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ABSTRACT Phylloseptin-1, -2, and -3 are three members of the family of linear cationic antimicrobial peptides found in tree
frogs. The highly homologous peptides encompass 19 amino acids, and only differ in the amino acid composition and charge
at the six most carboxy-terminal residues. Here, we investigated how such subtle changes are reflected in their membrane in-
teractions and how these can be correlated to their biological activities. To this end, the three peptides were labeled with stable
isotopes, reconstituted into oriented phospholipid bilayers, and their detailed topology determined by a combined approach us-
ing 2H and "°N solid-state NMR spectroscopy. Although phylloseptin-2 and -3 adopt perfect in-plane alignments, the tilt angle of
phylloseptin-1 deviates by 8° probably to assure a more water exposed localization of the lysine-17 side chain. Furthermore,
different azimuthal angles are observed, positioning the amphipathic helices of all three peptides with the charged residues
well exposed to the water phase. Interestingly, our studies also reveal that two orientation-dependent ?H quadrupolar splittings
from methyl-deuterated alanines and one '°N amide chemical shift are sufficient to unambiguously determine the topology of
phylloseptin-1, where quadrupolar splittings close to the maximum impose the most stringent angular restraints. As a result
of these studies, a strategy is proposed where the topology of a peptide structure can be determined accurately from the labeling

with "N and 2H isotopes of only a few amino acid residues.

INTRODUCTION

In an era of increasing resistance of pathogens against the
commonly used antibiotics the development of new bacteri-
cidal and fungicidal compounds has become an urgent need.
One strategy consists in searching the plant and animal
kingdoms for new compounds, understanding their function,
and using them as template structures to develop new treat-
ments (1-3). In this context it is notable that host defense
peptides are found in abundant variety in nature and some
of them are part of the innate immune systems of animals
(4-6) and humans (7), where they are stored in exposed tis-
sues or synthesized upon induction, thereby assuring a fast
response when infections occur (6,8,9). There is good evi-
dence that many of these peptides act on the membrane of
sensitive organisms, by mechanisms that are quite different
from the commonly used compounds and thereby less prone
to resistance. Therefore, understanding how they selectively
kill pathogens provides new avenues to design alternative
therapeutic strategies (2,10,11). By searching the natural en-
vironments or by design, >2000 polypeptide sequences
have been discovered and are listed in the corresponding
databases (12).

It is thought that by destabilizing the integrity of bacterial
and fungal membranes many of these peptides disrupt the
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energy metabolism of sensitive organisms (reviewed in
(8,13,14)). Alternatively, by interacting with membranes
they enter the cell interior where actions ultimately leading
or enhancing antimicrobial effects can take place (1,15).
Most of the peptides investigated so far exhibit a very dy-
namic character where the detailed structure adapts to the
environment. It is therefore essential to understand how
they interact with and/or cross liquid phase phospholipid
bilayers and how the interplay between amino acid sequence
and lipids can explain their biological activities. Such
knowledge will provide the basis to design more efficient,
serum-resistant, and cheaper molecules (2,16,17).
Phylloseptins (PS) are antimicrobial peptides that have
been discovered in the skin secretions of Phyllomedusa
genus (anura), tree frogs inhabiting the tropical forests of
South and Central America (4). They consist of 19 to 20
highly conserved amino acid residues belonging to the
family of linear amphipathic peptides. All of them carry
histidines at residues 7 and 18 as well as an amidated car-
boxy-terminus. From the viewpoint of structure-function
relationship they are of special interest as they exhibit
high homology within their N-terminal domains but a high
degree of variation involving the last six residues (Table 1).
PS, like other linear cationic peptides, exhibit a broad range
of antimicrobial activities including against gram-positive
and gram-negative bacteria (Staphylococcus aureus,
Escherichia coli, Klebsiella pneumoniae, Pseudomonas
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TABLE 1 The primary sequences of the PS investigated in
this work

PS-1 FLSLI PHAIN AVSAI AKHN-NH,
PS-1(B) FLSLI PHAIN AVSAI AKHN-NH,
PS-2 FLSLI PHAIN AVSTL VHHF-NH,
PS-3 FLSLI PHAIN AVSAL ANHG-NH,

The positively charged residues are shown in bold, the '*N-labeled sites are
underlined, and the 3,3,3—2H3—]abeled Ala residues are doubly underlined.

aeruginosa, Acinetobacter calcoacetius, and Streptococcus
agalactiae) and yeast (Candida albicans), where the detailed
spectrum of antibiotic and antifungal activities depends on
the specific amino acid sequence (18). This may allow the
species producing these peptides to adapt to their microenvi-
ronment in the best possible manner, and by storing cocktails
of several different sequences being prepared to fight infec-
tions by a wider variety of pathogens (19-21). Minimal inhib-
itory concentrations in the 2-10 uM range have been
observed for bacteria and yeast, whereas the PS show little
hemolytic activity at similar concentrations (4,18).

When the primary and secondary structures of the three
PS investigated here are compared to each other the cationic
character of residues 17 and 18 is quite different where
lysine-histidine and histidine-histidine correlates well with
an extension of the helix segment near the C-terminal region
of phylloseptin-1 (PS-1) and PS-2, respectively (18). In
contrast, in the presence of asparagine-histidine at positions
17 and 18 the helix of PS-3 extends only from residue 5 to
15, not involving the very C-terminus. Overall, the struc-
tures of these PS are characterized by degrees of helicity
in membrane mimetic environments of 74% for PS-1,
79% for PS-2, and 58% for PS-3, an observation that has
been explained with the stabilizing interactions between
the cationic residues and the helical dipole moment as
well as possible helix capping and aromatic interactions
(18). Additional differences arise as the hydrophobicity of
the carboxy-terminal nonpolar amino acids of PS-2 are
somewhat different from those of PS-1, -and -3 (Table 1).

Multidimensional solution-state NMR structures have
been obtained in trifluoroethanol/water and the helix content
that is found in this hydrophobic environment agrees well
with the circular dichroism spectroscopic secondary struc-
ture analysis in the presence of phospholipid vesicles (18).
The data provide a useful prerequisite to investigate in detail
the structure, dynamics, and topology of these closely related
sequences in phospholipid bilayers (22). Thereby, the phyllo-
septin sequences provide a rather unique possibility to inves-
tigate if and how the subtle structural differences between
PS-1, PS-2, and PS-3 have an effect on the interactions and
membrane alignment of the helical domains. In particular,
the PS provide a test case on how the effect of changes in
the cationic properties is translated in differences in peptide
topology. Therefore, the focus of this work is on exploring the
solid-state NMR approaches for an accurate analysis of
topological differences and the composition of the
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membranes was chosen to provide a stable and reproducible
environment. Indeed I-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and POPC/1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-L-serine (POPS) membranes have
proven to provide valuable information on the mechanisms
of action of several cationic linear antimicrobial peptides
of similar size (23) even though interesting structure-func-
tion correlations have been revealed in the pioneering work
by the Straus team when other membrane compositions
were evaluated in a systematic manner by comparing bio-
physical experiments and antimicrobial assays (24-26).

Solid-state NMR spectroscopy has the proven potential to
investigate polypeptides associated with extended lipid bila-
yers with high accuracy (27-29). In particular, static ori-
ented solid-state NMR provides valuable information
about the membrane interactions, structure, topology, and
dynamics of polypeptides including antimicrobial peptides
(22,30-34). In static solids or in semisolid samples the spec-
tral features such as the chemical shift frequency are
strongly dependent on the molecular alignments relative to
the magnetic field of the spectrometer (B,) and this can be
used to obtain valuable information about the orientation
of bonds and molecules relative to the membrane normal.
Whereas a few angular constraints are sufficient to charac-
terize the membrane topology of known structures in
considerable detail (22), or to follow changes in topology
at high precision, the high-resolution structure of mem-
brane-associated polypeptides can be derived from the anal-
ysis of many labeled sites (35).

Whereas the '°N chemical shift or the '’N-'H dipolar
interaction alone suffices to determine the approximate
alignment of a-helical polypeptides relative to the mem-
brane surface (36,37) additional angular information can
be obtained from deuterium solid-state NMR spectroscopy
of “Hj-labeled alanines (29). Together the two measure-
ments provide highly accurate tilt and rotational pitch infor-
mation, which reveals minor changes in alignment (* 1°) or
can be used to characterize the mosaicity of sample orienta-
tion (38). Furthermore, at sample alignments with the
normal perpendicular to B,, information about the rotational
diffusion of the labeled sites and thereby oligomerization of
the peptides is obtained (39). Here, we use oriented '°N and
%H solid-state NMR spectroscopy to investigate in detail the
topology of the helical domains of three closely related PS
in phospholipid bilayers. The investigations thereby also
test the precision of some of the relatively novel, to our
knowledge, approaches in the field.

MATERIALS AND METHODS
Materials

POPC and POPS were purchased from Avanti Polar Lipids (Birmingham,
AL). Labeled and unlabeled amino acid derivatives for peptide synthesis
were from Cambridge Isotope Laboratories (Andover, MA) and NovaBio-
chem-Merck (Darmstadt, Germany), respectively. TFA, triisopropylsilane,



Peptide Topologies from Oriented Solid-State NMR

trifluoroethanol, chloroform and dichloromethane were obtained from
Sigma-Aldrich (Saint Louis, MO), N, N'-diisopropylcarbodiimide from Fluka
(Steinheim, Germany), 1-hydroxybenzotriazole from NovaBiochem-Merck
(Darmstadt, Germany), N, N-dimethylformamide and diisopropyl ether from
Vetec (Duque de Caxias, Brazil), acetonitrile from JT Baker (Center Valley,
PA). If not mentioned otherwise analytical grade solvents were used.

Peptide synthesis

The PS, with amidated C-terminus, were obtained by solid-phase peptide syn-
thesis on a Rink amide resin (NovaBiochem-Merck) (0.61 mmol.g ") by using
the Fmoc/t-butyl strategy (40). Couplings were performed with N,N'-diisopro-
pylcarbodiimide (Fluka)/1-hydroxybenzotriazole (NovaBiochem-Merck) in
N,N-dimethylformamide (Vetec, PA) for 60-120 min. Cleavage and final de-
protection were conducted with trifluoroacetic acid (TFA, Sigma-Aldrich):
triisopropylsilane (Sigma-Aldrich):water (95:2.5:2.5, v:v:v) for 120 min at
room temperature. The crude peptides were precipitated with diisopropyl
ether (Vetec, PA), extracted with water, and lyophilized. PS-1 was prepared
twice to obtain a different labeling scheme (Table 1). 3,3,3-2H; Ala residues
were incorporated into the peptide sequences at positions 8 or 11 as indicated
in Table 1. '*N-labeled amino acid residues were incorporated at Ala-14 for
PS-1, Leu-15 for PS-2, and Val-12 for PS-3 (see Table 1).

Peptide purification

Synthetic peptides were purified by reversed phase-high performance liquid
chromatography (Varian Pro Star 210, Walnut Creek, CA) using a semipre-
parative Cyg column (Vydac 250 x 10 mm, 5 um, Albany, OR), high per-
formance liquid chromatography grade solvents and a gradient from 5% to
95% of acetonitrile (JT Baker) containing TFA (Sigma-Aldrich) 0.1% (sol-
vent B). Solvent A was ultrapure H,O (Mili-Q Plus, Millipore, Billerica,
MA) containing TFA 0.1%. The identities of each of the purified peptides
have been confirmed by electrospray (ESI) and/or matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry (ESI-Q-ToF Micro
Micromass, Manchester, UK and MALDI-ToF/ToFMS, Bruker Daltonics,
Billerica, MA). The experimentally observed and theoretical m/z values
of [M+H]™ are, respectively: 2019.53 and 2019.137 for PS-1; 2119.72
and 2119.168 for PS-2; 1948.44 and 1948.063 for PS-3.

Solid-state NMR sample preparations

200 mg of POPC and the respective amounts of peptides were dissolved
in trifluoroethanol (TFE; Sigma-Aldrich) at a peptide/lipid ratio of
1/99 mol/mol. The resulting solutions were mixed with naphthalene
(Sigma-Aldrich) dissolved in chloroform (Sigma-Aldrich) respecting a 1:1
molar ratio of naphthalene: (lipid and peptide) as described in (41). The sol-
vent volume was reduced by exposure to a nitrogen stream and the viscous
mixtures spread onto 27 ultrathin coverglasses (9 x 22 mmz, Marienfeld,
Lauda-Konigshofen, Germany). The samples on glass plates were first dried
in air and thereafter in high vacuum for 4 days. Thereafter, the membranes
were equilibrated at 93% relative humidity for 6 days, the glass plates
stacked on top of each other, and the samples sealed with Teflon tape and
plastic wrappings (42). An additional sample composed of 1 mol % PS-2
in POPC/POPS (3:1) was prepared in a similar fashion, but POPS was dis-
solved in dichloromethane (Sigma Aldrich) before mixing with the peptide.
Using this approach the pH of the samples was around 5.5. Notably, control
experiments on PS-2 at higher pH did not show topological differences.

Solid-state NMR measurements

Proton-decoupled N solid-state NMR spectra were acquired on a Bruker
AMX400 wide-bore NMR spectrometer using a commercial double-reso-
nance solid-state NMR probe modified with flattened coils of inner dimen-
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sions 15 x 4 x 9 mm® (42,43). Measurements were carried out at two
different sample orientations, either with the membrane normal parallel
or perpendicular to the magnetic field direction (tilted coil). A cross-polar-
ization sequence with adiabatic shapes on both channels (44) was applied
with the following typical acquisition parameters: 8 us 90° pulse width,
700 us contact time, 3.5 s recycle delay, 512 data points, 18,000 number
of acquisitions (30,000 for tilted coil), and 33 kHz spectral width. NH,Cl
was used as external reference (41.5 ppm).

Proton-decoupled 'P solid-state NMR spectra of the oriented phospho-
lipid samples were recorded at 162.0 MHz on a Bruker AM X400 wide-bore
NMR spectrometer using a commercial double-resonance solid-state NMR
static probe. A Hahn echo pulse sequence (45) was employed for spectral
acquisitions. The following spectral parameters were used: 75 kHz spectral
width, 13.6 ms acquisition time, 2048 time domain data points, 2.5 us 90°
pulse width, 40 us echo delay, 5 s recycle delay, 64 scans. H;PO, at 85%
was used as external reference (0 ppm).

Deuterium solid-state NMR spectra were recorded on a Bruker Avance
DSX-500 wide-bore NMR spectrometer using a commercial triple reso-
nance static probe. A quadrupolar echo pulse sequence was used (42,46)
with the following parameters: ’H 50 kHz B, field, 40 us echo delay,
100 kHz spectral width, 4096 data points, 80,000 acquisitions, and a repe-
tition time of 1 s. The spectra were referenced relative to *H,O (0 ppm).

'SN-'H polarization spin exchange at the magic angle (PISEMA) spectra
(37,47) were acquired on a Bruker AMX400 wide-bore NMR spectrometer
using a commercial double-resonance solid-state NMR probe modified with
flattened coils (43) of inner dimensions 15 x 4 x 9 mm>. Measurements
were carried out for sample orientations with the membrane normal parallel
to the magnetic field direction. The following typical acquisition parame-
ters have been used: F1 and F2 spectral widths of 22,502 and 8993 Hz,
respectively, 8 us 90° pulse width, 800 us spin lock time, radiofrequency
field strengths of 45 kHz, 3.5 s recycle delay, 512 data points, and
33 kHz spectral width. 26 71 increments were collected with 12,288 tran-
sients of 512 points for each free induction decay. NH4Cl was used as
external reference (41.5 ppm).

Simulations

At room temperature the methyl group of alanine residues exhibits fast rota-
tional motions around the C,-Cg bond in such a way that the three *H nuclei
of the labeled alanine methyl groups are magnetically equivalent with the
main axis of the resulting deuterium quadrupolar interaction tensor being
aligned parallel to the C,-Cg bond.

When the peptides undergo fast rotational diffusion around the mem-
brane normal the quadrupolar splitting Av, is calculated as

3e2g0 (3cos’® — 1\ [3cos’Q — 1
dvy = 2 1
Vo =57 ( 3 )( > >7 ey

where e?qQ/h is the quadrupolar coupling constant (48,49), © the angle be-
tween the C,-Cg bond and the membrane normal, and Q the angle between
the sample normal and the external magnetic field direction (49). From in-
spection of Eq. 1 it becomes obvious that sample orientations with B,
perpendicular to the membrane normal (Q = 90°) provide quadrupolar
splittings of half the size (—1/2) observed for sample orientations with B,
parallel to the membrane normal (Q = 0°).

The "H-">N dipolar splitting (Dyy) obtained from PISEMA spectra as a
scaled value, is given by the following equation:

Uy Y1V 5 3cos? Q-1
Dyn = 3 W—1)|——— 2
WS (3 cos )( 5 )

where p,y1v,7/47 represents the 'H-15N dipolar coupling constant, ryy the
respective H-N bond length, and W the angle between the H-N bond vector
and the external magnetic field direction (50). Similar to Eq. 1, Q represents
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the angle between the sample normal and the external magnetic field
direction

The observed chemical shift value is given by Eq. 3, where o, 055, and
033 are the chemical shift main tensor elements (51) and ¢ and 6 are the
Euler angles representing respectively rotations around z and y’ axes (36).

0, = 0y, sin® 0 cos® ¢ + oy sin’ 6 cos® ¢ + a33 cos® 6.

(©))

To determine the topology of PS in lipid bilayers the solution NMR struc-
tures of PS-1, PS-2, and PS-3 (18) were used for the simulations of ,,, Av,,
and Dyn. Each molecular geometry was previously aligned (52), in such a
way that the 5N-labeled atom (N-Ala-14 for PS-1, N-Leu-15 for PS-2, and
N-Val-12 for PS-3) was set at the origin and then a second atom was chosen
to define the z axis, which would lie parallel to the helix main axis (the
backbone N of His-7 for PS-1, N of Ala-8 for PS-2, and the carbonyl C
of Leu-4 for PS-3). Finally, the internal coordinate system was defined by
setting the carbonyl carbon of the peptide bond involving the '°N-labeled
site (C-Ser-13 for PS-1, C-Thr-14 for PS-2, and C-Ala-11 for PS-3) at
the xz-plane to make the y axis orthogonal to the plane of peptide bond car-
rying the '*N-labeled site.

After having defined the coordinate system the peptide structures were
successively rotated (180 x 180 steps) around the helix main axis and
the y axis. The origins of the topological analysis (tilt/rotation pitch angles
0/0) were chosen such that helices 5-15 of all three PS are aligned in a
similar manner. The values of 7,,, Avgy, and Dy were evaluated for each
alignment as a function of the tilt and rotational pitch angles. o,, was eval-
uated from Eq. 3 corrected by two terms representing small angle (obtained
directly from the geometrical data) rotations around the y and x axes to
perfectly align the local coordinate system with the main axes system,
because it is known that ¢33 lies on the peptide bond plane covering an
angle of ~18° with the N-H bond vector ((51) and references cited therein).
The coordinates of C,, and Cg of the *H-labeled sites were used to evaluate
cosz®, and then, from Eq. 1, the values of Av, were obtained. The term
cos>W has been evaluated from the coordinates of the H-N bond atoms,
and then, from Eq. 2 the value of Dyyn was determined for the respective
orientations. Both the geometry alignments and the simulations of o,
Avg, and Dyn were performed using a FORTRAN program developed in
one of our laboratories.

RESULTS

PS were prepared by solid-phase peptide synthesis, labeled
with stable H and '°N isotopes at selected positions, and re-
constituted into mechanically oriented POPC phospholipid
bilayers. Thereafter, the samples were inserted into the
NMR spectrometer with the glass plate normal parallel to
the magnetic field direction. The proton-decoupled "N
solid-state NMR spectra of (ISN-Leu-IS)-PS-Z and (15N-
Val-12)-PS-3 exhibit resonances at 74 and 73 ppm, respec-
tively (see Fig. 1, B and C). The narrow line shapes and the
chemical shifts smaller than 100 ppm indicate that the
labeled sites of the peptides exhibit a quite homogenous
alignment of these helices approximately parallel to the
bilayer surface (cf. below). The 5N resonance of (ISN-
Ala-14)-PS-1 exhibits a chemical shift of 104 ppm
(Fig. 1 A), a value that is significantly higher than the
ones observed for the other two peptides. This value sug-
gests a somewhat more titled alignment when compared
with PS-2 and PS-3. Finally, the resonance signal observed
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FIGURE 1 Proton-decoupled "°N solid-state NMR spectra of PS at pep-
tide/lipid ratios of 1.0 mol % in uniaxially oriented lipid bilayers. The
spectra are from (3,3,3—2H3—A1a—1 1, 15N—Ala—l4)—PS—l (A and D),
(3,3,3-’H;-Ala-8, "°’N-Leu-15)-PS-2 (B, E, and G), and (3,3,3-’Hs-Ala-
11, '>N-Val-12)-PS-3 (C and F). A—C and G were recorded at sample orien-
tations of the membrane normal parallel to B, and D—F at alignments of the
membrane normal perpendicular to B,. A—F represent spectra of peptides
reconstituted into oriented POPC lipid bilayers, whereas G was obtained
in the presence of POPC/POPS (3:1 mol/mole).

on the °N spectrum of (">N-Leu-15)-PS-2 reconstituted
into POPC/POPS (3:1) bilayers (see Fig. 1 G) presented
within experimental error the same chemical shift as the
one observed on the spectrum obtained for the peptide re-
constituted into POPC bilayers (Fig. 1 B).

When "°N spectra are recorded for sample orientations
with the membrane normal perpendicular to B, the '°N res-
onances are observed at 134 ppm, 149 ppm, and 136 ppm for
(" N-Ala-14)-PS-1, (**N-Leu-15)-PS-2, and ('°N-Val-12)-
PS-3, respectively (Fig. 1, D-F). The observation of sharp
resonances and the values of the experimental '°N chemical
shifts indicate fast rotational motion of the helices around
the membrane normal (39).

The *H solid-state NMR spectra of PS peptides in POPC
lipid bilayers are shown on Fig. 2 and Fig. 3, A and C. The
(3.3.3-?H3-Ala-11)-PS-1,  (3,3,3-°H3-Ala-8)-PS-2, and
(3,3,3-?H3-Ala-11)-PS-3 sequences reconstituted into
oriented and hydrated phospholipid bilayers each presents
a signal splitting of < 2.5 kHz from membrane-associated
water molecules (2H at natural abundance) and a
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FIGURE 2 2H solid-state NMR spectra of PS-1 and -3 at 1.0 mol % in
uniaxially oriented POPC lipid bilayers. The spectra are from (3,3,3->H;-
Ala-11, "N-Ala-14)-PS-1 (A), (3,3,3-Hs-Ala-8, '"N-Ala-14)-PS-1 (B),
and (3,3,3-H-Ala-11, 'N-Val-12)-PS-3 (C). The samples were oriented
with the normal parallel to B,,.

well-defined pair of resonances from the labeled peptide
sites. The latter define quadrupolar splittings of 6 kHz
(Fig. 2 A), 45 kHz (Fig. 3 A), and of ~8.5 kHz (Fig. 2 C),
respectively. To compare the effect of introducing nega-
tively charged phospholipids PS-2 was also studied in
POPC/POPS (3:1) bilayers (Fig. 3, B and D). When
compared to (3,3,3-2H3-A1a-8)-PS-2 in POPC bilayers
(Fig. 3 A) the lines exhibit a similar quadrupolar splitting
(46 kHz), although each of the quadrupolar transitions ex-
hibits a narrower line shape (Fig. 3 B). This observation sug-
gests that the alignment of the peptide helix is more
homogenous in POPC/POPS (1° mosaic spread) when
compared to POPC bilayers (2° mosaic spread), and indica-
tive of well-aligned helices in both environments (38).
Also visible in the PS-2 *H spectra are less intense deute-
rium intensities that are characterized by quadrupolar split-
tings of 22 kHz and 23 kHz in POPC and POPC/POPS (3:1)
bilayers, respectively (Fig. 3, A and B). These values are
within experimental error the same ones obtained for sample
orientations with the membrane normal perpendicular to B,
(cf. below) and correspond to the maximal peak intensities
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FIGURE 3 2H solid-state NMR spectra of (3,3,3-’H;-Ala-8, '’N-Leu-
15)-PS-2 at 1.0 mol % reconstituted in uniaxially oriented bilayers of
POPC (A and C) or POPC/POPS (3:1) (B and D). (A) and (B) were recorded
for sample orientations with the glass plate normal parallel to B, (C) and
(D) with sample orientations perpendicular to B,,.

that would be observed for nonoriented membranes, or for
peptides associated with supramolecular assemblies where
parts of the membrane are aligned perpendicular to the sam-
ple normal (53).

When the PS-2 samples shown in Fig. 3, A and B, are
tilted by 90° the spectra shown in Fig. 3, C and D, are ob-
tained. The observed splittings (22.4 kHz and 22.7 kHz)
represent within experimental error half of the values ob-
tained for sample orientations with the membrane normal
parallel to B, (Fig. 3, C and D), a result that is in good agree-
ment with Eq. 1. These quadrupolar splittings as well as the
well-defined *H line shapes confirm once more the fast rota-
tional motion around the membrane normal for PS peptides
on the 107> s timescale of the methyl group deuterium quad-
rupolar interaction (39).

In a next experiment, we investigated the effects of the
peptides on the macroscopic alignment and phase of the
phospholipid membranes and the lipid head group confor-
mation (26.49,54). To this end, the proton-decoupled *'P
solid-state NMR spectra of the same oriented phospho-
lipid-peptide samples were recorded. The *'P NMR spectra
of all samples show a predominant peak close to 30 ppm
(Fig. 4) characteristic for liquid crystalline phase POPC
bilayers where the lipid long axes are aligned parallel to
the magnetic field direction. Small *'P resonance intensities
are observed reaching from 30 to —15 ppm when 200 mg
phospholipid in the presence of 1 mol % PS-2 was spread
between 27 glass plates (Fig. 4 A). These contributions are
indicative of misalignment of bilayers locally (55) or glob-
ally or conformational changes at the level of the lipid head-
group (49,54). When the amount of sample per glass plate is
reduced fivefold these intensities are reduced and disappear
in the noise (Fig. 4 B) suggesting that membrane distur-
bances induced by the peptide propagate from one bilayer
to the next and are thereby enhanced in the thicker
stacks (56).
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FIGURE 4 Proton-decoupled *'P solid-state NMR spectra of POPC lipid
bilayers containing PS-2 at 1.0 mol %. (A) 200 mg of lipid spread on 27
glass plates and (B) 10 mg of lipid spread on 7 glass plates.

Although it is not possible to determine precisely the
peptide orientation from a single >N chemical shift or
the *H quadrupolar splitting alone, the two parameters
furnish highly complementary topological restraints that
can be used to obtain a more accurate definition of the
orientation of the peptides in bilayers (49). This is shown
in Fig. 5 where the solution NMR structures (18) were
used to evaluate for each sequence the angular restraints
that are obtained from the '°N chemical shift and the *H
quadrupolar splitting. The traces in black represent orienta-
tions in which the simulated '>N chemical shift agrees with
the experimental data (uncertainty of =2 ppm) and the red
lines trace the angular pairs where the “H quadrupolar
spectra shown in Fig. 2, A and C, and Fig, 3, A and B, agree
with experimental values (within *1 kHz). Only a small
number of topologies are in agreement with both measure-
ments and are represented by the intersections highlighted
by blue circles. Nine possible angular regions are obtained
for PS-1, whereas four possibilities remain for PS-2, and
six for PS-3. Next to each contour plot are shown the
respective orientations of the NMR structures (18) relative
to the bilayers for PS-1, PS-2, and PS-3, respectively
(Fig. 5, D-F). The hydrophilic residues are shown in green
and the hydrophobic ones in blue.

Although energetic considerations could help in resolving
this ambiguity (57,58) we decided to perform additional ex-
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periments that further restrict the alignment of PS-1. First,
we recorded a two-dimensional separated-field experiment
(37) from the same oriented sample used to obtain the N
spectrum shown in Fig. 1, A and D. In addition to the 5N
chemical shift this two-dimensional solid-state NMR exper-
iment also reveals a "H-""N dipolar splitting of 7.4 = 1 kHz
(Fig. 6 A), which results in the orientational constraints
shown in turquoise in Fig. 5 A. The orientational constraints
of the '>N chemical shift and the "H-'>N dipolar coupling
resemble each other in that they both restrict the tilt angle
but not the angular pitch (29). Nevertheless, the intersection
of the turquoise ('H-'°N dipolar splitting), black ("’N chem-
ical shift), and red traces (*H quadrupolar splitting)
indicates that the topology IV fits all three NMR measure-
ments, with I, II, and III being close to solutions that could
come into play when conformational variations of the PS-1
structure (18), other sources of systematic error (59) such as
the uncertainty in defining the solid-state NMR interactions
tensors (51) or the dynamic properties of the peptide are to
be considered (22).

We therefore simulated the conformational restraints from
other isotopic labeling positions that could be used with the
goal to provide optimal complementarity to the existing data
set (29). These calculations predict that, provided that the
peptide adopts an approximately in-planar alignment, most
of the ambiguity would be removed with a “Hs-label of the
alanine-8 position of PS-1 (29). Therefore, the peptide
(3,3,3-2H3—Ala—8, 15N-Ala-14)—PS—1 was prepared, reconsti-
tuted into POPC-oriented bilayers, and the ’H solid-state
NMR spectrum obtained (Fig. 2 B). The *H quadrupolar
splitting of 43 kHz results in the topological constraints
shown in brown in Fig. 5 A. The data confirm alignment
IV with tilt and rotational pitch angles 98°/177° and clearly
exclude peptide orientations such as I or II. Although align-
ment IV is the only topology that fits all four measurements,
it is almost identical with alignment III in particular when
experimental and systematic errors during the topological
analysis are taken into consideration (59).

In a next step, we considered the topological restraints
that derive from the 'H-'>N dipolar coupling of 10.6 kHz
observed for (*°N-Val-12)-PS-3 (Fig. 6 B). These are shown
in turquoise in Fig. 5 C and the intersection from three NMR
parameters leaves only topology III for PS-3 with tilt and
rotational pitch angles 90°/10°. Finally, the alignment III
of PS-2 was restricted on energetic grounds as this is the
topology that best matches the amphipathic character of
the helical conformation with the bilayer interface. Notably,
this topology is between the alignments of the closely
related sequences PS-1 and PS-3 and thereby analogous to
their membrane alignment. Therefore, the tilt and rotational
pitch angles are 98°/177° (PS-1, IV), 90°/153° (PS-2, 1II),
and 90°/10° (PS-3, III). When Fig. 5, E and F, are compared
to each other it becomes obvious that although PS-2 and
PS-3 align parallel to the surface their azimuthal alignment
is different by 37°. To better follow the different azimuthal
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FIGURE 5 Alignments of PS-1 (4), PS-2 (B),
and PS-3 (C) in lipid bilayers shown as functions
of the tilt and rotational pitch angles. Black points
represent orientations that are in agreement within
+2.0 ppm with the experimental >N chemical
shift and red points represent alignments that
agree within +1.0 kHz the experimental deute-
rium quadrupolar splitting. The intersection shown
by blue circles indicate orientations that simulta-
neously agree with both >N chemical shift and
deuterium quadrupolar splitting. In panel A
are also included topologies obtained from
measuring in addition the >’H quadrupolar splitting
of (3,3,3—2H3—Ala—8)—PS—1 (43 kHz; brown traces).
In panels A and C, points in turquoise represent ori-
entations that agree with 'H-""N dipolar splittings
obtained from PISEMA spectra of (3,3,3-’Hs-
Ala-11, ’N-Ala-14)-PS-1 and (3,3,3-*H;-Ala-11,
15N-Val-12)-PS-3, respectively. Next to each con-
tour plot are shown the peptide structures (PDB
2JQO0, 2JPY, and 2JQI1 (18);) at orientations that
represent the intersection points in the contour
plot of PS-1 (D), PS-2 (E), and PS-3 (F), with the
N-termini shown in the back. Rotated views of
the most stable alignments of all three peptides
are shown in panel G. The N-terminus of the pep-
tides is on the left, the C-terminus on the right.
Hydrophilic residues are shown in green, whereas
hydrophobic residues in blue. The gray areas repre-
sent approximately the hydrophobic thickness of a
monolayer. The His-7 residues are highlighted on
topologies 1V, III, and III, presented on panels D,
E, and F, respectively. It should be noted that the
solid-state NMR data do not reveal the peptide
penetration depth, which has been estimated on en-
ergetic grounds for the representations shown here.

the “H solid-state NMR spectra of

(3,3,3-’H3-Ala-8)-PS-2 in POPC and POPC/POPS bilayers

exhibit the same quadrupolar splitting within experimental
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error, although the method is quite sensitive to small
changes in topology (29,60). However, the small difference
in line width seem to suggest that the peptide exhibits less
conformational and/or topological variation in the presence
of the anionic lipid suggesting that electrostatic interactions
stabilize the protonation state of the three histidines and/or
anchor the helix in a more stable manner.

When the contour plots resulting from the *H quadrupolar
splitting are investigated in more detail (Fig. 5, A-C), it
becomes obvious that the quadrupolar splittings of (*Hi-
Ala-8) in PS-1 or PS-2 (43 kHz and 46 kHz; brown trace
in Fig. 5 A and red trace in Fig. 5 B, respectively) restrict
the possible alignments more than the splittings obtained
for (*Hs-Ala-11) in PS-1 or PS-3 (6 kHz and 8.5 kHz, red
traces in Fig. 5, A and C, respectively). As a consequence,
due to the high selectivity of the “H-Ala-8 label the two
’H and one "N chemical shift measurements for PS-1
(brown, red, and black traces in Fig. 5 A) are sufficient to
unambiguously determine the topology of this peptide
without the need for additional dipolar coupling information
(turquoise trace).

Indeed, the simulations summarized in Fig. 7 show that
the number of tilt/rotational pitch angular pairs that agree
with a given quadrupolar splitting is maximal when Ay, ap-
proaches (3/2)(equ)/h)/2, whereas for higher splittings the
number of topologies is significantly reduced. Furthermore,
a relatively large number of angular pairs is also obtained
for splittings < (3/2)(equ)/h)/2. This feature can be useful
in situations where the peptide orientation is already known
to the first approximation but needs to be refined and/or
confirmed experimentally as was the approach chosen
here for PS-1 (Fig. 5 A). When it is feasible to label with
’H; an alanine exhibiting a predictably large quadrupolar
splitting highly selective orientational restraints are
obtained.

For instance, PS-1 carries four alanine residues in its pri-
mary sequence and Table 2 shows the number of solutions
(representing selectivity) for each 3,3,3-’Hs-Ala residue
(where arange of Avg = 1 kHz has been taken into account)
as well as the expected quadrupolar splittings for the align-
ment IV shown in Fig. 5, A, D, and G. Clearly, a higher
selectivity is obtained from labeling Ala-8 rather than
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Ala-11. Notably, without prior knowledge of the peptide
orientation, labeling the Ala-14 or the Ala-16 sites with
3,3,3—2H3 would have produced even smaller selectivity.
As a consequence, combining the restraints obtained from
("’N-Alal4)-PS-1 (g,,) and Av, observed for (3,3,3-°Ha-
Ala-11)-PS-1 results in nine intersection points (topologies
[-IX), whereas only two possible alignments (IV and the to-
pology represented by the tilt/rotational pitch angles 75°/
27°) are obtained from the intersection of o,, and A,
observed for 3,3,3-2H3-Ala-8—PS-1. Combining the two
quadrupolar splittings, an approach that is used in the
GALA method (61), results in four intersections of the
brown and the red traces (Fig. 5 A).

DISCUSSION

Here, we investigated the membrane topology of three phyl-
loseptin antimicrobial peptides with closely related
sequences and structures (18). In membrane mimetic envi-
ronments the three peptides have been found to adopt
helical conformations encompassing residues 5-18
(PS-1), 5-19 (PS-2), and 5-15 (PS-3). The differences in
three-dimensional structures correlate with the sequence
variations within residues 14—19 (Table 1), and in particular

100 T T T T T =

Relative Percentage

0 B I 1
Av, /13/2)(€qQ / h)

FIGURE 7 Relative percentage of the maximum number of tilt/rotational
pitch angular pairs for PS-1 that agree with a given quadrupolar splitting
(£ 1 kHz). The graph was obtained from a simulation considering an incre-
ment of 1° for both tilt and rotational pitch angles.
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TABLE 2 Expected 2H quadrupolar splittings for different
alanine-labeled sites of PS-1 and the number of respective
orientations that result from simulations of topology IV (Fig. 5 D)

Expected |Avp|/kHz

Amino-acid residue Number of orientations

Ala-8 43 246
Ala-11 6 915
Ala-14 38 2503
Ala-16 36 1853

The number of orientations are obtained from a simulation considering an
increment of 1° for both tilt and rotational pitch angles. A range of + 1 kHz
was taken into account for the deuterium quadrupolar splitting Av,,.

their cationic nature of residues 17 and 18, which decreases
in the sequence PS-1 (HK) > PS-2 (HH) > PS-3 (NH),
where the chemical shifts are suggestive that the histidine
side chains were partially charged (18).

The solid-state NMR investigations presented in this
work indicate that residues 8, 11, and 14 of PS-1, 8 and
15 of PS-2, and 11 and 12 of PS-3 are located within folded
regions as otherwise the chemical shift, dipolar, and quadru-
polar couplings would occur close to their isotropic values
(~120 ppm for the '°N chemical shifts (51), and 0 kHz for
the couplings). The well-oriented spectra obtained in lipid
bilayers (Figs. 1-3) are thereby in agreement with the out-
lines of the helical domains observed in TFE/water environ-
ments (18). The tilt angles observed for PS-2 and PS-3
correspond to perfect alignments along the membrane sur-
face, in agreement with the amphipathic nature of the helical
domains. For example, among the four possibilities obtained
for PS-2, only orientation III avoids the insertion of polar
residues inside the hydrophobic membrane interior (Fig. 5
E). In particular, the orientations I and IV (representing
tilt angles of 78° and 111°, respectively) are characterized
by the deep insertion of polar residues, including His-7
into the hydrophobic part of the membrane, a thermodynam-
ically unfavorable situation.

When compared to the other two PS, PS-1 adopts a
slightly tilted alignment with the N-terminus being located
below the C-terminus. This deviation from a perfect in-
plane alignment is reflected in the increased '°N chemical
shift value (104 ppm; Fig. 1 A) and confirmed by the
detailed topological analysis (Fig. 5, A and D, IV). Fig. 5
G indicates that by adopting a more tilted topology the
C-terminus of PS-1 including the charged lysine-17 and
the hydrophilic asparagine-19 residues are moved further
away from the membrane interior. Although snorkeling of
the latter probably avoids direct exposure to the hydropho-
bic environment, moving the cationic charges away from
the membrane reduces the passage of electrical field lines
through the hydrophobic membrane interior (thereby
reducing image charges; (62)).

Similar considerations apply to the differences in
azimuthal angles, which assure that the cationic charge of
lysine-17 of PS-1 is moved the furthest away from the mem-
brane interface as possible (Fig. 5 D, IV). For the histidine
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residues on the other hand the possibility exists that their
pK values shift in the membrane proximal regions and
that these side chains are in average only partially charged
or not charged at all (63,64). Interestingly, the azimuthal
angle of PS-2 is such that the histidines 7, 17, and 18 are
about equidistant from the membrane surface (Fig. 5 E,
IIT). In contrast, the topology of residues 16-19 of PS-3
could not be determined from the experiments described
here as these amino acids may not be part of the helical
domain (18). In addition, for this peptide the His-7 residue
is localized in the aqueous environment (Fig. 5 F, III).
Furthermore, the peptide topologies shown in Fig. 5 assure
that threonine-14 of PS-2 is well exposed to the aqueous
environment, whereas the corresponding alanines of PS-1
and PS-3 are in contact with the membrane interface
(Fig. 5 G). Taken together, the data reveal that the detailed
secondary structures and topologies of these peptides are
tightly interlinked and modulated not only by interactions
between the cationic side chains and the helix dipole (18),
but also the hydrophobicity and hydrophobic moment of
the amphipathic helices and the positioning of individual
side chains relative to the membrane interface (cf. above;
Fig. 5).

Interestingly, in the case of aureins, a family of antimicro-
bial peptides isolated from Australian frogs, the propensity
to form tilted/inserted alignments has been correlated with
differences in their antibacterial activities (25,26). When
the three PS peptides are compared to each other the differ-
ences in minimal inhibitory concentrations are relatively
small and which of the three sequences is the most potent
analog depends on the bacterial strains investigated. To
test if the observed differences in membrane interactions
of the three PS peptides correlate with their antimicrobial
activities it would be interesting to compare their detailed
topology in membranes that correspond closely to the
different bacterial membrane compositions, similar to the
biophysical investigations that have been presented previ-
ously for aureins (24-26,55,65).

The helical structure and the in-planar alignment of the
three PS agree with previous observations on other linear
cationic antimicrobial peptides, although they carry less
net positive charge than, e.g., magainins (23), suggesting
that similar models that have been developed previously
also apply for PS. In short, these models suggest that amphi-
pathic peptides of this class partition into the membrane
interface thereby disordering the packing of the fatty acyl
chains. Depending on the lipid composition, the peptide
concentrations and environmental factors the interactions
between the lipids and the peptides can result in many
different local and global membrane morphologies
including the carpet-, torroidal pore-, and other models,
that may all be needed to describe the peptide-membrane in-
teractions but are present in different regions of a phase di-
agram (66,67). The resulting membrane destabilization
result in the killing of sensitive cells and organisms (8) or
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the entry of peptides into the cells where they can reach in-
ternal targets (15). In this work, this global view is refined in
revealing how relatively small changes in the amino acid
compositions result in subtle topological and conforma-
tional alterations of the peptides when interacting with
membranes.
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