. This is
%Eﬁafgggﬁg g)(gf/%)’ (F;G(Cl) T&";?]?r('g)%fgg 3\'76'12 ﬂgf;;'%”ﬁ o consistent with the known condensing effect of cholesterol
spin diffusion mixing time was 100 ms. (& DP spectrum after ~ ON biological membranes and the complex phase diagram
the spin diffusion experiment showing a reproducible isotropic peak. of cholesterol-containing membranei-36).

The addition of PG-1 decreas@dpr more thanT, cp SO
that theT, ratios of the PG-1-bound POPC/Chol membrane
are higher than those of the peptide-absent membrane. Thus,
it appears that PG-1 makes the POPC/Chol membrane more
homogeneous, possibly by interacting with the POPC-rich
region of the membrane and inducing slower-time scale
motions in these lipids.

since the unsaturated chain is much more mobile than the
glycerol backbone, makintH spin diffusion inefficient.
Figure 8b-d shows the®'P spectra of the glass plate-
alignedds;-POPCd3;-POPG membrane containing 4% PG-
1. A H spin diffusion mixing time of 100 ms antH T,
filter times (Z) of 0, 10, and 2Qis were used. ThtH—31P
contact time was 2 ms. In all three spectra, the intensity of
the isotropic peak (dashed line) is reduced compared to thatpscussioN
of the DP spectrum (Figure 8e) due to inefficient CP but
still clearly visible. With an increase itH T, filter time, In this work, we examine the origin of membrane
both the isotropic and the°(peak intensities decreased to selectivity of PG-1, a representatiyesheet antimicrobial
similar extents. With a 2@s *H T, filter, the C* and isotropic peptide that destroys bacterial and fungal cells with a higher
peaks decreased to 87 5%. Varying the spin diffusion  efficiency (1-2 orders of magnitude) than erythrocyt&s)(
mixing time and the'H—3'P contact time did not change We test the hypothesis that the high percentage of anionic
this trend. The similar reduction of the oriented and isotropic lipids in bacterial and fungal cytoplasmic membranes
peaks indicates that PG-1 is not exclusively bound to the facilitates PG-1's disruption of membrane structure while
isotropic domain but is also present in the residual oriented the cholesterol in mammalian membranes attenuates its lytic
bilayers. activity. While other hypotheses such as the presence of outer
Dynamic Heterogeneity of the Mixed Membranes in the membrane lipopolysaccharides (LPSJ)and the propensity
Presence of PG-1To determine the degree of dynamic of lipids to form nonlamellar structure&T) have also been
heterogeneity of the membranes in the presence of PG-1,proposed to contribute to antimicrobial selectivity, these are
we compared thé’C T, relaxation times under CP and DP less general mechanisms. LPS is present only in Gram-
conditions. CP preferentially selects the signals of the rigid negative bacteria, and nonlamellar phases are formed only
component due to its requirement for dipolar coupling, while by certain lipids. We use POPC/cholesterol (1.2:1) bilayers
the DP experiment preferentially detects the mobile com- to mimic the mammalian plasma membranes and POPC/
ponents. If the membrane dynamics is uniform, then no POPG (3:1) bilayers to mimic the bacterial cytoplasmic
difference is expected between tfigcp and T, pp Values. membranes, and monitor how these composition changes
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affect the interaction between PG-1 and the lipid bilayer. the residual oriented bilayer. Overall, it is clear that PG-1 is
Studies using model lipid bilayers have provided useful not exclusively bound to the isotropic vesicles but is also
insight into the mechanism of action of peptid&8,(39). associated with the residual lamellar bilayer.

The 3P spectra of the oriented samples show unambigu- It is useful to compare the interaction of PG-1 with lipids
ously that PG-1 causes much disorder already in simpleto those of other membrane-active peptides. A number of
POPC bilayers, but this disorder is made significantly worse peptides such as G9,(41), equinatoxin Il 28, 42), and
with the addition of POPG, since a new isotropic phase is melittin (28) have been found to cause the formation of
created. The addition of cholesterol reduces the orientationalisotropic phases. However, for the relatively nonspecific
disorder and inhibits the formation of the isotropic phase. antimicrobial peptides and for hemolytic peptides, the
These correlate well with the antimicrobial activities of PG- isotropic phase is usually not correlated with the presence
1. of anionic lipids. For example, GS creates isotropic phases

The nature of the narrow peak at 1.5 ppm in the POPC/ in bilayers of neutral sphingomyelin and phosphatidyletha-
POPG spectrum is better understood from the analysis ofnolamine as well as in bilayers of anionic phosphatidyl-
the 3P spectra. One-dimension&P spectra of Dand 90 glycerol and phosphatidylserin®)( For the cholesterol-
aligned samples indicate that the 1.5 ppm peak indeed doedinding toxins equinatoxin Il and pneumolysin, which target
not have any residual anisotropy. 2BP exchange spectra mammalian cells, isotropic lipids are formed only in the
further show that the isotropic domain is spatially well presence of sphingomyeli2§, 42) and cholesterol43). In
separated from the oriented bilayers, since even after acontrast, the selective antimicrobial peptides nisin and
mixing time of 400 ms the cross-peak between the&ak mastoparan resemble PG-1 in that they form nonlamellar
and the isotropic peak is weak. These observations rule outisotropic phases only in anionic membranég, @45).
the presence of toroidal pores in the equilibrium state of the  The observed protecting effect of cholesterol against PG-
membrane, since pore-lining lipids must undergo anisotropic 1's disruption of the membrane also resembles the behavior
motion and should, by definition, be spatially close to the of several other antimicrobial peptidesP NMR showed
oriented lipids. We believe the isotropic peak most likely that cholesterol inhibits the formation of isotropic lipids by
corresponds to small lipid vesicles that originated from the nisin (45) and to a lesser extent by G86j. For magainin
bilayer but have fragmented from it. The lipids in these 2, a4-fold increase in the peptide amount is required to cause
vesicles undergo isotropic motions on time scales slightly 50% liposome lysis in the presence of cholesterol versus in
faster than the inverse of tHéP CSA, since thé'P peak its absence?). These studies suggest that there is a good
width of 1.6 kHz is broader than the extreme narrowing limit. correlation between the function of membrane peptides
This isotropic motion can be overall tumbling of the vesicles (antimicrobial or cytotoxic) and the formation of nonlamellar
or lateral diffusion of the lipid molecules on the vesicle phases in the target membranes of suitable composition
surface. In fact, the broad POPC peak betwedh and 20 (anionic or cholesterol-containing).
ppm (Figure 1c) may already signal an incipient isotropic ~ We hypothesize that the cationic and amphipathic nature
domain, which is, however, not sufficiently mobile to be of the PG-15-sheet is the main cause for its membrane
distinguished from the unoriented lipids. The lack of selectivity. The cationic Arg residues facilitate the binding
exchange between the lamellar and nonlamellar phases hasf PG-1 to anionic POPC/POPG membranes, while the
also been detected in lipid membranes without any peptideshydrophobic patch favors insertion of PG-1 into the mem-
(40). This suggests that the spatial separation of lamellar andbrane. Once tightly bound, PG-1 apparently induces a strong
nonlamellar lipids, whatever the origin, may be general. From positive curvature strain to the bilayer, eventually leading
the 3P spectra alone, we cannot firmly exclude the more to the formation of isotropic vesicles. No such isotropic
complex cubic phases as the origin of the isotropic peak. vesicles are seen in zwitterionic POPC bilayers, even though
Such cubic-phase lipids have been observed to form ina significant amount of static disorder is seen. This may
gramicidin S (GS) using X-ray diffractior2{, 28) and in reflect weaker binding of the peptide to the zwitterionic
equinatoxin Il using electron microscopy. However, given membrane and thus less positive curvature strain. Choles-
the relatively broad line width of the isotropic peaki0 terol’s protecting effect may result from the fact that its is
ppm) in the PG-1-containing POPC/POPG spectrum, which embedded in the hydrophobic part of the membrane and thus
is likely dynamic in origin, we favor the vesicle/micelle counteracts the positive curvature strain. Studies of the
hypothesis. structure-activity relationships of PG-1 and its analogues

The 3'P-detected'H spin diffusion spectra (Figure 8) indicate that the antimicrobial activities of PG-1 decrease
indicate that the peptide is distributed in both the residual when the number of cationic residues is reduced and when
oriented bilayer and the isotropic domain to alléi spin the hydrophobic residues are replaced with polar amino acids
diffusion to reduce thé'P signals of both morphologies by (16). The importance of the amphipathic structure to
similar extents. It is difficult to quantify the relative amounts membrane disruption is also supported by the comparison

of the peptide bound to the bilayer versus the isotropic
domain, since théH spin diffusion coefficients are likely
to be very different between the two domains. If the isotropic
domain, despite its low rate of diffusion due to motion, had
shown a preferential decrease of tHE intensity, then it
would unambiguously signify the predominant association

with the cyclic 8-sheet peptide, RTD-1, which does not
contain a hydrophobic patch. Solid-state NMR studies
indicate that RTD-1 does not promote an isotropic phase in
the anionic membrane and cholesterol also plays a less
beneficial role 47).

The 3C T, relaxation times of POPC segments in the

of the peptide with the isotropic phase. The fact that the 0 POPC/POPG and POPC/Chol membranes provide further
and the isotropic peaks dephase similarly implies that PG-1insights into the heterogeneity of the membrane mixtures.
may partition slightly more into the isotropic phase than to Regardless of whether the membranes are bound to PG-1,
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the T, values measured from CP are shorter than those from
the DP experiment, indicating the presence of dynamic
heterogeneity in the mixed membranes. In the absence of
PG-1, the core of the POPC molecule in the POPC/POPG
bilayer showsT, ratios close to 1 while the ends of the
molecule have more differeft values. This indicates that
the hydrophobic part of the membrane is more homogeneous
than the interfacial region, as expected for the identical chain
but differing headgroup mixture. For the POPC/Chol mem-
brane, the dynamic heterogeneity is far more pronounced
(Figure 10) and is present across the entire depth of the
membrane. This is consistent with the complexity of the
cholesterol/phospholipid phase diagrams and the existence
of liquid-ordered and liquid-disordered phases with suitable
temperatures and compositior®(35). TheT, pp values of

the POPC acyl chains are significantly lower in the POPC/
Chol membrane than in the POPC/POPG membrane. This 1g.
is consistent with the fact that cholesterol is incorporated
into the hydrophobic core of the bilayer and increases the
chain rigidity 36, 48, 49).

PG-1 binding decreases tfig ratios of the POPC/POPG
membrane but increases tfie ratios of the POPC/Chol
membrane. The former indicates that the POPC/POPG
membrane became more heterogeneous upon PG-1 binding.
In light of the oriented-membrane results, this enhanced
heterogeneity can be attributed to the formation of the 13.
isotropic phase, where motions slower than the uniaxial
rotation of the lipids and comparable to the time scale of
the 3P CSA are present. These slow motions dephase the 14.
13C signals during the Hahn echo delay, thus yielding shorter
T, values. In contrast, the already heterogeneous POPC/Chol
membrane becomes less heterogeneous upon PG-1 binding.;5
We hypothesize that PG-1 preferentially binds to the POPC-
rich domain, triggering slower motions that are similar to
those of POPC molecules in the cholesterol-rich domain. We
have previously measured the differentii T, relaxation
times of DLPC bilayers with bound PG-22). The To,c¢/
T,,op ratios of the DLPC carbons in the presence of PG-1
are closer to 1 than those of the mixed membranes studied
here. This indicates that the DLPC/PG-1 membrane is more
homogeneous than the anionic and cholesterol-containing
membranes.

In conclusion,®'P, ?H, and *C NMR of oriented and
unoriented membranes with different compositions show that
PG-1 fragments anionic membranes into isotropic vesicles
while causing largely static disorder in the zwitterionic POPC
bilayer. The addition of cholesterol attenuates the orienta-
tional disorder of the membrane and suppresses the formation
of the isotropic phase. Once the anionic isotropic vesicles
are formed, PG-1 is not exclusively bound to the nonlamellar 20-
phase but is also present in the residual oriented bilayers.
The presence of the isotropic phase increases the dynamic
heterogeneity of the anionic membrane, while the POPC/ 21.
Chol membrane appears to be partially homogenized by PG-
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