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ABSTRACT: The membrane-active, cationic, 3-hairpin pep- Twisted B-Hairpin, Aqueous Solution 35359
tide, arenicin, isolated from marine polychaeta Arenicola marina k‘ % 23
exhibits a broad spectrum of antimicrobial activity. The peptide R
in aqueous solution adopts the significantly twisted ﬁ—hairpin )1)
&)

conformation without pronounced amphipathicity. To assess

the mechanism of arenicin action, the spatial structure and

backbone dynamics of the peptide in membrane—mimicking

media and its pore-forming activity in planar lipid bilayers were Planar Dimer,
studied. The spatial structure of the asymmetric arenicin dimer Membrane-like Environment Torondal Pores, Lipid Bilayer
stabilized by parallel association of N-terminal strands of two

p-hairpins was determined using triple-resonance nuclear magnetic resonance (NMR) spectroscopy in dodecylphosphocholine
(DPC) micelles. Interaction of arenicin with micelles and its oligomerization significantly decreased the right-handed twist of the
B-hairpin, increased its amphipathicity, and led to stabilization of the peptide backbone on a picosecond to nanosecond time scale.
Relaxation enhancement induced by water-soluble (Mn*") and lipid-soluble (16-doxylstearate) paramagnetic probes pointed to the
dimer transmembrane arrangement. Qualitative NMR and circular dichroism study of arenicin-2 in mixed DPC/1,2-dioleoyl-sn-
glycero-3-phosphoglycerol bicelles, sodium dodecyl sulfate micelles, and lipid vesicles confirmed that a similar dimeric assembly of
the peptide was retained in membrane-mimicking systems containing negatively charged lipids and detergents. Arenicin-induced
conductance was dependent on the lipid composition of the membrane. Arenicin low-conductivity pores were detected in the
phosphatidylethanolamine-containing lipid mixture, whereas the high-conductivity pores were observed in an exclusively anionic
lipid system. The measured conductivity levels agreed with the model in which arenicin antimicrobial activity was mediated by the
formation of toroidal pores assembled of two, three, or four [-structural peptide dimers and lipid molecules. The structural
transitions involved in arenicin membrane-disruptive action are discussed.

Cationic antimicrobial peptides (AMPs) constitute an im- the cytoplasmic membrane of the target cell leading to leakage of
portant part of the host defense systems of multicellular cell constituents and/or osmotic lysis.'” The “toroidal pore”

organisms." These broad-spectrum antibiotics kill bacterial and model implies the formatlon of mixed lipid/peptide pores with
fungal cells via destabilization of their cytoplasmic membranes.* overall torus-like geometry."”'> On the other hand, within the
Structurally, the plethora of AMPs can be divided into several “carpet model”, the high density of monomeric or oligomeric
classes.” The most abundant of them are (i) the linear peptides peptides on the external membrane surface causes the extensive
forming amphiphatic o-helical structure when interacting with membrane curvature strain and leads to micellization and disin-
lipid bilayers (e.g., amphibian magainins, insect cecropins, and tegration of the bilayer."® There is also a unifying model
mammalian cathelicidins) and (ii) disulfide-stabilized peptides, that describes different aspects of the detergent-like action of
including -structural regions (e.g., plant, insect, and mammalian 0-helical amphipathic peptides in terms of the phase diagram of

the peptide/phospholipid mixture.'* There are several structural
transitions implied within these models. (i) An o-helical AMP
frequently having a distorted structure in aqueous solu-
tion becomes more structured when contacting the lipid bilayer

defensins).” The last ones include f-hairpin peptides, such as
protegrins from porcine leucocytes,” tachyplesins, and polyphe-
musins from hemocytes of the horseshoe crab,® gomesin from
hemocytes of the tarantula spider,® and androctonin from scor-

pion blood.”

Extensive studies of O-helical peptides revealed several puta- Received: ~ May 13, 2011
tive mechanisms that explain a membrane-disruptive action of Revised: ~ May 28, 2011
AMPs.*” In the “barrel-stave” model, the peptides form pores in Published: June 01,2011
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surface. (ii) The peptide forms aggregate on the membrane
surface or within the hydrophobic region of the bilayer. (iii) The
monomeric or oligomeric AMP initially bound to the membrane
surface accomplishes the transition into the transmembrane
(TM)-inserted state to form pores.15 At present, the question
of the applicability of these mechanistic models to -structural
peptides remains open.

Earlier, we discovered two novel 21-residue antimicrobial
peptides, termed arenicins, from coelomocytes of marine poly-
chaeta lugworm Arenicola marina.'® Both arenicin-1 (RWCVYA-
YVRVRGVLVRYRRCW, 2758.3 Da) and arenicin-2 (RWCV-
YAYVRIRGVLVRYRRCW, 2772.3 Da) exhibit potent activity
against Gram-positive and Gram-negative bacteria and fungi.
Each isoform has one disulfide bond (Cys3—Cys20) forming an
18-residue ring. Our previous investigation of the spatial struc-
ture of arenicin-2 in aqueous solution by 'H NMR spectroscopy
showed the peptide as a prolonged [-hairpin formed by two
p-strands (Cys3—Ile10 and Val13—Cys20) and type I' -turn
(ArgllfGlylZ).17 The two-stranded [3-sheet in the arenicin-2
structure has a significant right-handed twist in aqueous solu-
tion. This distortion effectively shields the hydrophobic side of
the -sheet from contacts with polar solvent and deprives the
peptide surface of amphipathicity. Qualitative "H NMR inves-
tigation of arenicin-2 in the membrane-mimicking environment
of dodecylphosphocholine (DPC) micelles reveals the peptide
specific dimerization by parallel association of its N-terminal
strands.'®

Here we report the results of structural studies of the arenicin-
2 dimer in detergent-containing membrane-mimicking media
and anionic lipid vesicles in combination with the data of electro-
chemical measurements of arenicin-induced ion conductance of
planar lipid bilayers [bilayer lipid membrane (BLM)]. The
obtained results are in good agreement with the toroidal pore
model of arenicin action on bacterial membranes. Structural
transitions involved in this action appear evident from the given
results. These transitions include the peptide ordering and
dimerization on contact with the anisotropic environment of a
lipid membrane and lipid-mediated assembly of the peptide dimers
in TM arrangement into oligomeric lipid/peptide pores of variable
stoichiometry. The results presented here improved our under-
standing of the mechanism of cationic -hairpin AMP action.

B MATERIALS AND METHODS

Expression of Uniformly '°N-Labeled and '>C- and
'>N-Labeled Recombinant Arenicin-2. Recombinant arenicin-
2 was expressed in the Escherichia coli BL-21(DE3) strain trans-
formed with the pET-His8-TrxL-Ar2 plasmid constructed as
described previously.'” The expression cassette was composed of
a T7 promoter, a ribosome binding site, and a sequence encod-
ing the recombinant protein that included an octahistidine tag,
the TrxL carrier protein (E. coli thioredoxin A with the M37L
mutation), a methionine residue, and the mature arenicin-2. This
sequence was ligated to the BgllI/Xhol fragment of the pET-
20b(+) vector (Merck KGaA, Darmstadt, Germany) containing
the pBR322 origin of replication, a f-lactamase gene, and a T7
terminator. The transformants were grown in Lysogeny broth
(LB) medium containing 100 mkg/mL ampicillin and 20 mM
glucose at 37 °C to an ODgqg of 2.0—3.0. The cells were washed
several times with sterile phosphate buffer and then resuspended
in a 10-fold volume of M9 minimal medium containing 1 g/L
'SNH,Cl (CIL, Andover, MA). To obtain >C- and "*N-labeled

peptide, we substituted ['>Cg] glucose with [U-2Cq] glucose
(CIL). The cells grown to an ODggo of 0.7—1.0 were induced
with 0.2 mM isopropyl 3-p-1-thiogalactopyranoside at 25—30 °C
and incubated at the same temperature in an orbital shaker
for 16—18 h.

Purification of Recombinant Arenicin-2 Labeled with
Stable Isotopes. This part of the protocol was identical for
"“N-labeled and "*C- and "*N-labeled peptides. The cells were
harvested by centrifugation and sonicated in a buffer containing
100 mM Na,HPO,/NaH,PO, (pH 7.8), 0.5 M NaCl, 1% Triton
X-100, and 1 mM PMSEF. The insoluble fraction was separated by
centrifugation and then repeatedly washed with 25 mM phos-
phate buffer (pH 7.8). Inclusion bodies were solubilized (20—40
mg/mL) in 100 mM phosphate buffer (pH 7.8) containing 6 M
guanidine hydrochloride and 10 mM imidazole and applied to a
column packed with Ni-NTA agarose (Qiagen, Venlo, The
Netherlands). The His8-tagged fusion protein was eluted with
0.5 M imidazole, dialyzed against water, dissolved in 80% TFA
(20 mg/mL), and cleaved with an equal mass of CNBr under
standard conditions. Lyophilized products of the cleavage reac-
tion were redissolved in 80% TFA and loaded onto a reversed-
phase HPLC semipreparative Reprosil-pur C18-AQ_ column
(Dr. Maisch GmbH, Ammerbuch-Entringen, Germany). HPLC
was performed with a linear gradient of acetonitrile in water
containing 0.1% TFA. The peak of arenicin-2, identified by tris-
tricine sodium dodecyl sulfate —polyacrylamide gel electrophor-
esis and MALDI-TOF MS, was concentrated in vacuo and
repurified under the same HPLC conditions. TFA was removed
during repetitive lyophilization. The rechromatographed peptide
had a purity of at least 99% as measured by RP-HPLC, MALDI-
TOF MS, and NMR.

NMR Experiments, Spatial Structure Calculation, and
Analysis of Relaxation Data. The spatial structure and back-
bone dynamics of arenicin-2 were investigated using samples
containing 0.4—1.2 mM unlabeled, 'SNlabeled, or *C- and
'*N-labeled peptide in S or 100% D, 0. For measurements in deter-
gent micelles, d33-DPC or d,5-SDS (CIL) was added to the
peptide samples using aliquots of a concentrated solution in H,O
or D,0. The titration of the arenicin/DPC sample with DOPG
(Avanti Polar Lipids, Alabaster, AL) was conducted using a
concentrated solution of the lipid in H,O. Unless otherwise
stated, the NMR spectra were recorded on Bruker Avance 800
and 600 spectrometers equipped with cryoprobes. 'H, '*C, and
>N resonance assignments of the arenicin-2 dimer in complex
with DPC micelles (pH 4.5 and 30 °C) were obtained by a
standard procedure based on a combination of three-dimensional
HNCO, HNCA, HNCACB, and H(C)CH-TOCSY spectra."’
The *Jin e coupling constants were determined using ampli-
tude-modulated "H—">N TROSY spectra (see the experimental

rocedures in the Supporting Information). The *Jups and
]H/i,Hy coupling constants were measured using ACME? in
the COSY spectrum in a 100% D,O solution (60 °C, room-
temperature probe). The spatial structure was calculated using
CYANA.*' Upper interproton distance constraints were derived
from cross-peaks observed in three-dimensional '*N-separated
(T = 60 ms, 800 MHz) and "*C-separated (7,,, = 50 ms, 100%
D,0, 600 MHz) NOESY spectra viaa “1/r°” calibration. Torsion
angle restraints and stereospecific assignments were obtained
from ] coupling constants and NOE intensities. Hydrogen bonds
were introduced on the basis of temperature coefficients and
deuterium exchange rates of H" protons (Figure S1 of the
Supporting Information).
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Figure 1. "H—"°N heteronuclear single-quantum coherence spectra of 1.2 mM arenicin-2 in aqueous solution (A) and in DPC micelles (B). The
spectra were recorded at pH 4.5 and 43 °C. Spectrum B was recorded at an arenicin:DPC molar ratio of 1:100. The obtained resonance assignments are
shown. The signals of monomer B in DPC micelles are underlined. The resonances of side chain groups are marked with a superscript s. (C) Dependence
of the "H™ line widths of Gly12 and Argl8 on the detergent molar concentration. Data for both peptide monomers are shown.

The relaxation parameters of '°N nuclei (R, R,, and NOE)
were measured at 800 MHz for arenicin-2 in water (pH 4.5,
30 °C) and in DPC micelles (pH 4.5, 43 °C) as described in ref
22. Chemical shift anisotropy/dipolar cross-correlation rates
(7xy) of "N nuclei were measured for arenicin-2 in DPC micelles
using constant-time amplitude-modulated "H—">N TROSY
spectra.”® The extent of microsecond to millisecond fluctuations
in the peptide in complex with DPC micelles was qualitatively
deduced using the R R, product as described in ref 24 (Figure S4
of the Supporting Information) and the plot of R, versus 7xy
(Figure SS of the Supporting Information). Model- free analysis
of relaxation data was performed with FastModelFree*® using an
isotropic rotational model (Figure S4 of the Supporting Informa-
tion). The paramagnetlc probes 16-doxylstearate (16-DSA,
Sigma) and Mn>" (in the form of MnCl,) were added to the
arenicin/DPC sample using aliquots of stock solutions in metha-
nol and H,O, respectively. The paramagnetlc enhancement
of the transverse relaxation rate of H" protons was quanti-
fied using "H—"°N TROSY spectra according to the method
described in ref 26.

CD Spectroscopy. All CD spectra were recorded on a Jasco
J-810 instrument at ambient temperature. Small unilamellar vesicles
(SUV) were prepared via sonication. A solution of arenicin-2 in
10 mM Tris (pH 7.0) was added to vesicle or micelle suspensions
in the same buffer for CD measurements. The lipid or detergent
concentration in the samples was 15 mM, and the peptide con-
centration was 0.07—0.3 mM (see Figure 3E).

Preparation of Planar Bilayers and Electrochemical Mea-
surements. The BLM mimicking the plasma membrane of
Gram-negative bacteria (phospholipid mixture PL%™) was made
of polar lipid extract from E. coli (Avanti Polar Lipids) consisting
of PE, PG, and DPG (cardiolipin) in a 67:23.2:9.8 ratio (weight
percent). The BLM mimicking the plasma membrane of Gram-
positive bacteria (phospholipid mixture PL") was composed of
DPG from E. coli, PG from E. coli, and soy L-0.-phosphatidyli-
nositol (all from Avanti Polar Lipids) at a 66:24:10 ratio (weight
percent) using the phospholipid composition of the plasma
membrane of the Gram-positive bacterium Micrococcus lysodeik-
ticus (the current name is Micrococcus luteus) as a prototype.27
BLMs were formed from a 5% lipid solution in n-decane by the
Mueller technique® on a 0.85 mm orifice in a Teflon partition
separating two compartments of 2 mL each. Arenicin-1 and
arenicin-2 in the buffer were added to both compartments to final
concentrations of 0.05—0.5 uM; these conditions were optimal
for the observation of distinct conductivity levels appropriate for

subsequent pore analysis. The measurements were taken in
S mM HEPES and 0.67 M NaCl at pH 7.4 and 20 °C. The
current records were digitized at a 10 kHz frequency and
analyzed using ClampFit (version 9.2; Axon Instruments Inc.)
and Mathematica (Wolfram research). Pore area (SF) was calcu-
lated using the formula S = L X g/0, where L is the thickness of a
membrane (50 A), g is the measured conductance, and 0 is the
conductance of an electrolyte (5.21 S/m). Geometrical models
of arenicin pores were fitted into the calculated S” values using
Mathematica.

B RESULTS

Expression and Purification of Recombinant Arenicin-2
Labeled with Stable Isotopes. The labeled peptides were
expressed in E. coli strain BL21(DE3) transformed by pET-
His8-TrxL-Ar2, the same plasmid previously employed to pre-
pare unlabeled arenicin-2.'”'® In this system, the arenicin
expression level is enhanced by thioredoxin fusion providing
temporary neutralization of the target product toxicity and its
protection from degradation in a heterologous environment. The
transformed cells were cultivated in minimal medlum containing
either *N-labeled ammonium chloride or '*N-labeled ammo-
nium chloride and [U-' Cé]glucose as the only nitrogen and
carbon sources, respectively. The recombinant protein com-
posed of the target peptide, thioredoxin A (M37L), and an
N-terminal octahlstldme tag was obtained mostly as insoluble
matter. After Ni*" affinity chromatography and specific CNBr
cleavage of the fusion protein, the target peptide was purified
through two consecutive steps of reversed-phase HPLC in a
linear acetonitrile concentratlon gradient. The final yield was
g)proxnnately 4 mg of "“N-labeled arenicin-2 and 1 mg of

C- and "*N-labeled arenicin-2 per liter of culture. Both purified
“N-labeled and "*C- and *N-labeled arenicin-2 were analyzed
by MALDI-TOF MS. The experimentally measured m/z values
of "*N-labeled and "*C- and "*N-labeled arenicin-2 (2813.5 and
2940.5, respectively) matched well the [M + H] ™ values of the
calculated molecular masses of the labeled peptides (2812.5 and
2939.5 Da, respectively).

Dimerization of Arenicin-2 in DPC Micelles. The formation
of the complex between arenicin-2 and DPC micelles accom-
]I;)anled by peptide dimerization was studied by two-dimensional

—"SN NMR spectroscopy (Figure 1A—C). Addition of the
detergent to the peptide sample to a final detergent:peptide
molar ratio (D:P) of S significantly broadened arenicin-2 signals.
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Figure 2. Spatial structure and backbone dynamics of the arenicin-2 dimer in complex with DPC micelles. (A) The peptide ribbon is colored according
to obtained dynamical NMR data. The values of generalized order parameters (S*) calculated during “model-free” analysis of *°N relaxation data are
color-coded. The residues affected by dynamic processes on the picosecond to nanosecond time scale demonstrate lower S* values. The residues affected
by dynamic processes on the microsecond to millisecond time scale (having Ry values of >2 Hz) are marked by asterisks. The two arenicin-2 monomers
(A and B) are labeled. The labels for residues from monomer B are underlined. (B) Spatial structure and backbone dynamics of monomeric arenicin-2 in
aqueous solution. The obtained dynamical NMR data are mapped on the previously determined spatial structure of the pegtide (Protein Data Bank entry
2JNI) using the coloring scheme in panel A. (C and D) Two-sided view of electrostatic and molecular hydrophobicity®® potentials on the arenicin-2
dimer surface. Red, blue, green, and yellow areas denote negative, positive, polar, and hydrophobic regions, respectively. This figure was prepared with

MolMol.*!

A further increase in D:P led to the appearance of a specific
spectral pattern characterized by a double number of 'H—""N
resonances and corresponded to the peptide dimer in complex
with the DPC micelle. An increase in the detergent concentration
also resulted in gradual narrowing of the peptide signals with the
"H" line width going into the plateau at D:P ratios of >40:1
(Figure 1C). The obtained data indicated that the observed
signal broadening is a consequence of exchange process(es)
between different structural states of the peptide (e.g.,, monomer,
dimer, etc.) taking place on the microsecond to millisecond time
scale. To minimize the influence of these processes, we con-
ducted the structural study of arenicin-2 at a D:P of 100:1, where
the peptide dimer represented the major structural state. Mod-
erately acidic conditions (pH 4.5) were chosen for the NMR
study. Arenicin-2 contains only one ionogenic group (the C-term-
inal carboxyl) that can be titrated under the acidic conditions. The
pH titration experiments (see the Supporting Information) en-
sured that the peptide dimer in complex with DPC micelles had
an identical spatial structure at moderately acidic pH and at
neutral pH.

Spatial Structure of the Micelle-Bound Dimer of Arenicin-
2. The spatial structure of the arenicin-2 dimer in complex with
DPC micelle was determined by triple-resonance NMR spec-
troscopy. The summary of the obtained NMR data, a calculated
set of 20 dimer structures, and structural statistics are shown in
Figures S1 and S3 and Table S1 of the Supporting Information,
respectively. The ribbon representation of the arenicin-2 dimer
in the micelle-bound form is shown in Figure 2A. Each peptide
monomer (A and B) represents the [5-hairpin formed by two
f-strands (Cys3—1Ile10 and Val13—Cys20) and a type I’ -turn
(Argl1—Gly12). The spatial structure of each monomer is
stabilized by nine intramolecular hydrogen bonds and one
disulfide bridge (Cys3—Cys20), having a “short right-handed
hook” or g+npng+ conformation (see the Supporting Informa-
tion for the definition). The asymmetric dimer is formed by
parallel association of N-terminal 3-strands (CNMNC type of

association), with the monomer B shifted by one residue relative
to monomer A. The dimer is stabilized by seven intermolecular
hydrogen bonds, involving HN groups of Cys3, TyrS, Tyr7, and
Arg9 from monomer A and Cys3, Tyr$, and Tyr7 from monomer
B (Figure S1 of the Supporting Information). As a result of this
asymmetry, the monomers demonstrate slightly different spatial
structures.

According to previous NMR and molecular dynamic investi-
gations, the [-hairpin of arenicin-2 in aqueous solution is
significantly kinked and twisted'”?’ (Figure 2B). In a water
environment, the 3-hairpin had a kink angle of ~35° and a right-
handed twist of ~200° (per eight residues). In contrast to that,
the four-stranded [3-structural dimer of arenicin-2 in a solution of
DPC micelles is significantly more planar. In the NMR-derived
set of structures, monomers A and B are characterized by kink
angles of 6 & 2° and 12 &= 2° and by right-handed twists of 52 &
9° and 29 £ 9°, respectively. Interestingly, a larger kink of
monomer B, as compared to monomer A, is compensated by a
smaller value of the twist angle. As a result, a relatively flat dimer
of arenicin-2 has a platelike overall shape and resembles a para-
llelogram with sides of ~36 and ~20 A, and a thickness of ~14 A
(including side chains). Noteworthy is the fact that the longest
“diagonal” of this parallelogram (distance between the Trp21
side chain of monomer A and Argll of monomer B) is ~47
Along.

The interaction interface within the dimer (Cys3—Ile10 of
monomer A and Trp2—Arg9 of monomer B) involves mainly
aromatic and hydrophobic residues, and all charged groups
[N-terminal amines, guanidine groups of 12 Arg residues (six
per monomer), and C-terminal carboxyl groups] became segre-
gated at the rim of the dimer “plate”. The maps of electrostatic
(Figure 2C) and molecular hydrophobicity (Figure 2D) poten-
tials on the surface of the arenicin-2 dimer illustrate its amphi-
pathic nature. The two almost symmetrical hydrophobic patches
on the dimer surface are formed in the middle of both sides of
the plate by the aromatic and hydrophobic side chains from the

6258 dx.doi.org/10.1021/bi200746t |Biochemistry 2011, 50, 6255-6265
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Figure 3. (A and B) Paramagnetic enhancement (£) of the transverse relaxation rate of H protons of the arenicin-2 dimer in complex with DPC
micelles induced by (A) lipid-soluble 16-DSA and (B) water-soluble MnCl,. The 200 s~' mM ™~ threshold line in panel A subdivides data points in two
groups: the residues located inside or outside the hydrophobic region of the micelle. The residues displaying an € of >6s~ ' mM " in panel B are possibly
located in the vicinity with phosphate groups of the detergent. (C) Data mapped on the structure of the arenicin-2 dimer. For residues colored green, red,
and yellow, € values above the given thresholds for 16-DSA, Mn®>", and both paramagnetic probes, respectively, were observed. For residues colored gray,
the determined ¢ values were below the given thresholds. The positions of Arg residues are labeled. The labels for residues from monomer B are
underlined. (D) Proposed topology of the arenicin-2/DPC complex. (E) CD spectra of arenicin-2 (Ar) in water, detergent micelles, detergent/lipid
bicelles, and lipid vesicles. The composition of the membrane-mimicking medium and the peptide:lipid ratio are given in the legend. Arrows indicate the
variable intensities of bands at ~195 and 203 nm for the samples that contain the arenicin-2 dimers according to NMR analysis. The spectra in vesicles

are presented only from 197 nm to exclude distortions induced by light scattering.

N-terminal -strands and by the Val13, VallS$, and Tyrl7 side
chains from the C-terminal strands of both the S-hairpins. The
distribution of hydrophobic and polar groups on the surface of
the arenicin-2 dimer observed in DPC micelles is dissimilar to
that of the monomeric peptide in aqueous solution, where a large
twist of the -hairpin (Figure 2B) effectively prevents formation
of large hydrophobic patches on the peptide surface.'”
Backbone Dynamics of Arenicin-2 in Aqueous Solution
and a DPC Micelle Environment. To track the changes in the
dynamics of the arenicin-2 backbone upon interaction with DPC
micelles and dimerization, the '*N relaxation parameters (R, and
R, relaxation rates and heteronuclear ">’N—{'H} NOEs) were
measured at 800 MHz for monomeric arenicin-2 in aqueous
solution and for the peptide dimer in complex with DPC micelles
(Figure S4 of the Supporting Information). The relaxation data
were analyzed by the so-called model-free approach (see the
review in ref 22) providing information about intramolecular
motions on two time scales (picoseconds to nanoseconds and
microseconds to milliseconds). Mapping of the obtained values
of the generalized order parameter (8*) on the structures of the
arenicin-2 dimer and monomer (Figure 2A,B) revealed that in
both cases the central regions of 3-strands are more stable on the
picosecond to nanosecond time scale than N- and C-terminal
fragments and the fragments encompassing [3-turns. Neverthe-
less, the overall stability of the peptide backbone in two milieus is
markedly different. The increase in the average S” value from 0.76
£ 0.4 to 0.88 £ 0.7 pointed to significant stabilization of the
arenicin-2 backbone on the picosecond to nanosecond time scale
upon incorporation into DPC micelles and dimerization. Inter-
estingly, the lowest mobility on this time scale was observed for
the residues located in the interaction interface within the dimer.

In contrast to the observed dissimilarity in picosecond to
nanosecond dynamics, arenicin-2 demonstrates a quite similar
distribution of microsecond to millisecond conformational fluc-
tuations in aqueous solution and in DPC micelles (Figure 2A,B
and Figure S4 of the Supporting Information). The largest (>8
Hz) exchange contribution to the N transverse relaxation rate
(Rgx) was detected in both cases for **N' nuclei of Gly12. In
addition, small, but significant, Rgx contributions (>2 Hz) were
detected for the residues from C-terminal strands of 3-hairpins
(Vall$ in water and Arg16 and Arg18 from monomer B in DPC).
The observation of microsecond to millisecond conformational
fluctuations at Glyl2 supplements previous data on the molec-
ular dynamic study of arenicin-2 in aqueous solution where the
dynamic fluctuations of the B-turn conformation were observed.”
Most probably, the S-turn motif within the peptide is able to
switch between several conformations both in water and in DPC
micelles. Moreover, according to NMR data, the most populated
state of the 3-turn depends on the environment and represents
type I in water and type II' in DPC micelles. The absence of a
detectable Rgx contribution at the residues adjacent to Gly12
could be explained by a slight variation in their "*N*' chemical
shifts upon f3-turn fluctuations that involve changes of only two
backbone angles, 3 of Argl1 and ¢ of Glyl2.

Stoichiometry and Topology of the Arenicin-2/DPC
Micelle Complex. The model-free analysis of '°N relaxation data
also provides information about rotational diffusion of macro-
molecules in solution. The determined overall rotational correla-
tion times (7g) of ~1.5 ns (water, 30 °C) and 12.6 ns (DPC
micelles, 43 °C) are consistent with reorientation of the mono-
meric peptide and relatively large peptide—detergent complex,
having hydrodynamic Stokes radii (Ry;) of ~12.3 and ~27.7 A,
and apparent molecular masses of ~3 and ~33 kDa, respectively.
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A similar average 7y value (12.4 & 1.3 ns) was calculated for the
arenicin-2 dimer in complex with DPC micelles from measured
N #yy rates [163 + 1.8 s (Figure S4 of the Supporting
Information)] by the approach described in ref 32. The estimated
mass of the mixed arenicin-2/DPC micelle (~33 kDa) roughly
corresponds to that of the peptide dimer (~S5.5 kDa) in complex
with 80 DPC molecules (~28 kDa). This stoichiometry (2:80) is
consistent with the DPC titration data (Figure 1C), where no
significant changes in "H" line widths of the peptide were observed
at a D:P ratio of >40:1.

The topology of the arenicin-2/DPC complex was elucidated
using two paramagnetic probes, 16-DSA and Mn>" jwith differ-
ent localization within the micelle. The paramagnetic nitroxide
moiety of 16-DSA is preferentially located close to the micelle
center.”® On the other hand, divalent Mn*" cations have affinity
for negatively charged phosphate groups of the detergent™
(arenicin-2 has only one negatively charged group, the C-term-
inal carboxyl). The paramagnetic relaxation enhancement in-
duced by 16-DSA revealed that the central regions of the four
[-strands of the dimer are embedded into the micelle interior
(Figure 3A,C). On the other hand, Mn”" ions effectively enhance
the relaxation of protons from N- and C-terminal regions and
from Leul4 and Argl6é residues belonging to the outer
(C-terminal) f3-strands (Figure 3B,C). Data obtained are consistent
with the TM arrangement of the arenicin-2 dimer within the
DPC micelle with the terminal regions and 5-turn fragments of
both the monomers located above the hydrophobic region of the
micelle (Figure 3D). Nevertheless, observation of the strong
simultaneous paramagnetic relaxation enhancement induced by
16-DSA and Mn”" at the Arg16 residues indicates that within the
arenicin-2/DPC complex the detergent headgroups can bend
toward positively charged side chains located at the center of
C-terminal f3-strands of the dimer. Thus, the arenicin-2/DPC
complex could be envisaged as a prolate ellipsoid, in which two
hydrophobic surfaces of the dimer plate are covered by the
hemispheres of detergent (Figure 3D).

Qualitative NMR Analysis of the Arenicin-2 Dimer in
Membrane Mimetics Containing Anionic Lipids or Deter-
gents. To investigate the influence of negatively charged lipid
molecules on the structure of the peptide dimer, we titrated the
previously prepared arenicin-2 (0.3 mM)/DPC (30 mM) sample
with a concentrated water solution of anionic lipid DOPG. The
"H—'>N TROSY spectrum measured at an arenicin-2:DPC:
DOPG molar ratio of 1:100:15 revealed that the dimer preserves
its spatial organization (Figure S6A of the Supporting In-
formation). The overall rotational correlation time of the areni-
cin/DPC/DOPG mixed micelle was estimated from the measu-
red 7xy rates [38.8 & 6.6 s~ (Figure S6D of the Supporting
Information)]. The obtained 7y value (25.5 £ 5.2 ns) corre-
sponds to reorientation of a globular particle with an Ry of 35.0
+ 22 A and an apparent mass of 67 + 14 kDa. Com-
parison of the obtained values with the properties of the
arenicin-2/DPC complex (see above) indicates that all added
DOPG molecules (MWpopg = 797 Da) are incorporated into
the complex. At the same time, the incorporation of additional
copies of the peptide dimers or DPC molecules is not excluded.

Most probable sites of interaction between the anionic lipid
and the peptide dimer are positively charged guanidine groups of
the Arg residues. Interestingly, addition of DOPG did not induce
large changes in the chemical shifts of side chain HN® groups of
Arg residues (Figure S6 of the Supporting Information). Thus,
the chemical environment around the Arg side chains does not

change much if DOPG is added to DPC. Most probably,
guanidine groups of the peptide in DPC micelles are involved
in electrostatic interactions with detergent negatively charged
phosphate groups. In spite of that, the noticeable changes in the
chemical shifts of backbone HN groups upon addition of DOPG
were detected for residues Ala6, Val8, Vall$, and Tyrl7 located
in the central region of all four S-strands of the dimer in the
vicinity of Argl6 (Figure S6C of the Supporting Information).
This observation points to the presence of energetically favorable
interactions between phosphate groups of the lipid and guani-
dine groups of Arg side chains from the C-terminal 3-strands of
the dimer.

A subsequent increase in the DOPG concentration to a final
arenicin-2:DPC:DOPG molar ratio of 1:100:30 initiated further
growth in the mass of the arenicin-containing complexes. The

H—"°N CRINEPT spectrum measured under these conditions
revealed a spectral pattern characteristic of the arenicin-2 dimer,
but with "H" line widths of ~70 Hz (Figure S6B of the Support-
ing Information). This indicates the formation of large particles
with masses of ~100 kDa, which could contain more than one
copy of the arenicin-2 dimer.

To characterize the structure of arenicin-2 in the environment
of anionic detergents, SDS was added to the peptide sample in
water. Like the situation observed with DPC, significant broad-
ening of NMR signals of the peptide was observed when the
detergent was added (data not shown). The tractable '"H-N
correlation NMR spectra of arenicin-2 were obtained only at a D:
P of 200:1 (Figure S7 of the Supporting Information). Analysis
of these spectra revealed that under these experimental condi-
tions the peptide forms asymmetric dimers with a structure
similar to that observed in DPC micelles. Noteworthy is the fact
that a comparison of the arenicin-2 CD spectra measured in SDS
micelles at D:P values of 200:1 and 50:1 revealed a quite similar
conformation of the peptide (see below).

CD Spectroscopy in Lipid Vesicles. To investigate the
arenicin-2 conformation in lipid bilayers, we recorded the CD
spectra of the peptide in the presence of small unilamellar vesicles
(SUV). As shown earlier, the peptide does not interact with
vesicles formed exclusively from zwitterionic lipids (POPC)."”
Thus, the anionic or partially anionic lipid systems (DOPG, 7:3
POPC/DOPG, PL", and PL®~ phospholipid mixtures) were
chosen for CD investigation. The CD spectra of arenicin in SUV
were compared with those measured in aqueous solution and in
detergent-based DPC, DPC/DOPG, and SDS membrane mi-
metics. The results (Figure 3E) indicate that the CD spectrum of
arenicin-2 undergoes dramatic changes upon the transition of the
peptide from aqueous solution to the anisotropic environment of
the lipid bilayer. The spectrum of the “atypical” view containing
two positive (at ~203 and ~230 nm) and two negative (at ~195
and ~213 nm) bands was transformed to the spectrum with a
view similar to canonical spectra of 3-structure demonstrating
only two bands (positive at ~195 nm and negative at ~220 nm).
Very similar spectra were obtained in all the tested lipid systems
(Figure 3E) except for the PE-containing PL°" phospholipid
mixture mimicking the plasma membrane of Gram-negative
bacteria. As shown previously,'” an addition of arenicin-2 to
the vesicles containing ~70% PE led to fast and irreversible
precipitation of the lipids. In this case, measurement of CD spectra
became impossible because of significant light scattering. Inter-
estingly, the other lipid systems also demonstrated different
stability when the peptide was added. The SUV composed of
exclusively anionic lipids (DOPG and PL%") were more stable,
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Figure 4. Permeabilization of planar lipid membranes by arenicin-1. The macroscopic peptide-induced current traces (A and B), the current traces of
individual arenicin pores (C and D), and histograms of arenicin-induced conductance (E and F) are shown for BLMs composed of PLS™ (A, C,and E)
and PLY" (B, D, and F) phospholipid mixtures. In all cases, arenicin was added to both sides of BLM, the peptide concentration was 0.5 #M, the applied
voltage was S0 mV, and the buffer solution consisted of S mM HEPES and 0.67 M NaCl (pH 7.4). The conductance histograms were fit using Gaussian

functions (dashed).

permitting an addition of the peptide to the final peptide:lipid
molar ratio of 1:100 without significant aggregation. At the same
time, partially anionic SUV containing 70% zwitterionic lipid
(7:3 POPC/DOPG mixture) were stable only at peptide:lipid
ratios of <1:200.

The CD spectra of arenicin-2 measured in detergent-based
membrane mimetics are also dissimilar to the spectrum of
arenicin-2 in aqueous solution. In comparison with the spectra
observed in SUV, they demonstrated an additional negative band
at ~203 nm. The amplitude of the band significantly depended
on the detergent composition of the sample. The lowest intensity
of the band was observed for arenicin-2/DPC/DOPG (1:100:30)
and arenicin-2/SDS (1:50 and 1:200) samples (Figure 3E). Bear-
ing in mind that in all studied detergent-based membrane
mimetics arenicin-2 adopts the -structural dimer conformation,
we can conclude that the peptide has a similar spatial structure in
the vesicles of anionic lipids. The differences in CD intensity at
~203 nm can be attributed either to the contribution of the
monomeric peptide population in solution (which demonstrates
a positive band at this wavelength) or to CD bands correspond-
ing to aromatic side chains of Tyr/Trp residues,® which could be
differently oriented in detergent micelles and lipid membranes.

Arenicin-Induced Conductance of Planar Lipid Mem-
branes. BLMs of two different lipid compositions were used
to model an arenicin action on plasma membranes of Gram-
negative and Gram-positive bacteria. The BLM-mimicking plas-
ma membrane of Gram-negative bacteria (PLS") was formed
using the phospholipid mixture consisting of ~70% zwitterionic
PE and ~30% anionic PG and DPG (weight percent), whereas
only anionic phospholipids DPG, PG, and phosphatidylinositol
were used to prepare BLM-mimicking plasma membrane of
Gram-positive bacteria (PL"). No significant differences were
observed in BLM permeabilization induced by arenicin-1 and
arenicin-2. Because a major part of the BLM measurements
were taken with arenicin-1, the experimental data presented in
Figure 4 are given for this peptide. Arenicins induce in both BLMs
current fluctuations of steadily growing intensity (Figure 4A,B),
resulting eventually in membrane rupture. The interaction of the

peptide with PL" membranes occurs more rapidly with larger

current fluctuations appearing immediately after the addition
of the peptide (Figure 4B). On the other hand, the development
of large-amplitude currents in PL°~ BLMs takes more time
(Figure 4A). Inspection of electric recordings on an expanded
time base reveals single-pore activities induced by arenicin
(Figure 4C,D). In both cases, the pores have a similar average
lifetime (44.3 & 2.4 and 35.9 + 1.0 ms for PLY and PLS",
respectively), but they differ significantly in conductance levels
(Figure 4E,F). The low-conductivity arenicin pores (~0.23 nS)
were observed for the PL®™ mixture, whereas the pores of higher
conductivity (~1.8 nS) were detected for the PLS" BLM.
Presuming cylindrical geometry of arenicin pore, one can calcu-
late that these conductance levels correspond to buffer-filled
annuli in the lipid membrane with areas (S?) of ~22 and ~177
A? and effective diameters (D) of ~5.3 and ~15.0 A, respec-
tively. Interestingly, the currents of a larger amplitude (~S5.1 nS),
corresponding to an SP of ~494 A” and a DP of ~25.1 A, were
also rather frequently observed in PL®" membranes (Figure 4F).
Noteworthy is the fact that arenicin-1 conductivity levels (1.8/
5.1 nS, 0.67 M NaCl) observed here for the PL" membranes
roughly correspond to the levels (0.31/1.0 nS, 100 mM KCI)
previously detected for arenicin-1 in the BLMs with different
lipid compositions.*® In addition, quite recently, arenicin-in-
duced defined conductivity levels were also observed in BLM
consisting of PG, lysyl-PG, and PE (25:25:50).”” At the same
time, the low-conductivity arenicin pores observed in PLS™
membranes were not previously described.

l DISCUSSION

The (-hairpin AMP arenicin has efficient and broad-spectrum
antimicrobial activity probably mediated by the action of the
peptide on cellular membranes.'”** Molecular mechanisms of
the peptide—lipid interactions, disruption, and/or translocation
across target membranes are still obscure. This study is focused
on several structural aspects of arenicin membrane-mediated
action: (i) changes in the peptide conformation and dynamics
when contacting the lipid-mimicking environment, (i) detailed
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membrane-bound peptide dimer structure, and (iii) molecular
insight into formation of the peptide pore within membranes.

The solution of DPC micelles was chosen as the membrane-
mimicking environment for the NMR study of arenicin-2. This
relatively mild zwitterionic detergent was successfully used in
numerous investigations of membrane proteins and membrane-
active peptides. In most cases, it supported the membrane-
relevant spatial structure of solubilized proteins and peptides,*
although it is worth noting that in contrast to neutral DPC
micelles, the bacterial membranes contain mainly anionic lipids
and are negatively charged. Dimerization of the arenicin-2 in
DPC micelles was recently observed by "H NMR spectroscopy.'®
The advances provided by recombinant peptide production,
stable isotope labeling, and triple-resonance NMR spectroscopy
contributed to determination of a high-resolution spatial structure
of the arenicin-2 dimer in complex with DPC micelles (Figure 2).
Comparison of data obtained with the results from a previous
NMR study of monomeric arenicin-2 in aqueous solution'’
showed that interaction with micelles and oligomerization pre-
serve the peptide secondary structure but significantly decrease
the [-hairpin twist, markedly increase its amphipathicity, and
lower the amplitude of picosecond to nanosecond time scale
motions in the peptide backbone. It should be noted that amphi-
pathicity of the peptide surface is one of the essential prerequi-
sites for potent membrane activity.”” Thus, the results indicate
that the [S-hairpin of arenicin has a propensity to adapt its
structure to form energetically favorable interactions with the
anisotropic membrane-mimicking environment. At the same
time, it should be noted that the membrane-associated form of
the fS-hairpin peptide could also demonstrate some degree of
intramolecular mobility. For example, the recent solid-state NMR
study of arenicin detected significant conformational heteroge-
neity within the membrane-bound peptide.** This observation is
consistent with microsecond to millisecond conformational
fluctuations detected in the arenicin/DPC complex.

Similar behavior has been widely documented for o-helical
AMPs, which frequently have no defined spatial structure in
aqueous solution but form ordered amphipathic 0-helices when
contacting the lipid bilayer surface.*' Interestingly, in some cases,

oligomerization of t-helical AMPs in the membrane-mimicking
environment of detergent micelles or lipid vesicles was observed
by NMR spectroscopy.*>* On the other hand, data available for
p-hairpin AMPs are scarce and contradictory. The high-resolu-
tion NMR study of tachyplesin I revealed substantial distortions
in the hairpin structure induced by transition of the peptide from
water to DPC micelles.** At the same time, during solid-state
NMR investigation of tachyplesin in DMPC bilayers, the devia-
tions from regular B-hairpin conformation were not detected.*”
In agreement with the latter finding, a solution NMR study of
the closely related peptide polyphemusin (the synthetic ana-
logue PVS) conducted in water and in DPC micelles did not
reveal significant changes in the peptide backbone structure.*
However, an increase in the amphipathicity of polyphemusin
PVS induced by reorganization of side chains was observed in
DPC micelles.*® The oligomerization of the -hairpin AMPs was
previously described only for protegrin I, for which the formation
of asymmetric -structural dimers stabilized by parallel associa-
tion of C-terminal strands was observed by solid-state NMR
spectroscopy in lipid bilayers.*” Noteworthy is the fact that the
oligomerization pattern of protegrin differs from that currently
described for arenicin, which forms dimers by parallel association
of N-terminal strands.

In earlier arenicin investigations, the peptide was supposed to
form higher-order oligomers (tetramers, hexamers, octamers,
etc.) in the membrane-mimicking environment containing nega-
tively charged lipids or detergents.'® Presently obtained NMR
data collected in SDS micelles and DPC/DOPG bicelles (Figure
S6 of the Supporting Information) were insufficient to confirm or
disprove the formation of higher-order aggregates of the peptide
in anionic or partially anionic media. Nevertheless, in combina-
tion with the results of CD spectroscopic investigation of arenicin-
2 in lipid vesicles (Figure 3E), data obtained allowed us to propose
that the main building block of these higher-order aggregates
(if they exist) is represented by the peptide dimers having a
structure similar to that observed in DPC micelles. Mn>" and
DOPG titrations (Figure 3B and Figure S6C of the Supporting
Information) pointed to the presence of electrostatic interactions
between Argl6 side chains located in the outer (C-terminal)
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strands of the dimer and anionic phosphate groups of the lipid
and/or detergent. Presumably, higher-order aggregates of areni-
cin-2 can be formed by loose association of the C-terminal
B-strands of the dimers and stabilized by the lipid headgroups
intercalating between them.

The insertion of the peptide into the hydrophobic core of the
DPC micelle (Figure 3D) and geometric parameters of the
dimer, having a length of ~35 A sufficient to span the hydro-
phobic region of the bilayer, imply that the arenicin-2 dimer can
adopt a TM orientation within the lipid membrane. Association
of these TM dimers, in turn, can lead to formation of ion-con-
ducting pores in the target bilayer. The obtained picture of
possible arenicin-2 higher-order oligomerization in an anionic
membrane-mimicking environment is consistent with only the
toroidal pore mechanism of AMP action, where ion-conducting
pores within the membrane are formed when lipid molecules are
involved (Figure S).

To test the conformance of the toroidal pore mechanism with
the arenicin conductance levels observed in BLM systems, three
mechanistic pore models were constructed (Figure SA). These
models involve two, three, and four arenicin dimers separated by
lipid headgroups that intercalate between Arg side chains. The
pore area (SP) was calculated for each model as the area of the
polygon (Figure SA, cross-hatched) with the sides equal to the
dimer width (A) and the distance between neighboring dimers
(B) excluding the area occupied by the peptide side chains and
lipid headgroups (equal length C was assumed). The models
contain two variable parameters, B and C, and the width of the
dimer (A, C*—C*® distance for the four-stranded [3-sheet) was
restricted to 13.5 A. The fitting of pore areas predicted by these
models to SP values calculated from arenicin conductance levels
allowed us to reproduce the pore area (and consequently condu-
ctivity levels) with errors no larger than 5%, giving values for the
effective pore diameter (D) of ~5.3, ~15.4, and ~24.5 A. The
best-fit value of C (4.4 A) is compatible with average lengths of
amino acid side chains and lipid headgroups. Moreover, the
calculated best-fit value of B (13.6 A) agrees well with the
distance expected between backbone atoms of two Arg residues
with guanidine groups that form the hydrogen bonds with the
phosphate of a lipid molecule assuming noncollinear geometry.
Compatible dimer—dimer and guanidine—phosphate distances
were observed for protegrin I in anionic PE/PG lipid bilayers,
where according to solid state NMR data the dimers of protegrin
form toroidal-like oligomers.**

Summarizing the discussion given above, we can conclude that
electrochemical measurements in planar lipid bilayers are consistent
with the toroidal pore mechanism of arenicin-2 action, and the
peptide dimer represents the main structural unit involved in pore
formation. The dithering of conductivity levels observed on the
conductance histograms (Figure 4E,F) can occur as a consequence
of the highly dynamic and fluctuating nature of the peptide/lipid
assembles, having no stable contacts between the peptide dimers,
and accommodate various distortions from ideal geometry. In this
case, the proposed mechanistic models of tetrameric, hexameric, and
octameric arenicin pores (Figure SA) provide an average picture of
the peptide/lipid assembles. In contrast to that the barrel-stave
model of AMP, pore formation is not consistent with obtained
permeability data. The stable peptide/peptide contacts implied
within this model should lead to well-defined conductance levels
with different spacing between them.*

Using available structural data, we can describe several struc-
tural transitions involved in arenicin membrane-disruptive action

(Figure SB). Initially, the peptide monomers, having the twisted
B-hairpin conformation and enhanced intramolecular mobility,
approach the anionic membrane surface. The peripheral binding
to the bilayer induces dimerization of the peptide and diminishes
an amplitude of intramolecular motions, which lead to the
formation of amphipathic structure with the hydrophobic
B-structural core and positively charged residues on its edge.
The subsequent transition of the peptide dimers into the TM
orientation leads to formation of ion-conducting pores in the
target membrane according to the toroidal pore mechanism.
Noteworthy is the fact that the surface-bound state of arenicin
(Figure SB) is not evident from the presently obtained structural
data. Nevertheless, the presence of this structural state is supported
by different stability of vesicular lipid systems upon addition of
arenicin. Most probably, low charge density in the partially
anionic POPC/DOPG (7:3) SUV makes stabilization of all
bound peptide molecules in the TM arrangement impossible,
and the peptide fraction remains surface-bound. This leads to
electrostatic attraction between different vesicles and finally
induces the precipitation of large peptide/lipid complexes. In
this case, the replacement of zwitterionic phosphatidylcholine
lipid with phosphatidylethanolamine should additionally stabi-
lize the surface-bound state by invoking the significant negative
curvature strain in the membrane.*® In accordance with these
expectations, the SUV containing ~70% PE [PL®™ mixture (this
study) and 7:3 POPE/DOPG mixture'’] demonstrated very low
stability upon addition of arenicin. Low charge density and
negative curvature strain induced by PE are probably responsible
for low-conductivity arenicin pores in the PL®™ planar bilayers.
The TM peptide density in this system could be too low for the
formation of high-molecular mass aggregates and consequently
high-conductivity pores observed in PL®" BLMs. Noteworthy is
the fact that the solid-state NMR study of arenicin also pointed to
the presence of an equilibrium between TM and surface-bound
structural states of the peptide.** Interestingly, the changes in
peptide alignment in response to differences in lipid bilayer
composition (surface-bound in POPE/POPG and TM in POPC)
were recently observed by solid-state NMR for the fungal o.-helical
AMP alamethicin,® which acts according to the barrel-stave
mechanism.*

In summary, this investigation provides the first high-resolu-
tion structure of dimeric 8-hairpin AMP in a membrane-mimick-
ing environment and gives a detailed description of changes in
the structure and dynamics of the peptide upon interaction with
the anisotropic membrane environment and dimerization. The
electrochemical measurements in planar lipid membranes pro-
moted for the fist time detection of low-conductivity arenicin
pores, whereas structural data propose the toroidal pore mechan-
ism of arenicin action.
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