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Aurelin is a 40-residue cationic antimicrobial peptide isolated from the mezoglea of a scyphoid jellyfish
Aurelia aurita. Aurelin and its '>N-labeled analogue were overexpressed in Escherichia coli and purified.
Antimicrobial activity of the recombinant peptide was examined, and its spatial structure was studied
by NMR spectroscopy. Aurelin represents a compact globule, enclosing one 3;o-helix and two a-helical
regions cross-linked by three disulfide bonds. The peptide binds to anionic lipid (POPC/DOPG, 3:1) vesi-
cles even at physiological salt concentration, it does not interact with zwitterionic (POPC) vesicles and
interacts with the DPC micelle surface with moderate affinity via two a-helical regions. Although aurelin
shows structural homology to the BgK and ShK toxins of sea anemones, its surface does not possess the

NMR “functional dyad” required for the high-affinity interaction with the K*-channels. The obtained data per-

Spatial structure

mit to correlate the modest antibacterial properties and membrane activity of aurelin.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Endogenous antimicrobial peptides (AMPs) of animal origin are
evolutionarily conserved and ubiquitous molecules involved in in-
nate defense mechanisms of a wide range of organisms protecting
them against a broad repertoire of pathogenic bacteria, fungi, pro-
tozoa, and enveloped viruses [1]. Marine invertebrates lack an ac-
quired immunity with a system of antibody diversification and rely
solely on innate immune mechanisms. The survival of marine
invertebrate animals in microbe-laden environment suggests that
their innate immune system is effective and robust. AMPs are a
major component of the innate immune defense system in marine

Abbreviations: 16-DSA, 16-doxylstearate; DOPG, 1,2-dioleoyl-sn-glycero-3-
phosphoglycerol; DPC, dodecylphosphocholine; D:P, detergent to peptide molar
ratio; €, paramagnetic enhancement of transverse relaxation (R;); Kv, voltage-gated
K*-channel; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPG, 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol; Ry, hydrodynamic Stokes
radius; SUV, small unilamellar vesicles.
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invertebrates [2]. They are defined as peptide molecules which ex-
hibit antimicrobial properties and provide an emergent response to
invading microorganisms. Despite an impressive variety of already
discovered and characterized marine invertebrate AMPs [3], mech-
anisms of their antimicrobial action are still obscure. As marine
invertebrates AMPs are considered potential peptide antibiotics
for combating microbial drug resistance, their structures and mode
of action need deeper analysis.

From a structural point of view, AMPs demonstrate high diver-
sity [1]. However, all these peptides (including a-helical peptides,
B-structural disulfide-rich peptides, and the peptides without seg-
ments of defined secondary structure) share common structural
properties: they contain large portion of cationic and hydrophobic
amino acid residues, form amphipathic structures upon contact
with lipid membranes, and demonstrate significant membrane
activity [1,4]. This activity of AMPs is believed to be either the main
mode of their action resulting in membrane disruption and cell ly-
sis, or an intermediate step promoting AMPs penetration to intra-
cellular targets [4]. It is generally assumed that the overall positive
charge underlies AMPs selectivity towards anionic membranes of
bacterial cells [5]. The electrostatic peptide/membrane interactions
can be significantly weakened upon increase in ionic strength, thus
leading to loss in AMPs activity and selectivity even at physiologi-
cal conditions [6].
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Marine animals also produce other classes of peptide molecules.
The most pharmacologically important of them are toxins which
selectively block or modulate membrane receptors and ionic chan-
nels [7]. Similarly to AMPs, peptide toxins of marine invertebrates
demonstrate a large diversity of structural folds, but mainly they
represent compact disulfide-rich molecules. The high affinity and
selectivity of toxin/receptor interaction are conditioned by specific
functional groups having a definite location on the surface of toxin
molecule [8].

AMPs and toxins of evolutionary distant organisms often share
similar scaffolds which might be a consequence of divergent evolu-
tion from a common ancestor. Earlier, we discovered a novel 40-
residue cationic antimicrobial peptide aurelin, exhibiting activity
against Gram-positive and Gram-negative bacteria [9]. Aurelin
was purified from the mezoglea of a scyphoid jellyfish Aurelia auri-
ta. Aurelin has six cysteines forming three intramolecular disulfide
bridges (Fig. 1A) and shows a moderate degree of homology (40%
and 27.5%, respectively) with K'-channels blocking toxins BgK
[10] and ShK [11] of sea anemones. These toxins are composed of
35-37 amino acid residues and adopt so-called “helical cross-like
motif”, which encompasses two or three helical elements cross-
linked by three disulfide bridges with the C1-C6, C2-C4, C3-C5
arrangement [12] (Fig. 1A and B). According to mutagenesis data,
the pair of positively charged and aromatic/hydrophobic residues
(Lys-Tyr in case of BgK and ShK), so-called “functional dyad”, rep-
resents one of the major structural determinants of the toxins
high-affinity binding to the external vestibule of Kv channels
[8,10,13]. It was proposed that a positively charged side chain of
Lys residue directly occludes the ion channel pore upon complex
formation [14]. Aurelin possesses the critical Lys28 at a homolo-
gous position, but the following Tyr residue is substituted by
Leu29.

A homologous six-cysteine motif, termed ShKT domain (SMART
database) or “CRISP domain-like” fold (SCOP database) was identi-
fied in a number of vertebrate and invertebrate proteins (Fig. 1A),
particularly in secreted mucin-like glycoproteins [15], matrix
metalloproteases (MMPs) [16], and cysteine-rich secretory pro-
teins (CRISPs) [17,18]. Although the domain function within large
proteins is still obscured, it was speculated to be involved in extra-
cellular and intracellular proteins interaction, acting as a signaling
ligand or even as an ionic channel-blocking unit [16-18].

In the present work, the bacterial expression system for produc-
tion of the recombinant aurelin and its '>N-labeled analogue was
developed to determine the peptide three-dimensional structure
and investigate the mechanisms of its action. Antimicrobial activ-
ity, spatial structure, backbone dynamics and interaction of aurelin
with lipid vesicles and membrane mimicking detergent micelles
were studied.

2. Materials and methods

2.1. Plasmid construction and heterologous expression in Escherichia
coli

The recombinant plasmid pET-His8-TrxL-Aur was constructed
by ligating the 5253 bp Bglll/Xhol fragment of pET-31b(+) vector
(Novagen) with a PCR-constructed insert containing the T7 pro-
moter, the ribosome binding site and the sequence encoding the
recombinant protein. The last one included octahistidine tag, TrxL
carrier protein (E. coli thioredoxin A amplified from pET-32a(+)
vector (Novagen) in which the M37L mutation was introduced),
methionine residue and the mature aurelin (Fig. S1). The sequence
coding mature aurelin was amplified from the natural preproaure-
lin cDNA using mutagenic PCR primers that substitute rare codons
with those preferred by E. coli translation system. The plasmid size

Aurelin AACSDRAHGHICESFK-- SFCKDSGRNGVKERAN-CKKTEGL-E 40
K* channel blocking-toxins from sea anemones

BgK VCRDWFKETACRHAKSLGNCRTS --Q--| -CAKTCEL-C 36
ShK RSCIDTIPKSRCTAFQ----CKHS---- SFCRKTCGT-C 35
AeK GCKDNFSANTCKHVKANNNC-GS--Q--KYATN-CAKTCG-KC 36
AsKS ACKDNFAAATCKHVKENKNC-GS - -Q--KYATN-CAKTCG-KC 35
HmK RTCKDLIPVSECTDIR----CRTS----MKYRLNLCRKTCGS-C 35
Metridin DSDCKDKLPA--CGEYRG-SFCKLE---—-! KVKSN-CEKTCGVKE 36

Toxin-like domains (TxD) of matrix metalloprotease-23 (MMP23)

TxD, Human CLDRLFV--CGASWARRGFEDARRRLMKRL----EPSSEDF-E 35
TxD, Rat CLDRIFV--CTSWARKGFCDVRQRLMKRL----CPRSCDF-C 35
TxD, Sea anemone CRDKLYS--CKLWAKQGFCEIRKDFMPTE----CPKSCKI-C 35

Six-cysteine domains (SXC) of secretory mucins from nematode Toxocara canis
TC-MUC-1 sSXC-1 CIDTAND--CQLFTPL--CFVQPYSRAIQGR--CRRTCNI-C 35
TC-MUC-1 SXC-2 CQDSAND--CANFVSV--CLNPTYQPVLRSR--CPLTCGF-C 35

lon channel regulatory domains (ICR) of cysteine-rich secretory proteins (CRISP)

CRISP1l, Human CIYYDEYFDCDIQVHYLGCNHSTTILF------ CKATCL--C 34
TPX-1 (CRISP2) ,Mouse CDFEDLLSNCESLKTSAGCKHELLKTK------| CQATCL--C 34
ICR of CRISPs from reptile venom

Natrin-1, Cobra CTIYNKLTNCDSLLKQSSCQODDWIKSN----—-i CPASCF--C 34
Helothermine, Lizard CKQNDVYNNCPDLKKQVGCGHPIMKD-------| CMATCK--C 33

Aurelin N-ter

BgK MMP23-TxD, Rat ™,
N-ter N-ter)

Fig. 1. (A) Amino acid sequence alignment of aurelin [9], K*-channel blocking
toxins from sea anemones [12], toxin-like domains (TxDs) of matrix metallopro-
tease-23 (MMP23) [16], six-cysteine domains (SXCs) of secretory mucins from
nematode Toxocara canis [15], ion channel regulatory domains (ICRs) of mammalian
cysteine-rich secretory proteins (CRISPs) [17], and ICRs of CRISPs from reptile
venom [18]. (B) Comparison of spatial structures of aurelin, ShK, BgK, and MMP23-
TxD from rat (PDB codes are 2LG4, 1RO0, 1BGK, and 2K72, respectively). Amino acid
residues of BgK and ShK important for binding to Kv channels [8,10,13,14] and the
corresponding residues of aurelin are shown. The residues belonging to “functional
dyad” are underlined and colored in cyan and magenta. Disulfide bonds, aromatic/
hydrophobic, positively charged and other polar residues are colored in orange,
yellow, blue, and green, respectively. On the panel A the conservative residues from
the Asp/Lys-Thr motif are marked by arrows and highlighted by color. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

is 5876 bp. The encoded fusion protein consists of 163 amino acid
residues (17.8 kDa). The BL-21 (DE3) cells transformed with
pET-His8-TrxL-Aur were grown in LB medium with 100 pg/mL of
ampicillin up to ODggg 0.8 and then were induced with 0.2 mM
isopropyl-p-p-thiogalactopyranoside (IPTG). '’N-labeled aurelin
was expressed in M9 minimal medium containing 1 g/L '>NH,CI
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(CIL, Andover, MA). Please see experimental details in SI Materials
and Methods.

2.2. Recombinant aurelin purification

The cells were harvested by centrifugation and sonicated in the
buffer containing 20 mM imidazole. Soluble fraction was separated
by centrifugation and then loaded into Ni-NTA column. The re-
combinant protein was eluted with the buffer containing 0.5 M
imidazole. After dialysis the protein of interest was dissolved in
80% TFA and then cleaved by an equal mass of CNBr under standard
conditions. The lyophilized products of the cleavage reaction were
dissolved in the cell lysis buffer (pH 7.8), and the carrier protein
was eliminated from the mix by the second Ni—-NTA chromatogra-
phy stage.

The clarified solution was loaded to the RP-HPLC semi-prepara-
tive column Reprosil-pur C18-AQ (Dr. Maisch GmbH) equilibrated
with solution A (5% acetonitrile, 0.1% TFA). The chromatography
was performed in a step gradient of solution B (80% acetonitrile,
0.1% TFA). The peaks were monitored at 214 nm, collected, vacuum
dried, and applied to Tris-tricine SDS-PAGE. Please see experimen-
tal details in SI Materials and Methods. TFA was removed during
repetitive lyophilization. The purified recombinant aurelin was
analyzed by MALDI-TOF MS using Reflex IIl mass-spectrometer
(Bruker Daltonics) and by automated Edman degradation using
the Procise cLC 491 Protein Sequencing System (PE Applied Biosys-
tems). The obtained peptide had a purity of at least 99% as mea-
sured by RP-HPLC, MALDI-TOF MS, and NMR.

2.3. Antimicrobial assay

Antibacterial activity of the purified aurelin against Gram-posi-
tive and Gram-negative bacteria was measured by the radial diffu-
sion assay as described in [19]. Minimal inhibitory concentrations
(MICs) of the recombinant peptide were determined using the
modified version of the broth microdilution assay [20]. Please see
experimental details in SI Materials and Methods.

2.4. NMR experiments, spatial structure calculation and analysis of
relaxation data

The NMR investigation was done using 0.5-1.0 mM samples of
aurelin or its °N-labeled analogue in 5% D,0 or 100% D,0 at pH 4.5
and 30 °C. NMR spectra were acquired on a Bruker Avance 600
spectrometer equipped with a cryoprobe. 'H and >N resonance
assignment was obtained by a standard procedure using combina-
tion of 2D and 3D TOCSY and NOESY spectra [21]. Spatial structure
calculation was performed using the CYANA program [22]. The
disulfide bond connectivity pattern was established on the basis
of observed NOE contacts and verified during preliminary stages
of spatial structure calculation. Backbone dynamics of aurelin in
aqueous solution was investigated using '’N-relaxation measure-
ments. R; and R, relaxation rates and heteronuclear >N-{'H} NOEs
were analyzed using the so-called “model-free” approach (Fig. S5)
[21]. Details of experiments and analysis of NMR data are de-
scribed in SI Materials and Methods.

2.5. Aurelin binding to lipid vesicles and DPC micelles

Small unilamellar vesicles (SUV) were prepared via sonication
using POPC or POPC/DOPG (3:1) mixture (Avanti Polar Lipids, Ala-
baster, AL) in 10 mM Tris-Ac buffer (pH 7.0) with or without
100 mM NaCl. The final lipid concentrations were measured via
1D 'H NMR spectroscopy by dissolving the small fractions of SUV
preparation in the CDCl;/CD30D/D,0 (15:10:3) mixture. Titration
of 1>N-labeled aurelin sample (30 uM, 5% D,0, same buffer) with

SUV was performed at 30 °C. At each lipid concentration, 1D 'H
NMR spectrum was measured and the equilibrium concentration
of free peptide in solution C; was determined using the integral
intensity of the amide-aromatic region of the spectrum. The bind-
ing isotherms were analyzed as a partition equilibrium [23] using
the formula:

Co=Cr+Cp (1)

where G, is the bound peptide concentration, Cy is the total peptide
concentration, K, is the partition coefficient, and L* is the lipids con-
centration in the outer leaflet of the vesicles (60% of total lipid,
L*=0.6 x L). The effect of dilution was accounted for.

The adsorption isotherm of aurelin to the surface of the d38-
DPC (CIL) micelle was measured using previously described meth-
od [24]. This isotherm was analyzed using partition equilibrium Eq.
(1) assuming that L* is equal to total detergent concentration in the
sample. The model of the aurelin-micelle complex was built using
lipid-soluble relaxation probe 16-doxylstearate (16-DSA, SIGMA).
Please see experimental details in SI Materials and Methods.

3. Results
3.1. Aurelin heterologous expression, purification and characterization

In order to achieve a higher yield of a soluble aurelin ex-
pressed in E. coli cytoplasm, thus avoiding the refolding procedure
after the peptide isolation from inclusion bodies, the amino acid
sequence of the peptide was fused with His-tagged thioredoxin
carrier protein as described [25]. Cyanogen bromide cleavage at
the single methionine inserted downstream of the carrier protein
allowed to produce an exact analogue of the natural peptide lack-
ing any additional residues. The target gene was placed under
control of T7lac promoter within a low copy number plasmid that
was introduced into E. coli BL21(DE3) strain, and the expression
was induced by IPTG. The purification protocol consisted of the
cell harvesting, sonication and preparative centrifugation of the
cell lysate, immobilized metal ion affinity chromatography (IMAC)
of the fusion protein, dialysis against acetic acid solution, cyano-
gen bromide cleavage of the fusion protein, elimination of the car-
rier protein by the second round of IMAC, and fine aurelin
purification using reversed-phase HPLC in acetonitrile concentra-
tion gradient.

In LB medium the recombinant protein was obtained mostly in
a soluble form. The yield constituted up to 3.5 mg/L of the medium
(in conversion to pure peptide). In M9 minimal medium the yield
of '°N-labeled recombinant protein was somewhat lower
(2.5 mg/L), mostly due to the fact that about half of the fusion pro-
tein was deposited in inclusion bodies.

The recombinant peptide and its !°N-labeled analogue were
characterized by SDS-PAGE, MALDI-TOF mass spectrometry, auto-
mated microsequencing, and antimicrobial activity testing. The
unlabeled recombinant aurelin was proved to be identical to the
natural peptide in respect of its molecular mass (4296.4 Da) and
amino acid sequence. The '’N-labeled aurelin analogue showed
60 Da increase in molecular mass (4356.6 Da) indicating that all
the N atoms were substituted with stable isotope '°N.

3.2. Biological activity of recombinant aurelin

Antimicrobial activity of the recombinant aurelin was examined
by the radial diffusion assay against eight test microorganisms,
including Gram-positive and Gram-negative bacteria (Fig. 2). Aure-
lin was active against all the test microorganisms, but at rather
high inhibitory concentrations. Minimal inhibitory concentrations
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Fig. 2. Antimicrobial activity of aurelin. Data shown are mean +SEM of five independent experiments performed in duplicate. *P < 0.05; **P < 0.005, indicate statistically

significant differences between different peptide concentrations.

(MICs) were determined using the broth microdilution assay for
the most aurelin-sensitive test microorganisms - the Bacillus
megaterium, strain B-392, and the Micrococcus luteus, strain Ac-
2229 (the MICs of 10 and 40 pM, respectively).

3.3. Spatial structure and ionization properties of aurelin in aqueous
solution

The spatial structure of aurelin was studied by 'H-'>N NMR
spectroscopy in aqueous solution at pH 4.5 (Fig. 3A). The summary
of the obtained NMR data, a calculated set of 20 structures, and
structural statistics are shown in Fig. S2 and Table S1, respectively.
The peptide (Fig. 4A) represents a compact globule cross-linked by
three disulfide bonds (Cys3-Cys40, Cys12-Cys33, and Cys19-
Cys37). The secondary structure of aurelin involves two helical re-
gions. The fist of them (His10-Asp21) is divided into o-helix
(His10-Phe15) and 34¢-helix (Lys16-Asp21) by the ~60° kink at
Phe15. The second region (Arg24-Asn32) has an o-helical confor-
mation. The aurelin structure is stabilized by 17 backbone-back-
bone hydrogen bonds. The maps of electrostatic (Fig. 4B) and
molecular hydrophobicity (Fig. 4C) potentials revealed the pro-
nounced hydrophobic patch on the otherwise positively charged
surface of aurelin (net charge +7). This patch formed by the side
chains of Ile11, Phe15, and Phe18 endows the peptide structure
with the moderate amphipathicity.

The pH dependence of the peptide chemical shifts and 3J vy
coupling constants was monitored in the range from 2.0 to 6.0.
The analysis of pH titration curves allowed to measure the pKj, val-
ues for the side chains of Asp5, Glu13, Asp21, and C-terminal car-
boxyl group (2.8, 3.8, 3.0, and 2.6, respectively). The pKa values for
His8 and His10 side chains were estimated to be above 5.5. The
precise determination of His pKa was impossible due to significant
broadening of His resonances observed at higher pH. Thus, at pH
4.5 used for structural study all acidic groups and His side chains
of the peptide were almost fully charged. Comparison of the
3] vy values measured at pH 3.2, 4.5 and 6.0 (Fig. S3A) did not re-
veal significant pH-induced changes in the conformation of the
aurelin backbone. This indicates that the peptide has quite similar
spatial structure at acidic and neutral pH.

The pH titration also did not reveal notable changes of the Arg
and Lys side chain chemical shifts upon changes in ionization state
of the carboxylic groups. This points to the absence of salt-bridge
interactions between positively and negatively charged residues
within the peptide. The analysis of pH titration curve for the HN
proton of Thr36 (Fig. S4) reveals the formation of a hydrogen bond
with Asp5 carboxyl group (Fig. 4A). Together with Cys3-Cys40
disulfide bridge, this hydrogen bond controls relative position of
the N- and C-terminal peptide regions.

3.4. Comparison of spatial structures of aurelin, sea anemone toxins
and other proteins containing ShKT domain

The obtained results revealed structural homology between
aurelin and sea anemone toxins BgK and ShK (Fig. 1B). The pep-
tides share identical disulfide pairing scheme (C1-C6, C2-C4, C3-
C5) and secondary structure composed of three helical elements.
Nevertheless, the relative orientation and length of these helices
are remarkable different. The peptides have quite similar spatial
position of the putative “pore blocking” Lys28 side chain (the res-
idue numbers are given for aurelin) relative to the frame of con-
served disulfide bonds (RMSD of the aurelin structure from BgK
and ShK structures calculated over C* atoms of six Cys and Lys28
is 1.68 and 1.39 A, respectively). At the same time, the side chain
of the second putative “functional dyad” member (Leu29) became
buried within the hydrophobic core of the aurelin structure (Fig. 4A
and C).

Using C* atoms of the six conserved cysteines, aurelin can also
be fairly good superimposed (RMSD in the range from 1.0 to 2.1 A)
with the ShKT domains from various proteins, including rat
MMP23, CRISPs from snake venoms (pseudechetoxin, pseudecin,
stecrisp, triflin, and natrin), and mouse CRISP-2 (pdb codes:
2K72, 2DDA, 2DDB, 1RC9, 1TWVR, 1XTA, and 2A05, respectively).
The presence of electrostatic interactions between Asp5 and
Lys35-Thr36 residues additionally emphasizes the structural
homology between aurelin and other proteins containing ShKT do-
main. Indeed, these residues are absolutely conserved in sea anem-
one toxins (Fig. 1A) and important for proper folding of BgK and
ShK [10,13]. Moreover, formation of the salt-bridge between
carboxyl group of aspartate and €-amino group of lysine was
suggested in the NMR study of ShK [26]. The homologous Asp/

charged Lys/Arg residue) was found in the other ShKT domains
(Fig. 1A, arrows). Analysis of the known spatial structures revealed
that in majority of cases the conserved Asp (Asn in CRISPs from
reptile venoms) could form either hydrogen bond with HN group
of the conserved Thr/Ser or salt bridge with the preceding Lys/
Arg. Such electrostatic interactions should be manifested in the
significant down-field shift of the Thr/Ser amide proton. Indeed,
in all the ShKT domains studied by NMR spectroscopy (ShK
[11,26], BgK [10], rat MMP23-TxD [16], ICR from mouse CRISP-2
[17], and aurelin) the corresponding 'HN resonance was observed
with chemical shift above 10 ppm.

3.5. Interaction of aurelin with lipid vesicles

Aurelin binding to differently charged lipid vesicles was studied
by NMR spectroscopy. The zwitterionic (POPC) and partially
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Fig. 3. (A) 2D 'H, '>N-HSQC spectrum of aurelin (0.5 mM, pH 4.5, 30 °C). The obtained resonance assignments are shown. The resonances of side chain groups are marked
with superscript “s”. The resonances of Asn NH, groups are connected by dotted lines. The “folded” resonances are underlined. (B) Isotherms of aurelin binding to POPC,
POPC/DOPG (3:1), and POPC/DOPG (3:1, 100 mM NacCl) vesicles are approximated by the partition equilibrium equation. The dilution curve is shown by dashed line. (C)
Titration of the 0.5 mM aurelin sample with DPC, pH 4.5, 25 °C. Chemical shift (5) of the HN proton of Ser14 (filled circles) and translation diffusion coefficient (D) of the
aurelin molecule (open squares) are shown versus the DPC/aurelin molar ratio. Chemical shift dependence is approximated by the partition equilibrium equation (solid line).
The Dt approximating dashed line is drawn only to guide the eye. (D) Changes of aurelin chemical shifts (Ad) upon incorporation into the DPC micelle. The 0.4 ppm threshold
line marks out the residues, which are in contact with the micelle. (E) Paramagnetic enhancement (&) of the HY proton R, relaxation induced by lipid-soluble 16-DSA. The
30s ' mM™! threshold line subdivides data points in two groups: the residues located inside or outside the hydrophobic region of the micelle. HY proton of His8 was

unobservable in DPC micelles solution at pH 4.5.

anionic (POPC/DOPG 3:1) lipid vesicles were used to model mem-
branes of eukaryotic and bacterial cells, respectively. Titration of
the peptide sample with the POPC/DOPG SUV led to the gradual de-
crease of the aurelin NMR signal intensity (Fig. S6). The observed
attenuation could be explained by tight association of the peptide
molecules with the vesicle surface. In this case, due to very slow
reorientation of the SUV in solution, the bound peptide molecules
become unobservable by high-resolution NMR spectroscopy and
the intensity of NMR signal is directly proportional to the equilib-
rium concentration of the free peptide in solution (C). Analysis of
the measured binding isotherm revealed effective partitioning of
aurelin into the partially anionic SUV with the partition coefficient
K, equal to 50 + 4 x 10°> M~ (Fig. 3B). Addition of the 100 mM NaCl
into the binding buffer significantly diminished the peptide affinity
to the POPC/DOPG SUV, but did not abolish it completely
(K,=6.3+0.2 x 10° M™1). Probably, electrostatic interactions play
the major role in the peptide/lipid binding. This conclusion is also
supported by the absence of delectable aurelin interaction with the
zwitterionic POPC vesicles (Fig. 3B).

Efficiency of the observed aurelin partitioning into the nega-
tively charged lipid vesicles was lower than one reported previ-
ously for other cationic AMPs from sea invertebrates. For
example, the B-hairpin peptides polyphemusins isolated from
horseshoe crab interact with POPC/POPG SUV (3:1, 150 mM Nacl)

with K, values in a range of 30-50 x 10 M~! [23]. At the same
time, absence of interactions with uncharged membranes is quite
typical for cationic AMPs. No binding to the POPC vesicles was
detected for B-hairpin peptide arenicin isolated from marine
polychaeta Arenicola marina [25,27], and very weak binding
(K, ~1-3 x 10 M) was observed for polyphemusins [23].

3.6. Interaction of aurelin with DPC micelles

To characterize the membrane bound conformation of aurelin
the DPC micelles were chosen as the membrane-mimicking envi-
ronment. Formation of the complex between aurelin and the DPC
micelle was studied using diffusion measurements and 'H-'°N
NMR spectroscopy at 25 °C. The chemical shifts of several signals
of the peptide were affected by variation of the detergent to peptide
molar ratio (D:P) (Fig. 3C and D). In the limit of fast exchange be-
tween bound and free peptide species, the value of chemical shift
of the affected proton simply reflects the fraction of the bound pep-
tide at a given D:P. The changes in chemical shift of the H proton of
Ser14 (which is located close to the hydrophobic region of the pep-
tide) revealed that the peptide became fully micelle-bound at D:P
above 80:1 (Fig. 3C). Analysis of this binding curve using the parti-
tion equilibrium equation revealed that the peptide has relatively
low affinity to the micelle surface (K,=0.97 +0.01 x 10°M™").
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Fig. 4. (A) Spatial structure and backbone dynamics of aurelin in aqueous solution. The peptide ribbon is colored according to the dynamical NMR data obtained from the °N-
relaxation measurements. The residues affected by dynamic processes on the picosecond to nanosecond time scale (one with generalized order parameter S? < 0.7 or
demonstrating nanosecond motions) are shown in magenta. The residues affected by dynamic processes on the microsecond to millisecond time scale (having exchange
contribution Rex to the R, relaxation rate of !N nuclei) are shown in cyan. The residues demonstrating mobility on both time scales are in green. The backbone amide of Thr36
and hydrogen bond HN Thr36 - 0°! Asp5 are shown by blue sphere and dotted line. (B and C) Two-sided view of electrostatic and molecular hydrophobicity potentials on the
aurelin surface. (D) The model of aurelin/DPC micelle complex. The peptide ribbon is colored according to experimental data presented on the (Fig. 3D and E). The residues
located inside the micelle according to 16-DSA paramagnetic relaxation enhancement data are colored in red. The residues which according to chemical shift perturbation
data are in contact with the micelle, are colored in blue. The approximate micelle surface (R ~ 23 A) is shown as a gray mesh. In (A and D) the disulfide bonds, positively
charged, negatively charged, hydrophobic/aromatic, and other polar residues are colored in orange, blue, red, yellow, and green, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

The translational diffusion coefficient of aurelin also showed a grad-
ual decrease upon increasing detergent content in the sample
(Fig. 3C), thus indicating formation of the aurelin/DPC complexes.
The diffusion coefficient of the peptide in a complex with DPC mi-
celle (1.04 +0.03 x 1071 m? s, D:P =90:1, 25 °C) corresponds to
a hydrodynamic Stokes radius of 23.5+ 0.6 A. Thus, the aurelin/
DPC complex has dimensions similar to the pure DPC micelle
(R ~23.1+0.5A [24]). Comparison of the 3J,n,. coupling con-
stants and temperature coefficients of amide protons (Fig. S3) did
not reveal considerable changes in the conformation of the aurelin
backbone upon incorporation into DPC micelle.

The topology of the aurelin/DPC complex was elucidated using
lipid-soluble relaxation probe 16-DSA with the paramagnetic nitr-
oxide moiety being preferentially located close to the micelle cen-
ter [24]. The paramagnetic relaxation enhancement (¢) induced by
16-DSA revealed that the two regions of the peptide are embedded
into the micelle interior (Fig. 3E). These regions (Ala7-Ser14 and
GIn25-Cys33) involve the two a-helices and coincide with the sites
where largest DPC-induced chemical shift changes were observed
(Fig. 3D). Interestingly, the relaxation enhancement in these re-
gions has a remarkable helical (i, i +4 or i, i + 3) periodicity and
the HN protons of Ala7, His10, Asn25, Leu29, and Asn32 demon-
strated largest increase in the R, relaxation rates (Fig. 3E). In the
obtained model of the aurelin/DPC complex (Fig. 4D), the peptide
interacts with the surface of DPC micelle by two a-helical regions;
and the hydrophobic side chains of lle11, Phe15, Val27, and Leu29
are located at the binding interface. At the same time the positively
charged side chains of Arg6, His8, His10, Arg24, and Lys28 either
protrude into the micelle interior or reside in close proximity to
its surface.

4. Discussion

Membrane-active antimicrobial peptides and the toxins repre-
sent two broad and evolutionally ancient peptide families [1-
3,7]. These molecules have different targets (the membranes of
microorganisms vs. membrane receptors of eukaryotic cells), and
different interactions underlie their activity (semi-specific pep-
tide/lipid vs. highly specific protein/protein interactions) [4-6,8].
In spite of this, the peptides from both families could share com-
mon structural and biochemical properties, including molecular
scaffold, cationicity, amphipathicity, resistance to enzymatic
hydrolysis, and overall compactness.

The determined spatial structure of aurelin did not reveal
homology to any previously identified antimicrobial peptides, but
displayed close similarity to the structure of the K*-channel block-
ing toxins from sea anemones (BgK and ShK) (Fig. 1). In spite of this
similarity, the surface of the aurelin molecule does not possess the
“functional dyad” element required for the high-affinity toxin
binding to the external vestibule of Kv channels [8,10]. Indeed,
aurelin demonstrates quite similar spatial position of the “pore
blocking” Lys28, but the side chain of the second putative dyad
member Leu29 became deeply buried within the aurelin interior
(Fig. 4C). The obtained results permit to propose that aurelin is
not a K*-channel blocker.

Despite large structural diversity, the membrane-active AMPs
have common properties essential for their activity, e.g., amphi-
pathicity and overall positive charge needed for the efficient, but
low-specific, interactions with anionic bacterial membranes [1,4-
6]. According to the presently obtained data, aurelin (net charge
+7) has structural properties typical for membrane-active AMPs.
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Indeed, the modest antibacterial activity of aurelin against Gram-
positive and Gram-negative organisms (Fig. 2) could be correlated
with the amphipathic properties of its structure (Fig. 4C) and with
the observed moderate affinity to the negatively charged (POPC/
DOPG 3:1) lipid vesicles (Fig. 3B). The absence of the detectable
aurelin interaction with the zwitterionic (POPC) lipid vesicles,
which model membranes of eukaryotic cells, could be explained
on the ground of the determined structure of the aurelin/DPC mi-
celle complex (Fig. 4D). The positively charged side chains of Arg6,
His8, His10, Arg24, and Lys28 protrude into the hydrophobic “mi-
celle binding” interface of the peptide. These side chains probably
prevent aurelin binding to the uncharged (zwitterionic) lipid bilay-
ers, but promote interaction with the anionic membranes by forma-
tion of favorable contacts with the negatively charged lipids. Aurelin
binding to the POPC/DOPG vesicles observed at 100 mM NaCl indi-
cates that the peptide can possess affinity to bacterial membranes at
physiological conditions. At the same time, as shown in many stud-
ies of membrane-active AMPs [1,28,29], the accumulation of the
peptide molecules in the outer leaflet of the membrane diminishes
its stability and eventually leads to the bilayer disruption. Thus, we
could speculate that the observed antimicrobial activity of aurelin is
membrane-mediated and conditioned by electrostatic interactions
with the membranes of bacterial cells. Interestingly, the determined
site of aurelin interaction with DPC micelle (Fig. 4D) almost com-
pletely coincides with the channel binding interface of BgK and
ShK toxins (Fig. 1B). This could be a consequence of a divergent char-
acter of evolution of these molecules.

In summary, although the possible aurelin action on the mem-
brane receptors/ionic channels could not be presently ruled out,
we can conclude that aurelin represents the first antimicrobial
having the ShKT fold. The observed conservation of the ShKT do-
main in different animals from coelenterates to mammals
[12,15-18] verifies its ancient origin and ability to establish multi-
ple biological functions including channels blocking, antimicrobial
activity, and perhaps other currently unknown properties.
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