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(Bacl(ground: Sea anemone peptides are promising tools for understanding physiological functions of ion channels.
Results: A new peptide, Ugr 9-1, was isolated from the sea anemone venom and was shown to inhibit the acid-sensing ion

Conclusion: Ugr 9-1 affects the ASIC3 channel, produces analgesic effects, and has a unique spatial structure and mechanism

Significance: Ugr 9-1 represents a novel structural fold of natural short peptides modulating neuronal channels.
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Three novel peptides were isolated from the venom of the sea
anemone Urticina grebelnyi. All of them are 29 amino acid pep-
tides cross-linked by two disulfide bridges, with a primary struc-
ture similar to other sea anemone peptides belonging to struc-
tural group 9a. The structure of the gene encoding the shared
precursor protein of the identified peptides was determined.
One peptide, m-AnmTX Ugr 9a-1 (short name Ugr 9-1), pro-
duced areversible inhibition effect on both the transient and the
sustained current of human ASIC3 channels expressed in Xeno-
pus laevis oocytes. It completely blocked the transient compo-
nent (IC;, 10 = 0.6 uMm) and partially (48 * 2%) inhibited the
amplitude of the sustained component (IC5, 1.44 * 0.19 um).
Using in vivo tests in mice, Ugr 9-1 significantly reversed inflam-
matory and acid-induced pain. The other two novel peptides,
AnmTX Ugr 9a-2 (Ugr 9-2) and AnmTX Ugr 9a-3 (Ugr 9-3), did
not inhibit the ASIC3 current. NMR spectroscopy revealed that
Ugr 9-1 has an uncommon spatial structure, stabilized by two
S-S bridges, with three classical B-turns and twisted B-hairpin
without interstrand disulfide bonds. This is a novel peptide spa-
tial structure that we propose to name boundless -hairpin.

The phylum Cridaria species have a rich variety of biologi-
cally active compounds, which are enclosed in specialized,
stinging organelles (nematocysts) and serve as chemical weap-
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ons to capture prey and as defensive mechanisms against
numerous predators. The nematocysts in an anemone body are
distributed unequally. In particular, the ectoderm of the col-
umn (the outer surface of the anemone body) contains rela-
tively few nematocysts, nematocysts in the tentacles are more
numerous, and some internal structures (mesenteric filaments,
the ectodermal lining of the throat) contain large amounts of
different types of nematocysts (1).

In humans, the stinging cells can cause itching and burning
sensations as a reaction to the injected venom, and the site of
contact may suffer tissue necrosis from the action of the abun-
dant cytotoxic venom components on the membrane of mam-
malian cells (2, 3). In addition to these membrane-disrupting
components, sea anemone venom contains a variety of peptides
with different biological activity. Among these are many prote-
ase inhibitors and peptide toxins acting on ion channels. The
much researched site-3 sodium channel peptide toxins, which
slow the kinetics of the Na"-channel inactivation, and potas-
sium channel inhibitory toxins have been identified in various
species of sea anemones (4—6). Promising peptides affecting
the receptors involved in nociception have been identified in
the venom of sea anemones. An analgesic effect on animal
models was observed after the introduction of sea anemone
peptides, such as APETx2, a selective blocker of the proton-
sensitive channel acid-sensing ion channel 3 (ASIC3)? (7),
and APHC1, the modulator of vanilloid receptor TRPV1
activity (8, 9).

The ASIC3 channel belongs to a group of sodium-selective
acid-sensing ion channels (ASIC) that could be activated by

2The abbreviations used are: ASIC3, acid-sensing ion channel type 3; CFA,
complete Freund’s adjuvant; COSY, correlation spectroscopy; MALDI,
matrix-assisted laser desorption/ionization; RACE, rapid amplification of
cDNA ends; TOCSY, total correlation spectroscopy; TRPV1, transient recep-
tor potential vanilloid type 1; PDB, Protein Data Bank.
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extracellular acidosis (7, 10) and considered to be a perspective
target for treatment of inflammation and pain. The ASIC3
channel is predominantly expressed in peripheral sensory neu-
rons (11). ASIC3 channels in response to a drop of extracellular
pH generate a transient inactivating current followed by a sus-
tained component (12). ASIC3 have been shown to contribute
to acidic and inflammatory pain during pathological conditions
such as inflammation, ischemia, hematomas, etc. (13, 14).
Here, we report the identification from the sea anemone
Urticina grebelnyi of a peptidic molecule affecting the ASIC3
channel. The structure and the mechanism of action of this
peptide differ from the well known sea anemone toxin APETx2.

EXPERIMENTAL PROCEDURES

Venom Collection—The U. grebelnyi specimens were col-
lected in the vicinity of Petropavlovsk-Kamchatsky using
SCUBA equipment at depths from 5 to ~20 m. The living spec-
imens were kept in a cold water aquarium (a year and more) to
make them available at demand for experiments. To collect
venom, a living specimen was briefly placed on a clean dish and
the surface of the ectoderm scraped, allowing nematocysts to
release the crude venom. The obtained venom was immediately
washed with 10 mm EDTA and 1 mm PMSF solution, collected
in tubes, and frozen until separation.

Purification Procedure—In the first stage of separation, crude
venom was subjected to size-exclusion chromatography on a
TSK-2000SW column (7.5 X 600 mm), using 10% acetonitrile
solution with 0.1% trifluoroacetic acid (TFA) as a mobile phase
to remove any large cytotoxins (Fig. 14). The next stage of sep-
aration was done on a reverse-phase column Jupiter C; (4.6 X
150 mm), using a 60-min linear gradient from 0 to 60% of ace-
tonitrile concentration in the presence of 0.1% TFA and a con-
stant flow rate 1 ml/min (Fig. 1B). Finally, the active peptide and
its homologues were isolated on a Vydac C, 4 column (250 X 4.6
mm), using a linear gradient of acetonitrile concentration
(0-15% in 5 min, 15-55% in 80 min) in 0.1% TFA and a con-
stant flow rate 1 ml/min (Fig. 1C).

Mass Spectrometry—Molecular weight measurement was
carried out by matrix-assisted laser desorption ionization
(MALDI), time-of-flight mass spectrometry (Micromass, UK),
and Ultraflex TOF-TOF (Bruker Daltonik, Germany) instru-
ments. Calibration was performed using either a ProteoMass
peptide and protein MALDI-MS calibration kit, with a mass
range of 700 to 66,000 Da, or a ProteoMass peptide MALDI-MS
calibration kit, with a mass range of 700 to 3,500 Da (both from
Sigma). The molecular mass was determined in linear or reflec-
tor positive ion mode, using samples prepared by the dried-
droplet method with 2.5-dihydroxybenzoic acid (10 mg/ml in
70% acetonitrile with 0.1% TFA) or a-cyano-4-hydroxycin-
namic acid (10 mg/ml in 50% acetonitrile with 0.1% TFA)
matrices.

Reduction of Disulfide Bonds and Modification of Thiol
Groups—The dried sample was dissolved in 40 ul of a solution
containing 6 M guanidine hydrochloride, 3 mm EDTA, and 0.1 M
Tris-HCI (pH 8.5) and then incubated overnight at 45 °C. Next,
the denaturated protein was incubated for 4 h at 40 °C with 2 ul
of 1.4 M 1,4-dithiothreitol solution in 0.1 m Tris-HCI (pH 8.5).
Free cysteines were alkylated for 15 to 20 min at room temper-
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ature in the dark by addition of 2 ul of 50% 4-vinylpyridine in
methanol. The modified peptides were immediately separated
from the excess reagents by HPLC on a reverse-phase Luna C, ¢
column (150 X 3 mm), using a 60-min linear gradient (15-55%)
of acetonitrile concentration in 0.1% TFA at a flow rate of 0.3
ml/min.

Amino Acid Sequence Analysis—N-terminal sequencing of
alkylated peptide was carried out by automated stepwise
Edman degradation, using a Procise model 492 protein
sequencer (Applied Biosystems) according to the manufactur-
er’s protocol.

Precursor Determination—Total RNA was purified from the
tentacles of U. grebelnyi, using Trisol® Reagent (Ambion, Can-
ada) as directed by the manufacturer’s protocols. cDNA was
synthesized from 5 ug of total RNA, using the MINT kit (Evro-
gen, Russia) following the manufacturer’s recommendation.
Rapid amplification of cDNA ends (RACE) was carried out,
using the universal primer T7cap (GTAATACGACTCACTA-
TAGGGCAAGCAGTGGTAACAACGCAGAGT) and degen-
erated primers Ugl (ATCTGTATCGATCCNCCNTGYMG)
and Ug2 (CCACCCTGTAGNTTYTGYTAYCA) for 3’
terminus determination (3'-RACE) and Ug3 (CGGTCATCA-
CAGTTATATTATGAG) and Ugd (ATTATGAGTTTTTGA-
CAGGATTAC) for 5’ terminus determination (5'-RACE).
DNA sequencing was carried out on Applied Biosystems 3730
DNA Analyzer.

Gene Synthesis—The DNA encoding of the m-AnmTX Ugr
9a-1 mature peptide sequence was constructed from three syn-
thetic oligonucleotides using the PCR technique. The target
PCR fragment was amplified using a forward primer containing
a site for restriction enzyme BglIl and the Met codon for BrCN
cleavage (5'-GAATTAGATCTCATGATTTCCATTGATCC-
GCCGTGCCGTTTTTGCTATCAT-3’), reverse primer 1 (5'-
CGCATCATACACGCAATTGCCGGAGCCATCACGATG-
ATAGCAAAAACGGCA-3'), reverse primer 2 containing the
site for restriction enzyme Xhol and the stop codon (5'-GGA-
TTCCTCGAGCTACACCGCGCCGCAGCCATACGCATC-
ATACACGCAATT-3’"). The target PCR fragment encoding
the peptide gene was gel-purified, digested by Bglll/Xhol, and
cloned into the expression vector pET32b+ (Novagen). The
resulting construct was confirmed by sequencing.

Recombinant Peptide Production—Recombinant peptide
was produced through fusion with a thioredoxin domain. Esch-
erichia coli BL21(DE3) cells transformed with the expression
vector were cultured at 37 °C in an LB medium containing 100
pg/ml of ampicillin up to the culture density of Ay, ~ 0.6 —0.8.
To induce expression, up to 0.2 mm isopropyl 1-thio-B-p-galac-
topyranoside was added. The cells were cultured at 25 °C for
18 h, harvested, re-suspended in the start buffer for affinity
chromatography (400 mm NaCl, 20 mm Tris-HCl buffer, pH
7.5), and ultrasonicated and centrifuged for 15 min at 14,000 X
gtoremove all insoluble particles. The supernatant was applied
to a TALON Superflow metal affinity resin (Clontech), and the
fusion protein purified according to the manufacturer’s
instructions. Protein cleavage was performed overnight at
room temperature in the dark as described previously (15). HCI
to a final concentration of 0.2 M and CNBr with a molar ratio
CNBr to fusion protein of 600:1 were added. Recombinant pep-
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tide was purified from the reaction mixture on a reverse-phase
Jupiter C column (250 X 10 mm). The purity of the target
peptide was checked by MALDI-TOF mass spectrometry and
N-terminal sequencing.

NMR Spectroscopy and Spatial Structure Calculation—The
sample for NMR spectroscopy was prepared by dissolving 5 mg
of recombinant peptide in 350 ml of buffer containing 5% D,O,
30 mm Na,HPO,, 15 mm citric acid, and 1 mm sodium azide (pH
5.0). All spectra were recorded at 30 °C on the Bruker Avance
spectrometer with the working frequency on the proton chan-
nel equal to 700 Mhz. Proton and '*C resonance assignment
were obtained through the standard procedure (16), based on
spectra MLEV-TOCSY (80 ms mixing time), NOESY (40 and
80 ms mixing times), "H,"*C-HSQC, and DQF-COSY. After
assignment, the sample was lyophilized and dissolved in pure
D,O buffer with the same contents to measure the rate of
exchange of amide protons to deuterium and additional
NOESY (80 ms mixing time) and DQF-COSY were recorded.

Spatial structure calculation was performed using the simu-
lated annealing/molecular dynamics protocol as implemented
in CYANA software package version 3.0 (17). Upper interpro-
ton distance constraints were derived from NOESY (r,,, = 80
ms) cross-peaks via a 1/r° calibration. The torsion angle
restraints and stereo-specific assignments were obtained from /
couplings and NOE intensities. */;;ny, couplings were meas-
ured from the splitting of cross-peaks in NOESY spectra and
BJHQHB couplings were obtained using ACME software (18) in
the COSY spectrum of the peptide in D,O solution (relaxation
delay 3 s). Hydrogen bonds were introduced as distance
restraints on the final stage of structure calculation based on the
temperature coefficients of the chemical shifts and deuterium
exchange rates of HN protons (protons with gradients less than
4.5 ppb/K and with a H-D exchange rate slower than 0.03
min~ " at 10 °C were supposed to participate in hydrogen bond-
ing, hydrogen bond acceptors were determined based on the
preliminary NMR structure). Chemical shifts, NMR con-
straints, and derived atomic coordinates (20 models) of -
AnmTX Ugr 9a-1 were deposited into the Protein Data Bank
with accession code PDB code 2LZO.

Electrophysiology— Xenopus laevis oocytes were removed
surgically, defolliculated, and injected with 2.5 to 10 ng of
human ASIC3 cRNA (AF057711.1). cRNA transcripts were
synthesized from Nael-linearized ASIC3 cDNA template
(pcDNA3.1 + human ASIC3 subcloned from clone EX-Q0260-
B02 (GeneCopoeia, Inc.)), using a RiboMAX™ large-scale
RNA production system T7 (Promega) according to the manu-
facturer’s protocol for capped transcripts. After injection,
oocytes were kept for 2 to 3 days at 19 °C and then up to 7 days
at 15 to 19 °C in a ND-96 medium containing (in mm) 96 NaCl,
2 KCl, 1.8 CaCl,, 1 MgCl,, and 5 HEPES titrated to pH 7.4 with
NaOH supplemented with gentamycin (50 ug/ml). Two-elec-
trode voltage clamp recordings were performed using a
GeneClamp 500 amplifier (Axon Instruments), and the data
were filtered at 20 Hz and digitized at 100 Hz by an AD con-
verter L780 (LCard, Russia) using in-house software. To induce
transient and/or sustained currents, three different protocols
with different sample time applications, pH declines, and acti-
vation times were used. Microelectrodes were filled with a 3 M
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KCl solution. The working buffer solution was ND-96 titrated
by NaOH to pH 7.8 or 7.3. The solution for the pH shift was
constructed based on the ND-96 solution in which 5 mm
HEPES was replaced with 10 mm acetic acid (pH 4.0) or 5 mm
MES (pH 5.5) in a supplementary 0.1% BSA solution. The dura-
tion of the activation pulses varied from 1 s to measure transient
current to 1.5 s to measure both current components and to 3 s
to measure the sustained current. The four parameter logistic
equation was used for curve-fitting analysis: F(x) = ((al —
a2)/(1 + (x/x0)")) + a2, where x is the concentration of peptide;
F(x) is the response value at given peptide concentration; al is
the control response value (fixed at 100%); x0 is the IC,, value;
n = Hill coefficient (slope factor); and a2 the response value at
maximal inhibition (% of control).

Animal Models—Adult male CD-1 mice (Animal Breeding
Facility Branch of Shemyakin-Ovchinnikov Institute of Bioor-
ganic Chemistry, Russian Academy of Sciences, Pushchino,
Russia) weighing 20 to 25 g were used. The animals were housed
at a room temperature of 23 * 2 °C and subjected to a 12-h
light-dark cycle, with food and water available ad [libitum.
Approval for all the experiments was given by the Animal Care
and Use Committee of the Branch of the IBCh RAS (Pushchino,
Russia Federation). Samples or saline were administered intra-
venously 30 min before testing.

Complete Freund’s adjuvant (CFA) induced thermal hyper-
algesia was measured in adult mice weighing about 20 g. CFA
suspended in an oil/saline (1:1) emulsion was injected into the
dorsal surface of the left hind-paw of the mice (20 ul/paw). The
control mice received 20 ul of saline. Paw withdrawal latencies
to thermal stimulation (53 °C) were measured 24 h after CFA
injection.

The abdominal constriction test of visceral pain is based on
the acetic acid-induced writhing count. Separate groups of
mice were injected with 0.6% acetic acid in saline (10 ml/kg
intraperitoneally). The mice were immediately placed inside
transparent glass cylinders, and the number of writhes
recorded for 15 min.

Rota-rod test was performed using a Dual Species Economex
Rota-Rod system (Columbus Instruments). The full test con-
sisted of two parts: pre-training and 3 test trials. For pre-train-
ing the mice were trained to stay and walk on the rod for 30 s at
5, 10, and 20 rounds per min (rpm). Mice that were not able to
do this were excluded from the testing. Peptides Ugr 9-1, Ugr
9-2, and Ugr 9-3 at a dose of 0.5 mg/kg or saline were adminis-
trated intravenously 15 min before the first trial. During the
trial mice were placed on the rota-rod and speed was acceler-
ated from 5 to 22 rpm in 30 s. The latency to fall from the rod
was recorded. Each mouse was tested in 3 trials with a 5-min
resting time between trials. The average time spent on the rota-
rod across the three trials was used in the analyses.

The significance of the data were determined by performing
an analysis of variance followed by a Tukey’s test. All data are
presented as mean = S.E.

Assay of Crayfish Toxicity—Crayfish toxicity was tested using
noble crayfish (Astacus astacus) weighing about 35 g. Peptides
as well as negative control and U. grebelnyi crude venom were
administered into each crayfish at the junction between the
body and the leg at a dose of 1 mg/kg in 100 ul of water. The
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negative control group was injected with 100 ul of water. Each
group consisted of five crayfishes. Crayfish were observed for
any symptoms for 2 h after injection.

Computation—The similarity of the mature chain sequences
was determined by both a BLAST search and SRDA (19-21).
The sequence and spatial structure data for analyses were
retrieved from the UniProt Data Bank and the Information Por-
tal to Biological Macromolecular Structures. The sequence
alignment was built with the Megalign module from Dnastar
Inc. The visual analysis of structures and the figure drawings
were performed using the MOLMOL and PyMOL software.
The elements of the secondary structure were analyzed with the
STRIDE package (22).

RESULTS

Peptides Isolation and Primary Structure Determination—
Activity testing was performed using the two-electrode voltage
clamp technique on X. laevis oocytes that express human
ASIC3 channels. It demonstrated that the venom of sea anem-
one U. grebelnyi produced a significant inhibitory effect. A
combination of gel filtration and reversed-phase chromatogra-
phy resulted in isolation of one active compound (Fig. 1). This
peptide had an average molecular mass 3135.5 Da, and its
N-terminal sequence of 25 amino acid residues was established
by Edman degradation. To complete structure elucidation, the
cDNA encoding the precursor protein named UG (GenBank ™
number HF562346) was obtained using 3'- and 5'-RACE
approaches.

The precursor protein UG consists of a signal peptide and
sequences of four short peptides separated by spacer regions
(Fig. 2A). The active peptide is in the C terminus of the precur-
sor, whereas two copies of the peptide with an estimated molec-
ular mass of 3087.4 Da are in the middle, and one copy of the
peptide with an estimated molecular mass of 3053.4 Da is
located on the N terminus (Fig. 2B). Each mature peptide
sequence in the precursor was established using mature chains
prediction (23). The spacer regions consist of proteolysis sig-
nals removed by various enzymes during maturation (Fig. 24).

The primary structure of the mature peptide consists of 29
amino acid residues cross-linked by two disulfide bridges (Fig.
2C).Itdoes not share any sequence homology to another ASIC3
inhibitor APETx2 previously isolated from sea anemone
Anthopleura elegantissima (24). The calculated molecular
weight accords well with the measured weight, indicating an
absence of post-translational modifications.

To date, all cysteine-containing peptides from sea anemone
venoms have been categorized into 10 major structural classes
by a typical distribution pattern for Cys residues (25). All three
peptides derived from the precursor protein UG belong to
structural class 9a, which includes small peptide molecules sta-
bilized by 2 disulfide bonds. A few members of structural class
9a members have been identified, as displayed in Fig. 2C.
According to the improved nomenclature for toxins from sea
anemone (25), the active peptide was named 7-AnmTX Ugr
9a-1 (short name Ugr 9-1), the peptide with a molecular mass of
3087 Da was named AnmTX Ugr 9a-2 (Ugr 9-2), and the pep-
tide with a molecular mass of 3053 was named AnmTX Ugr
9a-3 (Ugr 9-3).
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FIGURE 1. Isolation of the active peptide from the venom of U. grebelnyi.
Fractions marked with a black box exercised an inhibitory activity on the
ASIC3 channelin all separation steps. A, the first separation stage of the crude
peptide fraction by size exclusion chromatography on a TSK-2000SW (7.5 X
600 mm) column in 10% acetonitrile solution with 0.1% trifluoroacetic acid
and a flow rate of 0.5 ml/min. B, second separation step on a reverse-phase
column Jupiter C5 column (4.6 X 150 mm) in 0.1% trifluoroacetic acid with a
flow rate of 1 ml/min using a linear gradient of acetonitrile concentration. C,
final separation step on a Vydac C,4 column (250 X 4.6 mm) using a linear
gradient of acetonitrile concentration in 0.1% trifluoroacetic acid with a flow
rate T ml/min.

Mass spectrometry analysis of the venom separation profile
revealed two peptides with a molecular weight similar to that
predicted for both peptides Ugr 9-2 and 9-3 (Fig. 3A). These
peptides were isolated (Fig. 3, B and C), and their identity to the
predicted sequences was confirmed by MALDI mass spectro-
metry and partial N-terminal Edman sequencing. None of them
inhibited or activated the ASIC3 current in concentrations up
to 40 puM.

The molecular targets of these peptides are different from
previously described homologous peptides SHTX-1/SHTX-2
that are potassium channel blockers and cause paralysis in
crabs with ED, of 430 ug/kg (26). None of the Ugr 9-1, Ugr 9-2,

JOURNAL OF BIOLOGICAL CHEMISTRY 23119



Sea Anemone Peptide with Unusual Fold

A

DNA:
+1fr:

DNA:
+1fr:

agtttgtaactgcaggctatcgctcaaccggaatcagaagcggaataatcttcaacaaagaaaATGGAAAGGATTTTGCTGTGCTTCATCGTGGCTACTTTGGTAGCCATTTCAATGGCC

eMeeEeoReeTeol,0eLeeCooFoeTooVesAseTeoLooVeoRoeTooSesMeoAr

AACCCAAGGCCTATCAGCATCGATCCCCCTTGTTGGACTTGTTATTACCGAGACAGCAGTGGTAACTGTGCGTTCGACGCCATCGCCTGTGGAGGAGCGCGCAAGAGAGTTCCCAAGCCT
eNeePesResPesToeSeeleeDesPesPeeCosHoeToeCooYooYooReoDooSeeSeeGeeNeeCooAeeFeoDooAseLosReeCoeGoeGooAesResKeosRoeoVeoPosKooPeo

DNA:
+1fr:

ATCAGCATCGATCCCCCTTGTAGGACTTGTTATTACCGAGACAGCAGTGGTAACTGTGTGTACGACGCCTTCGGCTGTGGAGGAGCGCGCAAGAGAGTTCCCAAGCCTATCAGCATCGAT
eIeeSeeTeeDesPesPeeCosReeToeCooYooYooRooDooSeeSeeGeeNeeCooVeoYooDooAooFeoGooCooGooGooAeeReeKeeRoeoVesPosKeoPooTooSeeTeeDe

DNA:
+1fr:

CCCCCTTGTAGGACTTGTTATTACCGAGACAGCAGTGGTAACTGTGTGTACGACGCCTTCGGCTGTGGAGGAGCGCGCAAGAGAGTTCCCAAGCCTATCAGCATCGATCCCCCTTGTAGG
ePeePeeCosRoeToeCooYooYooRooDooSeeSeeGoeNeeCooVeoYeoDeoAoeFeeGoeCooGoeGoeAeeReeKeoRooVeoPooKeoPooTooSeeTeeDeePoeDoeCooRe

DNA:
+1fr:

TTTTGTTATCACCGAGACGGCAGTGGTAACTGTGTGTACGACGCCTACGGCTGTGGAGCAGTGCGCAAGTAAtcctgtcaaaaactcataatataactgtgatgaccgctaatacatttg
eFeeCoeYooHooRooDooGooSeeGoeeNeeCooVeoYoeDooAoeYoeGoeCooGooAoeVeeReeKeter

DNA: cttaaaatttactaaataaaatcattactcccaaaaaaaaaaaaaaaa

B

PRECURSOR AV-1 -AanX Avi 9a-1 l AnmTX Avi 9a-1 . AnmTX Avi 9a-1 l AnmTX Avi 9a-2 .

PRECURSOR AV-2 - AnmTX Avi 9a-1 IAanX Avi 9a-1 I AnmTX Avi 9a-1 I AnmTX Avi 9a-1 .

PRECURSOR AM-1 - AnmTX Ama 9a-1 I AnmTX Ama 9a-1 I AnmTX Ama 9a-1I AnmTX Ama 9a- 1I AnmTX Ama 9a—1I AnmTX Ama 9a-1l

PRECURSOR UG - AnmTX Ugr 9a-3 I AnmTX Ugr 9a-2 I AnmTX Ugr 9a-2 I n-AnmTX Ugr 9a-1 l

C Consensus «....PC..CY. . .dssgnCv......Cyqg
AnmTX BC 9a-1 NIIDVPCRPCYYRDSSGNCVYDQLG-CGA- Beg 23.41
AnmTX BC 9a-2 NIVDVPCRDXYYRDSDGNCVIHEFG--GA- Beg 21.00
AnmTX BC 9a-3 NIVDVPCRDXYYRDSSCNXVYDQLGGCGAA Beg 21.75

k-AnmTxX Sha 9a-1 XIIGAPCRRCYHSDGEGGCV-RDWS-CGQQ SHIX-1-8HTX-2
AnmTX Avi %9a-1 NIINPPCRECYVQDSSGNCVYDEWG-CGGA
AnmTX Avi %9a-2 NIINPPCRECYVQDSSCNCVYHEWG-COGA
AnmTX Ama %9a-1 NVAVPPCGDCY -QQVGNTCVRVPSL-CPS Peptide toxin Am-1
AnmTX Ugr Y9a-3 ISIDPPCWTICYYRDSSGNCAFDAIA-CGGA
AnmTX Ugr 9a-2 ISIDPPCRTCYYRDSSGNCVYDAFG-CGGA

n-AnmTX Ugr 9a-1 ISIDPPCRFCYHRDGSGNCVYDAYG-CGAV

sea anemone motif Y9a C.......C

|

L ! I

FIGURE 2. Structural peculiarity of precursor protein organization. A, nucleotide sequence of peptide UG accompanied with deduced amino acids. The
signal peptide sequence is marked in bold, and the determined mature peptides sequences are underlined. B, schematic structural organization of structural
class 9a toxin precursors. The gray sections are removed by maturation processes. C, primary structure of mature peptides. The multiple sequence alignment
of known toxins from structural class 9a included three novel peptides from U. grebelnyi; toxin SHTX-I/SHTX-2 (POC7W?7) from S. haddoni; Bcg toxins (P86466,
P86465, and P86467) from B. cangicum; peptide toxin Am-1 (P69929) from A. maculate; and two peptide toxins from precursors AV-1 and AV-2 from A. viridis
(20). Residues different from the —-AnmTX Ugr 9a-1 sequence are highlighted. The structural class 9a distribution pattern for cysteines is shown in the bottom,
along with the disulfide bond connections determined in this paper by NMR spectroscopy for m-AnmTX Ugr 9a-1. The names in the left side of the figure are
shown an improved rational nomenclature for sea anemone toxins (also shown as part of precursor sequences on panel B), accompanied by the original names

on the right.

and Ugr 9-3 caused lethality or paralysis of noble crayfish (A.
astacus) at a dose of 1 mg/kg.

Recombinant Peptide Production—To provide a sufficient
amount of peptide for functional characterization and spatial
structure determination, recombinant Ugr 9-1 was produced
through the prokaryotic expression system. Thioredoxin was
chosen as the fusion partner for expression, because it is
ensures high yields of cysteine-containing peptides with native
conformation. A synthetic gene coding for the mature peptide
was constructed and cloned into a pET-32b(+) expression vec-
tor, and the resulting plasmid was used to transform E. coli
BL21(DE3) cells. Thioredoxin-Ugr 9-1 fusion protein produc-
tion and purification were followed by CNBr cleavage to release
the target peptide.

The recombinant peptide was purified by reverse-phase
high-performance liquid chromatography. The final yield of
the purified recombinant peptide was estimated to be ~8
mg/liter of cell culture. The molecular weight of the recombi-
nant product was equal to that of the native molecule, and the
amino acid sequence of 5 N-terminal residues was also deter-
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mined. The recombinant Ugr 9-1 and the natural peptide had
the same retention time when they were co-injected in a
reverse-phase column that confirms the proper recombinant
peptide folding. In the electrophysiological study, the recombi-
nant peptide showed the same ASIC3 receptor inhibitory activ-
ity as the native peptide.

Spatial Structure Determination—To determine the tertiary
organization of the short peptide from structural group 9a, the
Ugr 9-1 structure was determined by NMR spectroscopy. The
NMR data on the recombinant peptide is summarized in Table
1 and Fig. 4. The set of structures was calculated in CYANA
from 100 random start points using following experimental
data: upper and lower NOE-based distance restraints, / cou-
pling-based torsion angle restraints, and hydrogen bonds
restraints. The resultant structures are characterized by low
CYANA target function and residual restraint violations and
quite a low root mean square deviation value for backbone
atoms, indicating that the structure of the peptide is accurately
and precisely defined by the experimental data in the 6-27
region.
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FIGURE 3. Isolation of Ugr 9-2 and Ugr 9-3. A, the separation profile of active peptides fraction on a reverse-phase Jupiter C5 column (4.6 X 150 mm). All
conditions are equal to those described in the legend to Fig. 1. The purification procedure step for Ugr 9-2 (B) and Ugr 9-3 (C) on a Vydac C, 5 column (250 X 4.6
mm) in a linear gradient of acetonitrile concentration with 0.1% trifluoroacetic acid and a flow rate 1 ml/min. The elution times for peptides are marked by

arrows with the appropriate molecular weight.

The ribbon representation of the spatial structure of Ugr
9-1 is displayed in Fig. 5A. The peptide itself presents a
twisted B-hairpin in the Tyr''-Tyr®' region with 3 classical
B-turns in regions Arg®~Tyr'! (type 2), Asp'*~Gly'” (type 1),
and Asn*?-Gly*® (type 1). Two disulfide bonds stabilize the
fold: Cys'°~Cys®® and Cys’-Cys'?, along with 6 backbone-
backbone and 2 side chain-backbone hydrogen bonds. Alter-
native disulfide linkages were tested during the structure
calculation, but none yielded the spatial structure of Ugr 9-1
with a reasonably low target function. In addition, a salt
bridge between the charged Asp* and Arg'® side changes
might occur according to the determined set of spatial struc-
ture; however, no direct NMR data supporting this interac-
tion was found.

The analysis of the electrostatic properties of Ugr 9-1 did not
reveal any peculiarities. Both the positively and negatively
charged side chains are scattered homogeneously on the pep-
tide surface. Hydrophobic residues are clustered on the C-ter-
minal region of the peptide (Fig. 5B), which may be important
for peptide activity.
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Comparison of Structural Class 9a Peptides from Sea
Anemones—A BLAST search found the homology of the pri-
mary structures of Ugr 9-1, -2, and -3 to be similar to previously
known peptides from the Beg III group (Bcg 21.00, Beg 21.75,
and Bcg 23.41) and to the potassium channel inhibitors SHTX-
1/SHTX-2 (Fig. 2C).

Peptides SHTX-1/SHTX-2 from the sea anemone Stichodac-
tyla haddoni, which are characterized as potassium channel
inhibitors differ in one post-translational modification of Pro®.
In the peptide SHTX-1, Pro is a hydroxyproline, whereas in
SHTX-2, Pro is unmodified (26).

Peptides of the Bcg III group were discovered during the
proteomic study of the venom of the sea anemone Bunodosoma
cangicum. Their structures were partially determined through
both Edman degradation and mass spectrometry (27). For one
peptide, the Bcg 23.41 toxin was assumed to have an inhibitory
activity on K*-channels, but this was not confirmed by direct
experimentation. The structures of three Bcg toxins were
detected in the crude venom, suggesting the possible presence
of a common complex protein precursor. This precursor may
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TABLE 1
Statistics for the best peptide structures

Distance and angle restraints

Total NOEs 281
Intraresidual 140
Interresidual 141
Sequential (|i-j| = 1) 80
Medium range (1<[i-j|=4) 26
Long range (ﬁ'—j|>4) 35

Hydrogen bond restraints (upper/lower) 16/16

S-S bond restraints (upper/lower) 6/6

J couplings 54
]HNCHH 19

HCaCBH 35
Total restraints/per residue 379/13
Statistics of calculated set of structures
CYANA target function (A2) 0.42 + 0.02
Restraint violations
Distance (>0.2 A) 0
Angle (>5°) 0
Root mean square deviations on the region with
defined structure (6-27) (A)
Backbone 0.18 = 0.14
All heavy atoms 0.96 £ 0.18

be constructed by the same principles as other precursor pro-
teins of this group.

Other experimental approaches, including the detailed anal-
ysis of sea anemone sequences derived from nucleotide
sequences using the algorithm SRDA (19), found structural
similarities to more peptides: peptide toxin Am-1 and peptide
toxins AV-1 and AV-2 (Fig. 2C), deduced from the nucleotide
sequences of the extended peptide precursor protein, shown in
Fig. 2B. Peptide toxin Am-1 was isolated from the venom of
Antheopsis maculata as the toxin possessing weak lethal activ-
ity toward crabs (LD5, = 830 ug/kg). Further cDNA cloning
based on 3'-RACE and 5'-RACE established the structure of its
precursor, which contained six copies of Am I (28). Two other
precursors, peptide toxins AV-1 and AV-2, were deduced from
the dbEST of sea anemone Anemonia viridis (20); therefore, no
biological activity was reported.

Thus, so far, structural class 9a of sea anemone toxins has
been determined to consist of 10 related structures and com-
mon features, such as a cysteine pattern with a 1-3, 2—4 pairing
and conservative residues Pro®, Tyr'?, Asp**, Asn'®, Val*°, and
Gly*”. Additionally, a typical region of 15-17 corresponds to
the central B-turn containing mainly Ser and Gly residues that
are important for structure folding.

Electrophysiology—The standard two-electrode voltage
clamp technique on X. laevis oocytes expressing human ASIC3
receptors was used to analyze venom, fractions, and recombi-
nant peptide. Human ASIC3 currents (both the transient and
sustained components of integral current) were evoked by a
1.5-s pH drop from the base value of 7.8 to 4.0 in the external
oocyte solution. Measured compounds were applied for up to
10 s before and during the activation impulse. The measured
effects of the application of crude U. grebelnyi venom, pure
native peptide, and recombinant Ugr 9-1 did not differ signifi-
cantly. Experimental traces for recombinant Ugr 9-1 testing are
displayed in Fig. 6A. Ugr 9-1 produced a significant inhibition
of the sustained and transient components of ASIC3 currents.
The inhibition was shown to be reversible, because after the
next two pH 4.0 drops, the response parameters recovered
completely.
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FIGURE 4. A, overview of the NMR data, defining the secondary structure of
Ugr 9-1 peptide. NOE connectivities, exchange rate of HN protons with sol-
vent (W-ex), and temperature gradients of Hy chemical shifts (TempGrad) are
shown versus the sequence. The widths of the bars represent the relative
intensity of the cross-peak in 80-ms NOESY spectrum. Filled circles denote Hy
protons, which signal either a temperature gradient higher than —4.5 ppb/K
or an exchange with the solvent with characteristic times longer than 15 m.
The elements of the secondary structure are shown on the separate line, and
B-strands are denoted by arrows. B, backbones and disulfide bridges of 20
NMR-derived structures with the best target function of the set of 100 struc-
tures, calculated from random start points. The backbones are overlaid by
superimposing atoms of residues 6 to 27.

Two Different Protocols Were Used to Independently Measure
the Effect on Each Current Component—To analyze the inhibi-
tion of the transient components of ASIC3 currents, the chan-
nels were activated by a short 1-s pH drop from 7.8 to 5.5 (Fig.
6B). Ugr 9-1 was applied 10 s before activation. It completely
inhibited the transient component of the ASIC3 currents in
concentrations of more than 40 um. The inhibitory effect was
concentration dependent and fitted well the logistic equation
with the half-maximal inhibitory concentration (IC;,) of 10 *
0.6 uMm and Hill coefficient (1) of 1.86 = 0.19 (Fig. 6D).

Protocol, including dropping the pH from 7.3 to 4.0, was used
to elicit the sustained component of the current with none or a
minor transient component (Fig. 6C). The Ugr 9-1 application
was combined with a 3-s pH activation. The amplitude of the
sustained component of the ASIC3 currents in the control and
sample experiments was calculated as a quasi-stationary value
of the current on the third second. Dose-response analysis of
the inhibitory effect of Ugr 9-1 on the sustained component of
the ASIC3 current estimates a maximal inhibitory effect to be
48 + 2%,1C,, = 1.44 *+ 0.19 um, and 11, = 1.48 = 0.27 (Fig. 6E).
The peptide Ugr 9-1 was tested on several ion channels for
inhibitory/activation effects and showed neither agonistic nor
antagonistic activity on ASICla, ASIC1b, and ASIC2a at con-
centrations up to 50 um as well as on the human K., ; channel
at concentrations up to 1 uMm in oocyte electrophysiology
experiments.

AV DN
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FIGURE 5. Two-sided view of the determined spatial structure of Ugr 9-1. A, ribbon representation. Positively and negatively charged side chains are shown
inred and blue, respectively. The aromaticand hydrophobic (Leu, Ile, Val, Thr, and Ala) side chains are shown in green and yellow, and cysteine side chains in gray.
B, hydrophobicity of the peptide surface. The peptide surface is colored from yellow (hydrophobic) to green (hydrophilic), according to the molecular hydro-

phobic potential (49).

Analgesic Effects of Ugr 9-1—Molecules capable of inhibiting
ASIC3 in vitro were shown to produce an analgesic effect in
animal models of pain (29). We checked the two animal models
most closely associated with the acid-sensing channels and
detected analgesic activity comparable with known pharmaco-
logical agents.

To characterize the ability of Ugr 9-1 to block an inflamma-
tion, we used a CFA-induced thermal hyperalgesia model (Fig.
7A). Groups of mice treated with saline within 24 h of CFA
injection showed a significantly lower inflamed hind-paw with-
drawal latency (7.7 + 0.7 s) on a hot plate than the control group
treated with saline twice (13.8 = 0.6 s). Intravenous adminis-
tration of Ugr 9-1 (30 min before testing) significantly reversed
thermal hyperalgesia in a dose-dependent manner. Latency in
response to the thermal stimulus increased from 7.7 = 0.7 s
(CFA/saline group) to 12.6 = 1.2, 11.4 = 1, and 104 = 0.75 s
following 0.5, 0.1, and 0.01 mg/kg treatment, respectively. The
maximal effect, calculated as a percentage of the reduction of
hyperalgesia, was 80 = 19% for a 0.5 mg/kg dose. Peptides Ugr
9-2 and Ugr 9-3 at 0.1 mg/kg failed to reverse thermal hyperal-
gesia in this test (Fig. 7A).

The common pain test for response to low pH is an acetic
acid writhing test. Intraperitoneal administration of acetic acid
provoked a stereotyped behavior in mice characterized by
abdominal contractions (acetic acid-induced writhes). The
number of writhes in the control group treated by saline was
42.0 + 6.6, whereas the number of writhes decreased dramati-
cally in the groups pretreated with Ugr 9-1 by up to 23 = 1.1 for
a 0.5 mg/kg dose, 27.3 £ 0.7 for 0.1 mg/kg, and 31.8 for 0.01
mg/kg (Fig. 7B).

We also evaluated peptides Ugr 9-1, Ugr 9-2, and Ugr 9-3 in
rota-rod tests as compounds capable of producing motor defi-
cit could misrepresent results of other behavioral tests (partic-
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ularly in pain models). Peptides Ugr 9-1, Ugr 9-2, and Ugr 9-3 at
0.5 mg/kg did not decrease the time spent on the rod compared
with saline (Fig. 7C). Moreover Ugr 9-1 even tended to prolong
the time spent on the rod but this effect was not statistically
significant in our experiments. Therefore the efficacy of Ugr 9-1
in pain models did not result from a toxic effect of the peptide,
locomotor impairment, or sedation.

DISCUSSION

Sea anemone peptide toxins are promising tools to charac-
terize diverse ion channels. Studying the spatial structure of the
active peptides is important to identify their structural and
functional properties and to establish the molecular mecha-
nisms of the interaction of the peptide ligand with the target.
Therefore, the spatial structure of the 18 cysteine-containing
sea anemone peptide toxins with 4 different folds have been
dissolved over the last 25 years (25).

We have isolated and characterized peptide Ugr 9-1 in refer-
ence to class 9a and its fold, which to our knowledge does not
match any known peptide folds. The spatial structure of Ugr 9-1
is centered on the flattened B-hairpin attached to both termini,
so the molecule has a flat nonglobular shape (25 X 20 X 9 A)
with an overhang of the 6 N-terminal residues. Some similarity
is observed in the backbone fold of class 5a short toxins, which
have overlapped B-turns. Notably, both toxin classes have sim-
ilar molecular weights but different numbers of disulfide bonds
due to a dissimilar shapes.

Short venom peptides are an example of a rational natural
design. They are designed to function for a long time by being
folded into stable structures, usually fixed by several disulfide
bonds. We examined all resolved structures of short venom
peptides to find possible similarities. We searched the PDB for
molecules with folds composed of only B-hairpins and found a
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FIGURE 6. Electrophysiological characterization of Ugr 9-1 action on human ASIC3 expressed in the X. laevis oocyte. Acid-induced currents were
evoked by pH drop; the time intervals between the recordings were about 1 to 2 min, and the holding potential was —50 mV. A, effect on both current
components by application of Ugr 9-1 at a concentration of 40 um; B, effect on the transient current by application of Ugr 9-1 at a concentration of 20
um; G, effect on the sustained current by application of Ugr 9-1 at a concentration of 10 um; D and E, dose-response curves for the Ugr 9-1 inhibitory
activity separately calculated for the transient (D) and sustained (E) components. Each point is the mean = S.D. of 3-7 measurements. Data were fitted

by the logistic equation.

small number of structures: 3 peptides from spiders, 1 peptide
from cones (30-32), 3 antimicrobial peptides, and 1 hormone-
like peptide that suppresses the growth of insects (33-36).
The structure of spider toxins is more distinct from that of Ugr
9-1. The B-structure element is close to the C terminus, has a
longer turn region, and is stabilized by disulfide bond. In addition,
a long N terminus with loops is connected to the B-structure

23124 JOURNAL OF BIOLOGICAL CHEMISTRY

through disulfide bonds (for example, the structure of purotoxin
(PDB 2KGU)). The conotoxin MrIA structure has a 3-hairpin, but
in contrast to the Ugr 9a-1 structure, two disulfide bonds firmly
connect the antiparallel 3-strands on both sides (PDB 2J15). Anti-
microbial peptides have a similar elongated shape (for example,
the structure of bovine lactoferricin (PDB 1LFC)), and their
B-hairpin element is also stabilized by at least 1 disulfide bond.
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FIGURE 7. Efficacy of peptides in animal models. A, effect of peptides Ugr 9-1, Ugr 9-2, and Ugr 9-3 on the mice withdrawal latency on a hot plate in the
thermal hyperalgesia test after CFA injection (n = 7). B, the attenuated response of Ugr 9-1-treated mice to intraperitoneal administration of acetic acid
estimated by the number of writhes in 15-min intervals (n = 7). C, Ugr 9-1, Ugr9-2, and Ugr 9-3 at 0.5 mg/kg (n = 10) did not significantly alter time spent on

the rota-rod. Results presented as mean = S.E.; **, p < 0.005; *, p < 0.05.

The B-hairpin structure of the Ugr 9-1 is not stabilized by
disulfide bonds (Fig. 54). One bond attaches a prolonged N
terminus to the B-core, whereas the other bond attaches the C
terminus to a B-turn. Thus, this B-hairpin without interstrand
disulfide bonds is the novel spatial fold of short peptides. We
propose naming this new structural fold the boundless
B-hairpin.

We assume that peptides of structure class 9a have a
unique non-globular structure that may be a result of
directed evolution to create molecules with higher permea-
bility and stability. Similar to many other secreted peptides
from animal venoms, peptides Ugr 9-1, 9-2, and 9-3 are
encoded in a single precursor protein, UG in this case (37—
40). The complex precursors can be obviously more effective
both for short peptides and intensive expression in animals
and for production of recombinant peptides in prokaryotic
expression systems (41).

Two peptides, Ugr 9-2 and 9-3, do not modulate ASIC3 activ-
ity but have significant homology with the active Ugr 9-1 pep-
tide and evidently have the same fold type. All together, the
three novel peptides are a visual confirmation of the combina-
torial biochemistry model, according to which several sequence
alterations of peptides with similar folds result in selectivity to
different cellular receptors.

The Ugr 9-1 molecule can be divided into two surfaces: the
inner face, which is the surface that includes the N terminal
overhang, and the outer face, which is the opposite side of the
molecule. Peptides Ugr 9-1, 9-2, and 9-3 were found to differ in
10 positions. Two C terminal substitutions could be considered
homologous. The ASIC3-active peptide sequence differs from
the Ugr 9-2 sequence only at 6 positions; therefore, we can
presume that certain residues are important for the biological
activity: Phe®, His'?, Gly'*, and Tyr**, located on the border
between the inner and outer surfaces. In our opinion, it is the
most reasonable to assume that the key residues are Phe, Tyr,
and His, which, in combination with any other residues, can be
involved in the recognition of ASIC3 receptors. Further exper-
iments by site-directed mutagenesis could confirm this
speculation.

The restricted expression of ASIC3 in sensory neurons
and their contribution to acid sensing, development, and
maintenance of inflammatory pain led to the exploration of
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this receptor as a pharmacological target for pain treatment.
Several ligands are known to inhibit ASIC3 currents with
different degrees of efficacy. Amiloride, peptides APETx2
and m-AnmTX Hcr 1b-1 (a structural homologue of APETx2)
inhibit transient ASIC3 currents but have no effect on the
sustained component (24, 42, 43), whereas salicylic acid
(IC4o 260 uMm) and diclofenac (IC5, 92 um) inhibit the sus-
tained, but not the transient, component of ASIC3 current
(44). Sevanol, an analgesic compound from thyme, inhibits
both components of ASIC3 current but also ASIC1a (45).

Similar to sevanol, Ugr 9-1 reversibly and completely blocks
the ASIC3 transient component with an IC,; = 9 um and, with
an IC,, = 1.5 uMm, can reversibly inhibit ~50% of the amplitude
of the ASIC3 sustained component. Because the effective con-
centrations and Hill coefficients for inhibition of the transient
and sustained components are different, we can suggest that
distinct mechanisms of inhibition are involved for each compo-
nent. Therefore, the mode of action of Ugr 9-1 on the ASIC3
receptor is absolutely new.

Ugr 9-1 produced an inhibition effect in vitro with IC, less
than that of small organic molecules but higher than that of
APETX2. In vivo studies have shown that the administration of
Ugr 9-1 reverses acid-induced and CFA-induced inflammatory
pain as much as APETx2, which attenuates acid-induced and
inflammatory pain at doses of 0.01 to 0.5 mg/kg in rats (7, 46).

Doubtless, an advantage of Ugr 9-1 over APETx2 for pain
relief is its short length, which reduces the resources that must
be consumed for production by chemical or biotechnological
synthesis. The folding problem for recombinant APETx2 is also
quite acute (47, 48). In our experiments, we did not have any
problems with recombinant peptide production and folding,
most probably because of small size and low number of disul-
fide bonds.

We should conclude that m-AnmTX Ugr 9a-1 is a unique,
potentially natural compound possessing a new spatial
structure fold, exercising an inhibitory activity on the ASIC3
channel, and producing an analgesic effect in animal models
of pain. Moreover, m-AnmTX Ugr 9a-1 can serve as a
research tool to determine the physiological involvement of
ASIC channels in neuronal excitability and pain perception
and transmission.
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