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The antimicrobial arenicin peptides are cationic amphipathic sequences that strongly interact with membranes. Through a cystine
ring closure a cyclic 3-sheet structure is formed in aqueous solution, which persists when interacting with model membranes. In
order to investigate the conformation, interactions, dynamics, and topology of their bilayer-associated states, arenicin 1 and 2 were
prepared by chemical solid-phase peptide synthesis or by bacterial overexpression, labeled selectively or uniformly with N,
reconstituted into oriented membranes, and investigated by proton-decoupled >'P and **N solid-state NMR spectroscopy. Whereas
the >'P NMR spectra indicate that the peptide induces orientational disorder at the level of the phospholipid head groups, the '°N
chemical shift spectra agree well with a regular 3-sheet conformation such as the one observed in micellar environments. In contrast,
the data do not fit the twisted -sheet structure found in aqueous buffer. Furthermore, the chemical shift distribution is indicative of
considerable conformational and/or topological heterogeneity when at the same time the ">N NMR spectra exclude alignments of
the peptide where the 3-sheet lies side ways on the membrane surface. The ensemble of experimental constraints, the amphipathic
character of the peptide, and in particular the distribution of the six arginine residues are in agreement with a boatlike dimer
structure, similar or related to the one observed in micellar solution, that floats on the membrane surface with the possibility to

oligomerize into higher order structures and/or to insert in a transmembrane fashion.

renicins are 21-residue cationic peptides isolated from marine
A.polychaeta Arenicola marina with a potent broad-spectrum
antimicrobial activity.' The arenicin isoforms, termed arenicin-1
and -2, have the amino acid sequence RWCVYAYVRVRGVLV-
RYRRCW and a V to I replacement at position 10, respectively.
Both peptides have a single disulfide bridge (Cys3—Cys20)
forming a 18-residue ring. In aqueous solution arenicin-2 adopts
a B-hairpin conformation stabilized by one disulfide and nine
hydrogen bonds, which exhibits a significant right-handed twist.>*
The peptide forms asymmetric dimers upon incorporation into
dodecylphosphocholine micelles.* In contrast, little structural
information exists from lipid bilayers, and the mechanisms of the
peptides’ selective interactions with target cell membranes remain
a matter of debate.
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Solid-state NMR spectroscopy provides a powerful tool for
the structural investigation of membrane polypeptides in their
native lipid environment.>® Two fundamentally different ap-
proaches are used in order to extract structural information from
solid-state NMR spectroscopy. First, polypeptides reconstituted
in membranes are studied by magic angle spinning (MAS) solid-
state NMR spectroscopy. The resulting spectra resemble those
obtained in solution and have been analyzed to extract chemical
shift, secondary structure, and distance information. The method
was also applied to [(-sheet antimicrobial peptides such as
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protegrin-1 (PG-1) or retrocyclin-2”'° and has provided valuable
data on penetration depth, oligomeric structure, dynamics, and
interatomic distances. All these parameters have helped to better
understand the mechanisms of action of these peptides.

Second, static solid-state NMR approaches have been devel-
oped for oriented'' ™" or nonoriented samples'®'” from which
angular constraints are obtained for structural analysis.'® Using
this approach, deuterium- and proton-decoupled **N solid-state
NMR spectroscopy have proven particularly useful to study the
conformation, topology, and dynamics of membrane-associated
peptides."*~*° For helical sequences the "*N chemical shift
provides a direct indicator of the approximate tilt angle, which
can be refined by measuring this parameter for several residues
and/or by adding to the analysis angular restraints from ""N—"H
dipolar couplings, the deuterium quadrupole splittings,'”*® or
other alignment-dependent NMR parameters.

Biophysical studies on [3-sheet antimicrobial peptides in lipid
bilayers are less abundant when compared to their O-helical
congeners. Therefore, the investigation of only few [-sheet
peptides in oriented membrane samples has been reported
including some inspiring papers on protegrin-1 and retrocy-
clin-2.>'%*"?* As a consequence, the investigation of additional
molecular details of the interactions with, disruption of, and/or
translocation of these and other [3-sheet antimicrobial peptides
across membranes remains of particular interest. Clearly, the
information obtained from such [-hairpin peptides is less
straightforward to analyze and requires the combination of
well-resolved solid-state NMR spectra, molecular modeling,
and spectral simulations. Here we reconstituted the 21-residue
arenicin peptides into oriented bilayers in order to study the
topology of their f-sheet structures by proton-decoupled "*N
and *'P solid-state NMR spectroscopy.

B MATERIALS AND METHODS

The phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (C16:0, 18:1-PC, POPC), I-palmitoyl(d31)-2-
oleoyl-sn-glycero-3-phosphocholine (C16:0(d31), 18:1-PC,
POPC-d31), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethano-
lamine (C16:0, 18:1-PE, POPE), and 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-(1"-rac-glycerol) ~ (C16:0,  18:1-PG,
POPG) were from Avanti Polar Lipids (Alabaster, AL). **NH,Cl
(99,5% '*N) was from Cambrige Isotope Laboratories, Andover,
MA. All commercial material was used without further purification.

Heterologous Expression of Arenicin-2 in E. coli. The
recombinant arenicin-2 (RWCVYAYVRIRGVLVRYRRCW)
was expressed in E. coli and purified as described previously.”
Briefly, the expression cassette was composed of a T7 promoter, a
ribosome binding site, and a sequence encoding the recombinant
protein that included an octahistidine tag, the TrxL carrier
protein (E. coli thioredoxin A with M37L mutation), a methionin
residue, and the mature arenicin-2. This sequence was ligated to
the Bglll/Xhol fragment of the pET-20b(+-) vector, containing
the pBR322 origin of replication, a f3-lactamase gene, and the
T7 terminator, resulting in the pET-His8-TrxL-Ar2 expression
plasmid. The E. coli strain DH-10B (Life Technologies, Carlsbad,
CA) was used for plasmid preparation, and E. coli BL-21 (DE3)
(Merck KGaA, Darmstadt, Germany) was used as an expression
host. The cells were induced by IPTG at 25—30 °C and
incubated at this temperature for 4—6 h. Following the harvest
of the cells, sonication and preparative centrifugation of the
cell lysate the insoluble fraction was subjected to consecutive

washing steps, solubilization, and Ni-NTA affinity purification.
Arenicin-2 was obtained by CNBr cleavage of the fusion protein
in 80% TFA under standard conditions. The lyophilized
products of the cleavage reaction were dissolved in 10% acet-
onitrile containing 0.19% TFA and loaded onto a RP-HPLC
semipreparative column C4 (Waters, Milford, MA). RP-HPLC
was performed in a linear gradient of acetonitrile in water
containing 0.1% TFA: 5—35% for 60 min, 35—80% for 1S min,
and 80—5% for 15 min. The experimentally measured molecular
mass of the purified recombinant arenicin-2 matched well with
the calculated value (2772.3 Da).

Preparation of Uniformly '°N-Labeled Recombinant
Arenicin-2. A protocol for the production of uniformly "“N-
labeled recombinant arenicin-2, designated hereafter as [U-""N7-
arenicin-2, was developed. Expression of [U-'*N]-arenicin-2
was conducted using E. coli BL21(DE3) cells transformed with
the pET-His8-TrxL-Ar2 plasmid and grown on a M9 minimal
medium containing "*N ammonium chloride as the only nitro-
gen source. The fusion protein consisting of the peptide of
interest and the His8-tagged, M37L-modified E. coli thioredoxin
A was isolated from inclusion bodies using Ni-NTA affinity
chromatography and then cleaved by CNBr at the methionine
residue. [U-""N]-arenicin-2 was further purified using RP-HPLC
following the protocol given above. The purified recombinant
[U-"*N]-arenicin-2 was analyzed by MALDI-TOF MS. The
experimentally measured molecular mass of [U-""N]-arenicin-2
matched well with the calculated value (2813.5 Da).

Chemical Synthesis of ['°N-Ala®J-arenicin-1. [**N-Ala°]-
arenicin-1 was obtained by solid phase peptide synthesis as
described in ref 2. The strategy of the synthesis was based upon
the standard Fmoc-protocol with the TBTU/DIEA activation
using the Wang resin as the solid phase. The Fmoc derivative of
['*N]-L-Ala-OH was obtained as described in ref 23. The
cysteine side chains were protected with the Trt group. Depro-
tection and cleavage were performed in a TFA:anisole:DMS:
EDT mixture (94:2:2:2). The synthetic peptide was purified by
HPLC on a Reprosil-Pur C18 column (5 gm, 10 X 250 mm)
using a linear gradient of acetonitrile (10—50% for 40 min) and
oxidized with an isopropanol—water mixture (1:1) at pH 8.5.
The experimentally measured molecular mass of [**N-Ala®]-
arenicin-1 matched well the calculated value (2757.5 Da).

Characterization of Recombinant and Synthetic Arenicins.
The homogeneity of the recombinant and synthetic peptides
was monitored by SDS-PAGE, MALDI-TOF MS using the
Reflex III mass spectrometer (Bruker Daltonics, Billerica, MA),
automated microsequencing using the Procise cLC 491 protein
sequencing system (Applied Biosystems Inc., Foster City, CA),
and an antimicrobial assay based on microspectrophotometry
using 96-well microplates as described previously.” The amino
acid sequences and antimicrobial activities of the recombinant
and synthetic arenicins were identical to the natural peptides.

Sample Preparation for Solid-State NMR Spectroscopy.
For solid-state NMR measurements 0.5—8 mg of arenicin
(uniformly or selectively labeled with "N) was dissolved in
methanol (for POPC) or methanol/chloroform 1:1 by volume
(for POPE/POPG) and mixed with the appropriate amount of
lipid.** The solution was then spread onto 30 ultrathin cover
glasses (9 X 22 mm, Marienfeld, Lauda-Konigshofen, Germany),
and the samples were first dried in air and thereafter in high
vacuum overnight to remove all organic solvent. Subsequently,
the membranes were equilibrated at 93% relative humidity. For
NMR measurements the samples were tightly sealed, inserted
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Figure 1. Proton-decoupled '*N solid-state NMR spectra of pure arenicin-2 labeled uniformly with ">N (A, C) and of pure arenicin-1 selectively labeled
with '*N at the Ala® position (B, D, E). The spectra were acquired in a static arrangement (C, D) or under magic angle sample spinning with speeds
of 7 kHz (A), 5 kHz (B), and 2 kHz (E). The spectra of the peptide carrying a single '*N-labeled amide bond were simulated using 01, = 60 ppm,
03, = 80 ppm, 033 = 227 ppm, and the result is shown in panels D and E by black lines superimposed on the experimental spectra (gray lines).

into a double resonance flat-coil probe head,® and, if not
indicated otherwise, introduced into the magnet with the bilayer
normal aligned parallel to the magnetic field direction.

Solid-State NMR Spectroscopy. The proton-decoupled "°N
cross-polarization (CP) spectra of static aligned samples were
acquired at 40.54 MHz on a Bruker Avance wide bore NMR
spectrometer oferating at 9.4 T. An adiabatic cross-polarization
pulse sequence”® was used with a spectral width, acquisition time,
CP contact time, and recycle delay of 75 kHz, 3.5 ms, 800 us, and
3 s, respectively. The "H 77/2 pulse and spinal64 heteronuclear
decoupling field strengths B; corresponded to a nutation fre-
quency of 42 kHz. About 40 000 scans were accumulated and the
spectra were zero-filled to 4096 data points. An exponential line-
broadening of 100 Hz was applied before Fourier transformation.
Spectra were externally referenced to "NH,Cl at 40 ppm.
Samples were cooled with a stream of air at a temperature of
22 °C. For the POPE/POPG sample the temperature of the air
was set to 37 °C.

The two-dimensional PISEMA experiment”’ was used to
correlate the ""N—"H dipolar coupling with the °N chemical
shift of the same nitrogen. The effective 'H B, field of the spin-
lock amplitude was 45 kHz. During the spin exchange period the
amplitude of the 'H B, field was decreased to 36.8 kHz in order to
maintain the Hartmann— Hahn match condition with an effective
field along the magic angle of 45 kHz. For the experimental setup
a fully "*N,"*C-labeled N-acetylleucine single crystal was used.

Proton-decoupled *'P solid-state NMR spectra were acquired
at 161.953 MHz using a double resonance flat-coil probe*® and a

Hahn-echo pulse sequence®® with a 77/2 pulse of 2.5 us. The
spectral width was 75 kHz, and the echo and recycle delays were
40 us and 3 s, respectively. The samples were cooled with a
stream of air at a temperature of 22 °C. Spectra were referenced
externally to 85% H3PO, at 0 ppm.

Spectral Simulations. The spectral simulations of the one-
dimensional solid-state NMR spectra were performed on a
personal computer using the MATHEMATICA 3.0 software
(Wolfram Research, Champaign, IL) and followed the protocols
described in refs 29 and 30. The z-axis was defined to correspond
to the long axis of the 3-sheet, and the orthogonal y-axis lies in the
plane of the [3-sheet. This coordinate system was chosen in
analogy to that of previous simulations of oriented solid-state
NMR spectra arising from O-helical peptides (e.g., ref 20).
Correspondingly, the angles 7 and p correspond to deviations
from perfect transmembrane alignments as defined by the tilt and
pitch angles (cf. Figure SA). It also represents the shape of the
B-sheet with the longest dimension of the polypeptide being
associated with the z-axis and the shortest with the x-axis.

Furthermore, the starting configuration can be defined in such
a manner that the z-axis is collinear with the magnetic field
direction, thereby matching the coordinate system of the labora-
tory frame used in NMR spectroscopy. At sample orientations
where the normal is parallel to the magnetic field direction the
latter corresponds to a “transmembrane” 3-sheet (or -helix).

In order to screen all possible alignments the peptide was
rotated in a stepwise manner (5°—15° intervals) first around the
z-axis and thereafter around the y-axis. For each orientation the
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Figure 2. Proton-decoupled '*N (A, C, E) and *'P (B, D) solid-state NMR spectra of uniformly "*N-labeled arenicin-2 reconstituted into POPE/POPG
3/1 mol/mol at a P/L molar ratio of 1/30 recorded at 37 °C (A, B) or in POPC membranes at P/L molar ratios of 1/100 at room temperature (C—E). The
samples were macroscopically oriented between microscope cover glasses. For panels A—D the glass plate normal is parallel to the external magnetic field. For
panel E the glass plate normal is oriented perpendicular to the external magnetic field. Panel F shows how the spectrum shown in panel E can be deconvoluted
into two components: Whereas the intensity at 140 ppm arises from a peptide population undergoing fast reorientational diffusion around the membrane
normal the majority of the signal intensity appears static on the time scale of the >N chemical shift (10~ * s; ref 35). The seeming asymmetry of the
experimental line shape associated with this later population is probably due to the side chain resonances that accumulate in the 70—90 ppm region."

>N chemical shift values of each of the 20 individual backbone
amides were calculated and added to yield the final spectrum.
The simulations of the two-dimensional spectra were accom-
plished on a 3.4 GHz Pentium(R) D workstation operating under
Windows XP Professional using the SIMPSON/SIMMOL soft-
ware package.”' Asitis difficult to estimate the spectral intensities of
side-chain nitrogens in cross-polarization solid-state NMR
spectra,' only backbone amide '*N were taken into consideration
during the simulations. The calculated PISEMA spectra were
visualized using the GSim software, version 0.12.0. The “N-'H
dipolar coupling was 9.9 kHz corresponding to a 1.07 A interspin
distance and the amide "H CSA tensor 0,; = 2.95, 05, = 7.95, and
033 = 17 (low RF field limit). The "*N amide chemical shift tensor
was represented by 0;; = 60 ppm, 05, = 80 ppm, and 033 =
227 ppm. These values were found by fitting the powder spectra of
['*N-Ala®]-arenicin (see Figure 1) and agree well with previous
analyses of the N chemical shift tensor.”> When the spectra are
acquired with the external magnetic field direction perpendicular to
the bilayer plane, this tensor accounts for the anisotropic chemical
shift or dipolar interactions regardless of motional averaging around
the bilayer normal.'"** In order to better represent the experi-
mental spectra, a Lorentzian line broadening of 300 Hz was applied
in the direct dimension and of 1 kHz in the indirect dimension.

B RESULTS

In order to investigate the membrane interactions and topol-
ogy of arenicins with phospholipid bilayers, arenicin-1 and -2

were prepared by solid-phase peptide synthesis and by hetero-
logous expression in E. coli, respectively. Whereas the latter
technique is well suited to Froduce uniformly labeled samples,
in the former case a single '“N-labeled 1-Ala was introduced at
position 6.

In a first step proton-decoupled "*N solid-state NMR spectra
of the pure peptide powders were recorded in order to analyze in
some detail the chemical shift interactions of the labeled sites
with the external magnetic field of the NMR spectrometer (By).
Figures 1A and C show the spectra of the uniformly labeled
compound. When the sample was spun around the magic angle at
7 kHz, only the isotropic chemical shift contributions remain,
and the spectrum exhibits a predominant intensity arising from
20 amides of the peptide bonds (125 & 7 ppm) as well as two
tryptophan side chains (tabulated value:** 129 ppm). Minor
intensities are centered around 86, 73, and 39 ppm (Figure 1A),
which correspond to the side chains of the six arginines (76 and
90 ppm>*) and the N-terminal amine of the sequence.'> When
the static spectrum of the same sample is recorded (Figure 1C), a
powder pattern line shape is obtained where the orientational
dependence of the chemical shift relative to the magnetic field
direction becomes obvious in particular for the rigid backbone
amides, which are known to cover an anisotropy of about
175 ppm.'"** The powder pattern line shape of the uniformly
labeled peptide is somewhat distorted when compared to a pure
amide powder pattern due to the additional intensities of the side
chains and the N-terminus'® as well as cross-polarization artifacts.'®
Similar experiments were also performed with the arenicin-1
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Figure 3. Proton-decoupled '*N (A) and *'P (B) spectra of arenicin-1 labeled selectively with **N at the Ala® position and reconstituted into POPC
membrane at a P/L molar ratio of 1/100 macroscopically oriented between glass plates (light gray lines). The glass plate normal is parallel to the external
magnetic field of the NMR spectrometer. The black lines correspond to spectral simulations assuming that 70% of the membrane is aligned with a 12°
Gaussian distribution and 30% of the signal intensities arise from nonoriented components. In the experimental **N solid-state NMR spectrum (A)
supplementary signal intensities appear in the range 150 &= 30 ppm, suggesting an additional peptide population.

analogue labeled only at the alanine-6 position (Figure 1B,D,E).
The proton-decoupled "N cross-polarization MAS spectrum
(5 kHz) of the peptide powder exhibits an isotropic chemical shift
intensity at 122 + 8 ppm (Figure 1B), in agreement with previous
investigations.”” The spectrum of the static sample and at an MAS
spinning speed of 2 kHz is shown in panels D and E of Figure 1,
respectively, together with the corresponding spectral simula-
tions. The latter were obtained using the "*N chemical shift tensor
elements 0}, = 60 ppm, 0,, = 80 ppm, and 033 = 227 ppm.

In a next step the [U-'°N]-arenicin-2 peptide was reconsti-
tuted into POPE/POPG or POPC phospholipid bilayers at
peptide-to lipid ratios of 1/30 and 1/100, respectively
(Figure 2). In the presence of arenicin-2 the proton-decoupled
1P solid-state NMR spectrum of POPC shows a predominant
signal intensity at about 30 ppm characteristic of phosphatidyl-
choline membranes in the fluid liquid crystalline bilayer phase
and an alignment of the lipids with their long axis parallel to the
magnetic field direction (Figure 2D). Additional intensities are
observed that reach into the —15 ppm region indicative of an
orientational and/or conformational heterogeneity at the level of
the phosphatidylcholine headgroup. In contrast, the alignments
of the 3'P sites of the POPE/POPG sample are more hetero-
geneous and indicate considerable conformational and/or or-
ientational disordering (Figure 2B) probably due to the 3 times
higher peptide concentration.

The proton-decoupled "“N solid-state NMR spectra of
[U-"N]-arenicin-2 reconstituted into supported POPC or
POPE/POPG bilayers exhibit predominant intensities at about
75 ppm, showing that the NH vectors are aligned approximately
perpendicular to the membrane normal (Figure 2A,C). Further-
more, contributions from 18 nitrogens of the arginine side chains
contribute at *N chemical shifts <100 ppm (cf. supra). However,
additional intensities spread into the 200 ppm region indicative
of some N—H vectors oriented approximately parallel to the
magnetic field direction.

When the sample encompassing arenicin-2 reconstituted into
the POPC membrane is titled by 90°, the spectrum shown in
Figure 2E is obtained. As discussed in earlier publications, this
sample alignment allows for the investigation of the rotational
averaging around the membrane normal. The tilted spectrum

(n L By) is composed of contributions that, due to reorientation
around the membrane normal (n), arise from peptides being
localized along the surface of a cone (circle), thereby exhibiting a
wide variety of alignments relative to the magnetic field direction
(Bo). Two major contributions can be distinguished in Figure 2E,
and this is illustrated by the simulations shown in Figure 2F. First,
a contribution from a conical distribution of peptides that rotate
slowly around the membrane normal when compared to the time
scale of the "N chemical shift anisotropy (7000 Hz) and that
thereby give rise to spectral contributions between 60 and
230 ppm. Second, a population that undergoes fast motional
averaging around this axis and exhibits spectral intensities of
140 £ 13 ppm. Thereby the spectra shown in Figure 2C,E are
indicative of at least two amide populations undergoing different
dynamic averaging within the oriented membrane sample.
Notably, intensities from the labeled side chains superimpose
within the 70—130 ppm region on the line shape of the circular
distribution and thereby hamper a more quantitative analysis.
Reconstitution of the '*N-Ala®-arenicin-1 peptide into oriented
POPC bilayers resulted in the proton-decoupled *N solid-state
NMR spectra shown in Figure 3. The proton-decoupled *'P
NMR spectra can be simulated by a phosphatidylcholine mem-
brane that is well-aligned with the normal parallel to the magnetic
field direction (70% of the total intensity with a Gaussian
distribution £12°), and the remaining signal intensities corre-
sponding to a powder pattern contribution (Figure 3B). Similar
*'P NMR line shapes have been simulated for “wormhole” type
arrangements of phospholipid—peptide mixtures in the presence
of B-hairpin peptides.”’ The proton-decoupled "N solid-state
NMR spectra of the oriented sample encompassing Ala 6-areni-
cin-1 exhibits predominant signal intensities at 85 ppm and a
second population (30 & 10% of the total) extending in the range
110—180 ppm. This observation is suggestive that the peptide
exhibits at least two different topological/conformational states
when associated with POPC bilayers. In order to obtain addi-
tional alignment information, a two-dimensional solid-state
NMR experiment correlating the "N chemical shift and the
"H—"N dipolar coupling of each labeled site was recorded from
the uniformly labeled sample. The spectrum exhibits its main
intensities in the 80—100 ppm/S—8 kHz range (Figure 4A).
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Figure 4. (A) Experimental separated local field spectrum of [U-"*N]-arenicin reconstituted into uniaxially aligned POPC membranes. Superimposed
onto the experimental spectrum are simulations of the spectral intensities of the solution NMR structure in DPC micelles (panel B, monomer unit A of
PDB 2L8X) or in aqueous aqueous solution (panel C, PDB 2JNI) both in a surface-associated state, or of an idealized 3-strand (¢ = —180°, 3 = 180°)

with the tilt angle of 10° (panel D, “transmembrane” orientation).

In a next step we simulated the '°N solid-state NMR spectra that
arise from the backbone amides of uniformly labeled arenicin at
different alignments relative to the membrane normal (magnetic
field direction). Two known conformers of arenicin, namely the
twisted 3-sheet structure obtained in aqueous solution (PDB 2JNI;
ref 2), a dimeric S-sheet structure observed in micellar solution
(ref 4; PDB 2L8X), and an idealized [-strand formed the basis
of the calculations.”” The micellar B-sheet structure is shown in
Figure SA with the N—H bonds of the '*N-labeled backbone sites
highlighted and is characterized by a more planar conformation
when compared to the twisted S-sheet in aqueous solution.

In the first simulation the arenicin structure observed in
micellar environments (PDB 2L8X, Figure SA) was initially
positioned at an orientation of the peptide lying flat on the
membrane surface. From the alignment of each amide bond the
oriented "*N solid-state NMR spectrum was calculated, and the
resulting 20 resonances were added to provide the sum spectrum
for the whole peptide. In this arrangement most of the spectral

3789

intensities add up to a predominant intensity with its maximum
at 78 ppm (Figure SC), thereby resulting in an intensity
distribution that closely resembles that of the experimental
spectrum (Figure 2C). As will be discussed later, this chemical
shift value and the intensity distribution reflect an orientation of
all the NH vectors approximately parallel to the membrane
surface. However, it should also be noted that the experimental
spectrum exhibits less resolution than the simulation, suggesting
considerable conformational and topological heterogeneity of
the peptide even in the oriented sample (cf. Figure 2).

Starting from this first alignment, the peptide was subse-
quently tilted around the y-axis being perpendicular to the
P-sheet. As the alignment of the N—H vectors relative to the
magnetic field undergoes only very little changes during such
movements the spectra remain much confined to the region
<120 ppm (Figure SD). In contrast, rotations around an axis that
is parallel to the sheet direction significantly change the align-
ment of the N—H vectors, and spectral intensities in the region

dx.doi.org/10.1021/bi1018732 |Biochemistry 2011, 50, 3784-3795
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Figure 5. (A) Structure of an extended 3-sheet of arenicin observed in micellar solution (extracted from PDB 2JNI, unit A). The N—H vectors of the
peptide backbone are highlighted. (B) Alignment of the "*N chemical shift tensor of the peptide bond within the molecular coordinate system. The main
tensor elements used in this work are 0, = 60 ppm, G, = 80 ppm, and 033 = 227 ppm. (C) Simulation of the proton-decoupled **N solid-state NMR
spectrum of uniformly labeled arenicin in an in-planar orientation. The alignment shown corresponds to a tilt angle of 90° (rotation around the y-axis).
(D) Spectral simulation of a peptide alignment obtained after the extended f3-sheet structure of arenicin is rotated by 60° around the y-axis relative to the
situation shown in (C) (the resulting tilt angle is 30°) and (E) after rotation around the z-axis by 20° (tilt/pitch 90°/20°). (F) Spectral simulation of the
arenicin structure in aqueous solution (twisted [-sheet structure) at an in-planar orientation (tilt/pitch 90°/15°).

>160 ppm are obtained (Figure SE). A full set of >N chemical As the detailed conformation(s) of arenicin in phospholipid
shift spectra where all possible alignments have been screened at bilayers remains unknown, we also simulated spectra that result
15° intervals is shown in the Supporting Information. from different orientations of the peptide structure observed in
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Figure 6. “H spectra of macroscopically oriented membranes in the
presence (black line) and absence of arenicin-2 (gray line). (A) POPC/
POPC-d31 6/1 mol/mol in the absence or presence of 1 mol % peptide.
(B) POPE/POPG-d31 3/1 mol/mol in the absence or presence of
3.3 mol % arenicin-2. (C) POPE-d31/POPG 3/1 mol/mol in the
absence or presence of 3.3 mol % arenicin-2. The *H NMR spectra
shown in panels B and C were acquired at 37 °C.

aqueous solution (ref 2; PDB 2JNI). In this conformation the
P-sheet structure is twisted along its long axis which causes a
much wider distribution of the NH-vector alignments within the
peptide. This is also reflected in the spectral simulations, which in
most cases exhibit spectral distributions covering almost the full
width of the "*N chemical shift anisotropy (e.g,, Figure SF). Only
a few angular distributions come close to but do not match the
experimental spectrum. The best fits all represent transmem-
brane orientations (Supporting Information).

Finally, we also evaluated the data obtained by two-dimen-
sional oriented solid-state NMR spectroscopy (Figure 4). These
investigations reveal not only the "N chemical shift but also
the alignment-dependent "H—""N dipolar coupling. The latter
are likely to be different for mobile side chains when compared to
the immobile backbone amides. Indeed, at chemical shifts <100
ppm the intensities exhibit dipolar splittings in the full range
between 10 and 0 kHz (Figure 4), suggesting that considerable
signal contributions in this chemical shift range arise from side-
chain nitrogens. The dipolar splitting could also be used to
complement the chemical shift information and to further select
among the structural models and alignments; however, the
contour plots representing such spectra are less informative on

the small signal intensities which tend to disappear in the noise
(or below the cutoff level). In the case of the arenicin spectral
simulations such intensities are particularly important to distin-
guish between the different models (cf. Figure S and Supporting
Information). As a consequence, the maximal intensities apparent
in the two-dimensional spectrum agree with both the arenicin
structure aqueous solutions (PDB 2JNI) or in DPC micelles
(PDB 2L8X) when aligned parallel to the surface (Figure 4B,C)
or with an idealized -strand that is aligned at a tilt angle of 10°
(Figure 4D), although the quality of the fit of such a “transmem-
brane” orientation (Figure 4D) is below that of the in planar
alignments shown in Figure 4B,C.

To study the peptide—lipid interactions in further detail,
samples were prepared where arenicin was reconstituted into
oriented phospholipid bilayers carrying deuterated fatty acyl
chains (Figure 6). The deuterium quadrupolar splitting observed
from such samples can be directly correlated to the deuterium
order parameter which takes into account the alignment of the
C—"H bond relative to the membrane normal as well as
averaging motions at the position of the label. Figure 6A
compares the *H solid-state NMR spectrum of POPC-d5,, where
all the protons of the palmitoyl chain have been exchanged by
deuterons, in the presence or absence of 1 mol % arenicin. When
the spectra are compared to each other, it is interesting to note
that the peptide causes a significant augmentation in the line
width of the *H resonances. Furthermore, the deuterium quad-
rupole splittings that are usually assigned to the plateau region
(i.e., segments close to the glycerol backbone) are increased due
to the presence of arenicin. At the same time a more modest
decrease of some of the resonances from the membrane interior
is recorded comparable to the changes that have been observed in
the presence of amphipathic helical peptides residing in the
interfacial region.** When 3.3 mol % of arenicin-2 is reconsti-
tuted into POPE/POPG bilayers, profound changes in the line
width of the individual resonances are again observed (Figure 6B,C).
Whereas the plateau region of the POPE palmitoyl chain exhibits
an increase in the quadrupolar splittings (Figure 6C), the spectral
changes associated with the POPG plateau region (i.e., the most
intense and outermost quadrupolar splittings) remain minor
(Figure 6B).

l DISCUSSION

Arenicins have been investigated by CD- and multidimensional
solution NMR spectroscopies in water, in micellar solutions, or in
the presence of lipid bilayers.> Although the various studies
focused on two different isoforms of the peptide, arenicin-1 and
-2 distinguish themselves only at position 10 where valine is
exchanged by isoleucine. This highly conservative amino acid
replacement may cause differences in some structural detail close
to the site but has probably no influence on the overall structural
and biophysical properties of the peptide. Therefore, we present
studies of both sequences in this paper.

In water a twisted helical hairpin structure has been observed
for arenicin-2.>> Upon insertion into DPC or SDS detergent
micelles the CD spectra of the peptide exhibit pronounced
changes. This observation in combination with multidimensional
NMR spectroscopy is indicative of structural alterations upon
membrane insertion when at the same time the overall 3-sheet
conformation is preserved.”* Furthermore, these investigations
indicate that arenicin-2 forms asymmetric dimers in DPC
micelles.* Notably, a more regular -hairpin structure is observed
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for arenicin-1 in DMSO suggesting that the peptides exhibit a
considerable degree of flexibility of their three-dimensional
fold>*” when at the same time their secondary structure is
stabilized by the cystine bond between residues 3 and 20.

When the membrane association of arenicin-2 is investigated
by CD spectroscopy, a relatively low partitioning constant into
zwitterionic membranes is observed; however, membrane asso-
ciation significantly increases in the presence of negative surface
charge densities due to the presence of anionic phospholipids.”
This agrees with similar observations made with other cationic
antimicrobial peptides.***® For example, whereas the hydropho-
bic partitioning of some linear cationic peptides (e.g,, 10° M~
for magainin) in dilute dispersion results in little interactions
with PC vesicles, the electrostatic attraction to the surface of
negatively charged liposomes causes an increase in the ap-
parent membrane partitioning constants by 2—3 orders of
magnitude.z’g’39 Alternatively, the reduction in bulk water, as in
the mechanically supported bilayers used for oriented solid-state
NMR forces the peptides to be localized close to the membrane
surface at high concentrations and thereby enhances their
apparent interaction with the lipid bilayers.** The pronounced
changes in the deuterium order parameter of labeled phospho-
lipid fatty acyl chains due to the presence of arenicin is indeed
indicative that the peptide interacts with zwitterionic as well as
acidic membranes (Figure 6).

The formation of arenicin-2 dimers was observed in the
presence of DPC micelles by solution NMR,” in agreement with
a high propensity of structurally related [-sheet peptides to
oligomerize when associated with membranes.* Indeed, the '*N
solid-state NMR spectra of arenicins support the formation of
oligomeric structures as the spectra obtained from the tilted
samples (Figure 2E) indicate that a population of the peptides
exhibits long rotational correlation times. In order to abolish
averaging by rotation around the membrane normal, the dia-
meter of a corresponding circular object projected onto the
membrane surface must correspond to at least the length of the
B-hairpin lying flat in the membrane (~3 nm).** Furthermore,
the broad line observed when the proton-decoupled "°N spec-
trum of arenicin-1 labeled with "°N at a single site and recon-
stituted into POPC (Figure 3A) reveals a considerable degree of
conformational and/or topological heterogeneity, which is in
agreement with different oligomeric states and topologies. No-
tably the dynamics and penetration of protegrin-1 was also found
to strongly depend on the lipid composition and the peptide/
lipid ratio.'”

This heterogeneity makes it impossible to define a single
structure from the angular constraints, but some conclusions can
nevertheless be drawn. A structural model of the arenicin-2 dimer
was derived from solution NMR data obtained in DPC micelles
(PDB 2L8X), and a monomeric unit is shown in Figure SA with
the N—H vectors of the amide bond being highlighted. Also
shown is the alignment of the '*N chemical shift tensor within the
molecular coordinate system of the peptide bond (Figure SB). This
latter figure illustrates that the tensor element 033 (227 ppm,
Figure 1), which is unique when compared to 0, and 03,
(60 and 80 ppm, respectively), is aligned within the peptide
plane and deviates by about 18° from the NH orientation.>”
Therefore, to first approximation the '*N chemical shift can
be estimated from the NH-vector alignment relative to the
magnetic field direction (By). Whereas >N chemical shifts in
the 200 ppm range are observed when the NH vector is oriented
parallel to the magnetic field direction values <100 ppm are

indicative of orientations perpendicular to By.'"*’ When the
'"SN—"H dipolar coupling (D) is analyzed, the alignment of this
vector relative to the magnetic field direction exhibits an angular
dependence which follows the correlation D ~ (3 cos” © — 1),
with © being the angle between N—H and the magnetic field and
the brackets indicating the time average.'" The dipolar interac-
tion thereby provides additional angular restraints for the NH
vector. Whereas in the case of helical peptides the '*N chemical
shift can be directly correlated with the helix orientation,'" this
correlation is less straightforward for [3-sheets but alignment
information has nevertheless been obtained through spectral
simulations.”

We, therefore, systematically calculated the one-dimensional
solid-state NMR spectra of U-'*N-arenicins as a function of
membrane topology (i.e., alignment relative to By). Both the tilt
and rotational pitch angles were varied in a systematic manner,
and the resulting spectra were compared to the experimental
result (Figure S). The experimental spectra are composed of
signal intensities arising from 20 amide bonds as well as the
N-terminus and 20 '*N-labeled sites within the Trp and Arg side
chains. The latter exhibit isotropic signal intensities around
129 ppm and in the 70—90 ppm range, respectively, but difficulties
arise as to estimate their contribution as the line width and
intensity both strongly depend on the local and global motions of
these sites."> Therefore, only backbone '°N were taking into
account during the simulations. The closest agreement between
the experimental spectrum and simulations that are based on the
structure of arenicin-2 in aqueous solution (twisted 3-sheet, PDB
2JNI) is obtained at ~0° pitch angles and tilts in the 15°—45°
range (Supporting Information). Better agreement between
simulation and experiment is obtained when the flat 3-sheet
structure in micellar environments forms the basis of these
calculations (Figures 4B and SC and Supporting Information).
The underlying conformational changes are in agreement with
CD-spectroscopic investigations that indicate that arenicin-2
undergoes comparable alterations upon membrane association”
as well as with solution NMR structural data obtained in micellar
solution (Shenkarev et al., unpublished observations).

When the experimental (Figure 2C) and the simulated spectra
(Figure S and Supporting Information) are compared to each
other, it becomes apparent that a number of alignments can
explain the measurements. Therefore, the experimental spectra
do not allow us to define a unique model of the arenicin peptides
when interacting with oriented POPC membranes, but the
information can be used to exclude many possibilities and to
test the validity of a number of reasonable models. For example,
inserting the [3-sheet into the membrane (by tilting the peptide
around the y-axis) results in relatively little changes in the overall
spectral appearance (Figure SD). On the other hand, the
experimental spectra only agree with small rotations around the
long axis of the 3-sheet (Figure SE). Best agreement between the
experimental and the simulated spectra is observed at tilt/pitch
angles of 75°—90°/0°—15° (cf. Supporting Information).
Furthermore, a limited set of combinations of rotations around
these two axes result in borderline agreement between calculated
and experimental spectra. These include other alignments with
pitch angles of 0°, the angular combinations of 15°—30°/15°, or
the transmembrane orientation (tilt angle 0°). However, most
peptide alignments beyond these limits result in pronounced
spectral intensities between 100 and 230 ppm that are not visible
in the experimental spectra, and these topologies can therefore be
excluded.
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The structural analysis of arenicins in water or in detergent
micelles indicates that its side chains are arranged in such a
manner to form a largely amphipathic structure.” The arginines
are positioned at the C-terminus, close to the loop region
(R9 and R11) and grouped along the second f-strand of the
peptide (positions 16, 18, and 19). The NMR data in DPC
micelles suggest that the dimerization interface involves the first
B-strand, which, due to its more hydrophobic composition,
probably inserts somewhat deeper into the bilayer. Indeed, the
topological analysis shown in Figure S agrees with the dimer
being oriented along the membrane surface, and the spectra
allow for small deviations from perfect in-plane (by at most 20°).
On the basis of paramagnetic relaxation measurements, similar
alignments have also been suggested for protegrin in POPC/
cholesterol bilayers.'® Together the data and energetic consid-
erations suggest an arrangement of the dimer taking the shape of
aboat body floating on a sea of lipids where the N-terminal strand
is close to the keel and more deeply inserted than the C-terminal
portion of the 3-sheet formin% the rim.

It should be noted that the "*N solid-state NMR spectrum of
the Ala-6-labeled arenicin-1 (Figure 3A) or the spectra of the
tilted sample (Figure 2E) are indicative of significant topological
and conformational heterogeneity. Indeed, the structural data
obtained in different environments show considerable conforma-
tional plasticity even though the [3-sheet character is preserved in
the presence of the cystine bridge.”**” Furthermore, the possi-
bility exists that the peptide inserts into the membrane to adopt a
“transmembrane” alignment by rotating around an axis (y-axis)
that is perpendicular to the molecular long axis (z-axis). In a
related manner lipid-dependent topologies and oligomerization
have been observed for protegrin-1 and tilted alignments have
been observed for retrocyclin-2 in DLPC membranes.”**

The high abundance of arginines in the arenicin sequences is a
striking characteristic of this class of peptides, which they share
with other f8-sheet antimicrobials”** as well as cell penetrating
peptides.*”** The guanidinium group of this amino acid has been
shown to be able to form a bidentate complex with the phosphate
groups of the lipids, thereby anchoring this rather hydrophilic
side chain within the membrane interface.** For PG-1 this
interaction has been suggested to promote lipid and peptide
realignment in the membrane concomitant with the formation of
torroidal pores.**

The *'P NMR spectra of the arenicin phospholipid mixtures
agree with such a model as the peptide strongly affects the
orientational order of the lipid headgroups. This effect is most
pronounced in the case of the POPE/POPG sample where a
large fraction of the lipid occurs at strongly tilted alignments. The
spectra are in a§reement with the formation of “wormholes” or
torroidal pores”" although other membrane morphologies may
be found to also explain such intensity distributions. The effects
are less pronounced for the POPC sample where considerably
less peptide has been added (Figure 2D). Nevertheless, signal
intensities that deviate from the ideal headgroup conformation in
the absence of peptide are also observed. Therefore, these data
are suggestive that the antimicrobial activities of arenicins are
related to pores formed by supramolecular rearrangements of the
lipids and the peptides. Similar structures have also been
suggested to form in the presence of a-helical polypeptides
although the detailed mechanism how this occurs remains a
matter of debate.***’ Lipid membranes are soft and flexible and
can adopt a wide variety of supramolecular arrangements de-
pending on a multitude of factors including peptide sequence

and concentration, membrane lipid composition, and other
environmental factors.*” The data presented here and previously
seem to indicate that the arginine-rich antimicrobial j-sheet
peptides seem to have a particular high potential to interact with
and reshape the lipid membrane.

B ASSOCIATED CONTENT

© Supporting Information. Simulations of static oriented
SN solid-state NMR spectra of the arenicin structures found in
aqueous solution (PDB 2JNI) and in micellar environments
(PDB 2L8X) are shown as a function of the peptide topology.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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