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BACKGROUND AND PURPOSE

Muscarinic and adrenergic G protein-coupled receptors (GPCRs) are the targets of rare peptide toxins isolated from snake or
cone snail venoms. We used a screen to identify novel toxins from Dendroaspis angusticeps targeting aminergic GPCRs. These
toxins may offer new candidates for the development of new tools and drugs.

EXPERIMENTAL APPROACH

In binding experiments with 3H-rauwolscine, we studied the interactions of green mamba venom fractions with
op-adrenoceptors from rat brain synaptosomes. We isolated, sequenced and chemically synthesized a novel peptide, p-Dalb.
This peptide was pharmacologically characterized using binding experiments and functional tests on human o-adrenoceptors
expressed in mammalian cells.

KEY RESULTS

p-Dalb, a 66-amino acid peptide stabilized by four disulphide bridges, belongs to the three-finger-fold peptide family. Its
synthetic homologue inhibited 80% of *H-rauwolscine binding to the three a,-adrenoceptor subtypes, with an affinity
between 14 and 73 nM and Hill slopes close to unity. Functional experiments on oa-adrenoceptor demonstrated that p-Dalb
is an antagonist, shifting adrenaline activation curves to the right. Schild regression revealed slopes of 0.97 and 0.67 and pA;
values of 5.93 and 5.32 for yohimbine and p-Dalb, respectively.

CONCLUSIONS AND IMPLICATIONS

p-Dalb is the first toxin identified to specifically interact with o,-adrenoceptors, extending the list of class A GPCRs sensitive
to toxins. Additionally, its affinity and atypical mode of interaction open up the possibility of its use as a new pharmacological
tool, in the study of the physiological roles of o,-adrenoceptor subtypes.

Abbreviations
BRET, bioluminescence resonance energy transfer; EPA, 5-(N-ethyl-N-isopropyl)-amiloride; GPCR, G protein-coupled
receptor; RBS, rat brain synaptosomes
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Introduction

Animal venoms represent a vast library of peptide
toxins. With 1400 species of scorpions, 400 species
of venomous snakes, 600 species of sea cone snails
and 35 000 species of spiders, each with venoms
containing more than 300 different toxins, this
natural venom bank consists of more than 10
million peptide toxins, biochemically stable and
with particular pharmacological properties. Cur-
rently, almost 1600 of these peptides have been
sequenced (representing less than 0.02% of the
natural bank), and this number is growing exponen-
tially (King et al., 2008). The ability to sequence
toxins directly from mass spectrometry analysis of
venoms, together with sequencing the genomes of
venomous animals (Putnam etal., 2007), will
further accelerate the rate of peptide toxin discovery
over the next few years. The pharmacological activ-
ity of toxins mainly arises from their action at ion
channels, such as voltage-gated and ligand-gated
ion channels, which are important in controlling
the mobility of the venomous animal’s prey (Terlau
and Olivera, 2004). Thus, toxins targeting ion chan-
nels became valuable tools to study neurotransmis-
sion or neuromuscular junction and for labelling
specific ion channels. Due to their high affinity and
selectivity for various ion channels, some animal
toxins are being used as drugs or are being tested in
several preclinical trials (Becker and Terlau, 2008;
Han etal.,, 2008; Halai and Craik, 2009). For
example, Prialt is a w-conotoxin, isolated from the
venom of the cone snail species Conus magus, which
selectively blocks N-type voltage-gated calcium
channels and is the only approved non-opioid
therapy for severe chronic pain (Williams etal.,
2008). Because venomous animals are predators that
can quickly immobilize and kill their prey, it has
been logical to consider only ion channels as the
primary targets of toxins. Toxins are thus usually
identified and characterized according to their tox-
icity (Terlau and Olivera, 2004). Consequently, very
few alternative targets for toxins have been identi-
fied, and this includes the G protein-coupled recep-
tors (GPCR) for which no extensive study has been
performed. Of the 1600 known toxins, less than 30
are active at GPCRs and these can be divided into
two families. Members of the first family mimic the
natural agonist of the receptor target and include
the snake sarafotoxins, functional analogs of the
endogenous endothelins (Ducancel, 2005), the cone
snail toxin conopressin, similar to the arginine-
vasopressin peptide (Cruz et al., 1987), or the cone
snail toxin contulakin-G, similar to the neurotensin
peptide (Craig etal., 1999). The second family
includes only 12 different toxins which are all
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highly reticulated peptides with folds unrelated to
natural ligands. Nine are active at muscarinic recep-
tors and have been isolated from mamba venoms
(Servent and Fruchart-Gaillard, 2009) and three are
active at adrenergic receptors: p-TIA, from the conus
tulipa, specific to the aqs-adrenoceptor (Sharpe et al.,
2001), B-cardiotoxin, from the snake Ophiophagus
Hannah, active at B-adrenoceptors (Rajagopalan
etal., 2007) and p-Dala (previously called AdTx1),
from the snake Dendroaspis angusticeps, specific to
the aia-adrenoceptor (Quinton et al., 2010). Due to
their size and peptide nature, toxins acting on amin-
ergic receptors display a range of atypical modes of
action, including competitive and non-competitive
interactions, insurmountable antagonism and nega-
tive allosterism. These toxins can be used to inves-
tigate the pharmacological and functional
properties of their receptor targets and could also
open new avenues for drug development (Harvey
et al., 2002; Chen et al., 2004; Kukkonen et al., 2004;
Ducancel, 2005; Fruchart-Gaillard etal.,, 2006;
Antosova et al., 2009). GPCRs are the molecular
targets for almost half of currently used therapeutic
drugs.

We have been studying green mamba venom to
discover new toxins acting on aminergic GPCRs.
Among the 300 different toxins detected by mass
analysis in this venom (N. Gilles, unpubl. data), less
than 10% are pharmacologically characterized. The
first one, isolated more than 20 years ago (Adem
et al., 1988) and the last one identified 10 years later
(Carsi et al., 1999), interact with various subtypes of
muscarinic acetylcholine receptors. We hypoth-
esized that this venom contains more toxins active
on GPCRs and recently discovered the first toxin
specific for the ous-adrenoceptor, which was initially
called AdTx1 and then renamed according to a
rational nomenclature p-Dala (King et al., 2008;
Quinton et al., 2010). Our strategy was based on the
successive purification of venom associated with
binding experiments using specific radiolabelled
ligands and approximately 20 different receptors
preparations. In this study, we described the identi-
fication of a novel peptide, called p-Dalb, which
displays nanomolar affinities for the three
oz-adrenoceptors subtypes and which antagonizes
oza-adrenoceptor activation non-competitively.

Methods

Venom fractionation

One gram of Dendroaspis angusticeps venom
(Latoxan, Valence, France) was separated into 13
fractions by ion exchange (2 x 15 cm) on Source 155
using a protocol as previously described (Quinton



etal., 2010). Fraction H was purified by reverse-
phase chromatography (Waters 600, Milford, MA,
USA) on a preparative column (C18, 15 um, 20 cm,
Vydac, Sigma-Aldrich, Saint Quentin Fallavier,
France, 10 mL-min™), using a linear gradient from O
to 100% acetonitrile and 0.1% trifluoroacetic acid in
100 min. Fraction D was further purified on an ana-
lytical HPLC C18 Vydac column (4.6 mm, S um,
15cm 1 mL-min™) using a gradient of 0.5%
acetonitrile-min™".

Protein quantification

Fraction A protein concentration and membrane
protein concentration were determined using the
Bio-Rad (Hercules, CA, USA) protein assay, with
bovine serum albumin (BSA) as standard.

Edman sequencing

N-terminal sequencing of fraction A (100 pmol
loaded on a Biobrene-coated filter) was carried out
using Edman chemistry on a Procise Model 492
automatic sequencer from Applied Biosystems
(Foster City, CA, USA).

Mass spectrometry analysis

Mass spectrometry was carried out with a 7-T APEX
I FT-ICR mass spectrometer (Bruker Daltonics,
Bremen, Germany) equipped with a 7 Tesla magnet.
A voltage of =700 V was applied between the nano-
electrospray needles (Proxeon, Odense, Denmark)
and the entrance of the glass capillary, for ion trans-
fer at a temperature of 50°C. Mass spectra were
acquired from m/z 200 to 3000 with 512 k data
points. Monoisotopic peaks were labelled using
XMASS 6.1.4 software (Bruker Daltonics). Peptides
were sequenced by MALDI-‘in-source decay’,
peptide mass fingerprinting and MS/MS experi-
ments on an ULTRAFLEX II MALDI-TOF/TOF
(Bruker Daltonics) mass spectrometer equipped with
a Nd-YAG Smartbeam laser (MLN 202, LTB). 1,5-
Diaminonaphthalene saturated in acetronitrile/
formic acid 0.1% 50/50 (v/v) was used for in-source
decay and 2,5-dihydroxybenzoic acid at 20 mg-mL™
in acetronitrile/formic acid 0.1% 50/50 (v/v) was
used for peptide mass fingerprinting and MS/MS
experiments. p-Dalb (about 70 ng) was reduced
by SuL of 100 mM dithiothreitol in 100 mM
NH4HCO; for 1 h at 50°C and then alkylated by
1 uL. of 500 mM iodoacetamide for 45 min in the
dark before hydrolysis with 1ng of trypsin
(sequencing grade, from bovine pancreas), over-
night at 37°C. The resulting peptides were desalted
using a Zip-Tip C18 microcolumn (Millipore, Bil-
larica, MA, USA), spotted on the DHB matrix and
analyzed by MALDI-TOF/TOF

Specific peptide antagonist for a2-adrenoceptors

Synthesis of p-Dalb

p-Dalb was synthesized on an Applied Biosystems
433A peptide synthesizer, purified and folded
according to the method described for the muscar-
inic toxin MT1 (Mourier et al., 2003). Briefly, this
involved solid-phase synthesis using a Fmoc strat-
egy, peptide cleavage and purification on a reverse-
phase column. The linear peptide was then folded at
4°C for 48 h in the presence of glycerol (25%) and
oxidized and reduced glutathione (1 mM) in Tris
buffer at pH 8.

Animals
All animal care and experimental procedures were
in compliance with French legislation, following the
European Council Directive 86/609/EEC regarding
the protection of animals used for experimental
purposes.

Toxins and molecular targets nomenclature
Receptor nomenclature follows Alexander et al.
(2009). Toxin nomenclature follows the recent sug-
gestions from the International Society on Toxinol-
ogy (Tytgat et al., 1999; King et al., 2008).

Binding analysis

Rat brain synaptosomes (RBS) were prepared from
adult albino Sprague Dawley rats (Favreau et al.,
2001). After dissection, the entire brain was homog-
enized in ice-cold 0.3 M mannitol buffer containing
10 mM EDTA and 10 mM HEPES-Tris, pH 7.4. After
centrifugation at 1000x ¢ for 10 min, the superna-
tant was removed and centrifuged at 27 000x g for
30 min (P2 pellet). All buffers contained a cocktail of
protease inhibitors composed of: phenylmethylsul-
phonyl fluoride (50 mg-mL™), pepstatin A (1 mM),
iodoacetamide (1mM) and 1mM f 1,10-
phenanthroline. Human oz-adrenoceptors and
ou-adrenoceptors subtypes were stably expressed in
mammalian CHO cells kindly provide by Dr Paris,
INSERM 858, Toulouse, France and Dr Cottechia,
Lausanne University, Switzerland, respectively.
Membranes from CHO cells were prepared as
described previously (Fruchart-Gaillard et al., 2006).
Membranes from cells expressing f-adrenoceptors
were purchased from PerkinElmer (Courtaboeuf,
France). Binding experiments were performed in
96-well plates. Reaction mixtures contained 50 mM
Tris-HCI, pH 7.4, 10 mM MgCl, and 1 g-L! BSA in a
final volume of 100 uL. Plates were incubated for
16 h (except for the kinetic experiments) at room
temperature. Binding reactions were stopped by fil-
tration through a GF/C filter pre-soaked in 0.5%
polyethyleneimine on a cell harvester (PerkinElmer)
and plates were dried. Ultimagold O (25 pL;
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PerkinElmer) was added to each well and samples
were counted using a TopCount counter (Perki-
nElmer) (Counting yield of 55%). Non-specific
binding was measured in the presence of 1 uM pra-
zosin for *H-prazosin binding, 1 uM yohimbine for
*H-rauwolscine, 3 uM propanolol for *H-CGP-12177
and was subtracted from the total binding. A one-
site inhibition mass action curve was fitted to inhi-
bition binding data using Kaleidagraph (Synergy
software, Reading, PA, USA). I1Cso values were con-
verted to K; for competition experiments using the
Cheng-Prusoff equation (Cheng and Prusoff, 1973).
Equilibrium saturation experiments were performed
with various concentrations of radioactive ligand
and a constant quantity of membrane. Kinetic
experiments were carried out using a constant
amount of radioactive ligand and membrane, with
various incubation times. The dissociation kinetics
of *H-rauwolscine were determined after addition of
1 uM of rauwolscine and 10 uM of p-Dalb. The dis-
sociation rate constant (ko.s) was determined directly
from a first-order plot of ligand dissociation versus
time. Binding results are presented as mean = SD
(standard deviation) with n, number of independent
experiments.

Bioluminescence resonance energy

transfer measurement

We used bioluminescence resonance energy transfer
(BRET) to follow the structural changes of the G
trimeric protein under receptor activation, as previ-
ously described (Gales et al.,, 2006). BRET signals
were measured in HEK293T cells coexpressing
Gaii-Renilla luciferase (RLuc) (RLuc energy donor
inserted at position 91 of amino acid sequence of
GBi), GFP10-Gy2 (GFP10 energy acceptor inserted at
the N-terminus of Gy2) and in the presence of the
complementary Gf; subunits and os-adrenoceptor.
Measurements were conducted in resuspended cells
in 96-well microplates (white optiplate; Perki-
nElmer). BRET readings were collected 1 min after
addition of 5 uM coelenterazine 400a (Optima),
using Infinite F500 (Tecan group Ltd, Médnnedorf,
Switzerland) that allows sequential integration of
signals emitted by GFP10 and RLuc. Results are
expressed as the difference in BRET signals measured
between the BRET partners in the presence and
absence of the opa-adrenoceptor-agonist UK14304
(10 uM, UK-modulated BRET). Results are expressed
as mean * SD with n, number of independent
experiments.

Functional tests on human-ogs-adrenoceptor

Functional tests were carried out in 96-well plates
using COS cells transfected with DNA encoding the
human ozs-adrenoceptor (33 ng/well) and the ubig-
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uitous G protein GqTop [16.6 ng/well, kindly pro-
vided by Dr J.P. Pin, Montpellier, France (Selvam
etal., 2010)], using the lipofectamine reagent
(according to the manufacture protocol). Forty-eight
hours after transfection, cells were incubated for 1 h
at 37°C with 10 uL of 10x solutions of the various
compounds tested and 100 pL of dye solution (FLIPR
Calcium Kit buffer, Molecular Devices, Sunnyvale,
CA, USA) supplemented with 2.5 mM probenecid.
Changes in fluorescence induced by adrenaline were
measured at 37°C using a Flex station I (Molecular
Devices), with an excitation wavelength of 485 nm
and emission wavelength of 525 nm. The resulting
activation curves obtained were analyzed using
Softmax Pro software (Molecular Devices). Receptor
activation for the different experimental conditions
was evaluated using maximum and minimum values
and analyzed by Kaleidagraph (Synergy software).
Results are expressed as mean * SD with n, number of
independent experiments.

Materials

Radioactive components were from PerkinElmer. All
chemical products and cell culture media were from
Sigma-Aldrich. Protected amino acid derivatives and
resins were from Novabiochem (France Biochem,
Meudon, France).

Results

Isolation and characterization of p-Dalb

Green mamba venom was separated into 13 fractions
by cation exchange chromatography (Figure 1A). We
investigated the capacity of each fraction to inhibit
*H-rauwolscine binding to RBS. Fraction H, which
significantly reduced *H-rauwolscine binding, was
sub-fractionated by reverse-phase chromatography
(Figure 1B). Pharmacological activity was recovered
in peak D. This fraction, composed of one major
(average mass of 6826 Da) and one minor (average
mass of 7512 Da) toxin, was further fractionated by
reverse phase chromatography (Figure 1C). The
minor fraction A, determined to be around 200 uM
concentration, inhibited *H-rauwolscine binding
in a concentration-dependent manner, giving a
binding curve with a Hill slope of around 0.75 and
with an affinity in the nanomolar range (Figure 1D).
The monoisotopic molecular mass of the toxin was,
after deconvolution of 7507.507 Da (Figure 2A) and
7515.582 Da, before and after reduction, respec-
tively, indicating the presence of four disulphide
bonds. Its sequence was determined by a combina-
tion of Edman’s degradation (for the 54 first residues)
and mass analysis. After reduction, the toxin was
fragmented by In-source Decay (Quinton etal.,
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Figure 1

Purification and preliminary pharmacological characterization of
p-Dalb. (A) lon-exchange chromatography of Dendroaspis angusti-
ceps crude venom. Labelled peaks were collected (13 fractions). (B)
Reverse-phase chromatography of fraction H on a Vydac C18 pre-
parative column. Labelled peaks were collected (20 fractions). Frac-
tion D was eluted at around 27% acetonitrile. (C) Reverse-phase
chromatography of fraction D on a Vydac C18 analytical column.
Arrows show active peaks. (D) Inhibition of *H-rauwolscine (1 nM)
binding on rat brain synaptosomes by the minor peak purified in C.

2007). A c-ion series was generated, allowing charac-
terization of 48 central amino acids out of a total of
66 (73% sequence coverage, results not shown), but
leaving the N- and C-terminal ends undetermined.
To determine the C-terminal part of the toxin
sequence, p-Dalb was hydrolyzed by trypsin and the
peptide mixtures were analyzed by MALDI-TOF/TOF
(Figure 2B). The ion at m/z 1680.68, corresponding to

Specific peptide antagonist for a2-adrenoceptors

A

7510.510

7509.509

7508.508

7507.507

A

7511.511

7512.512

7513.513

7514.514

7515.515

7516.516

m/z

3128.46
B
40
1602.82
29-_40
30 I
84.59
qus
20
53333 2%%3'713 3123.29
; 41-66
839.37 2582.23 o1£9
29-34 1461.6 728 8-
10762.34 453 [ y
35-40 \‘1 0.48 323- go
995.48 -6 272019  *
Ly 23, L N i | W
1000 2000 3000 m/z
C HFFRHiefcfe
b 4 44
3
2
1
200 600 1000 1400 m/z
Figure 2

Mass and sequence analysis of p-Dalb. (A) Isotopic profile of p-Dalb.
(B) Peptide mass fingerprint of p-Dalb after trypsin treatment. (C)
Fragmentation by MALDI-LIFT-TOF/TOF of the m/z 1680.68 ion (red
arrow) obtained after trypsin digestion. b- and y-ion types used for
the sequencing are indicated in red and blue, respectively.
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Analytical reverse-phase chromatography of the reduced synthetic
p-Dalb (line a), oxidized synthetic p-Dalb (line b) and natural
p-Dalb (line c). Line d shows the co-elution of the natural and
synthetic oxidized p-Dalb.

the C-terminus part (red arrow), was selected and
fragmented by LIFT-TOF/TOF (Suckau et al., 2003).
The fragmentation spectrum (Figure 2C) revealed y
and b-ion fragments, allowing the C-terminus
sequence to be determined without any ambiguity
since the accuracy of mass measurement is less than
0.5 m/z. Determination of the whole sequence thus
gave LTCVTKDTIFGITTQNCPAGQNLCFIRRHYINH
RYTEITRGCTATCPKPTNVRETIHCCNTDKCNE. This
sequence has a theoretical mass (7507.4869 Da) dif-
fering by 2.7 ppm from the experimental value. We
chemically synthesized, purified and refolded the
corresponding peptide, as previously described
(Mourier et al., 2003). Comparative analytical HPLC
showed that the synthetic linear-reduced peptide
(Figure 3, line a) was more hydrophobic than the
folded and oxidized form (Figure 3, line b), which
was eluted at the same position as the native peptide
(Figure 3, line c¢), as confirmed by co-injection of
both peptides (Figure 3, line d). We named this new
peptide p-Dalb. The Greek letter signifies its activity
at adrenoceptors, Da corresponds to the animal
genus (Dendroaspis angusticeps), 1 relates to the three-
finger fold of the peptide and b to the second homo-
logue toxin, the first one being p-Dala, specific to the
oua-adrenoceptor, previously called AdTx1 (McIn-
tosh et al., 1999; Tytgat et al., 1999; King et al., 2008;
Quinton et al., 2010). Protein sequence data reported
here have been deposited in the UniProt database
under accession number P86419.
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Inhibition  binding curves for human adrenoceptors of
3H-rauwolscine (1 nM) in CHO membranes expressing, houa-
adrenoceptor (12 pug) with yohimbine (A) and p-Dalb (O) and
membranes expressing hoys (11 g, W) or hosc-adrenoceptor
(3.1 ug, @) with p-Dalb. Inhibition of *H-prazosin (1 nM) by p-Dalb
in CHO membranes expressing houa-adrenoceptor (3.8 ug).

p-Dalb is specific for az-adrenoceptors

We first characterized the binding of *H-rauwolscine
to the three o»-adrenoceptor subtypes stably
expressed in CHO cells. Saturation binding experi-
ments performed with increasing concentrations of
*H-rauwolscine (0.1 to 7 nM) were used to obtain
affinities of the tritiated ligand and the number of
ligand-binding sites present on the cells expressing
the receptor. *H-rauwolscine had an affinity of
0.83 nM, with a Bmax (in pmol /mg membrane
protein) of 1.6 pmolmg’, for the houa-
adrenoceptor; an affinity of 0.97 nM and Bmax of
2.1 pmol-mg! for the hoys subtype; and an affinity
of 0.15 nM with a Bmax of 27 pmol-mg™ for hoic-
adrenoceptors (data not shown). These rauwolscine
Kq values were used to calculate K; values for p-Dalb
using the Cheng-Prusoft equation. p-Dalb inhibited
3H-rauwolscine binding with an ICso of 28.1 =*
4.1 nM, a K; value of 14 * 2 nM and a Hill slope of
1.2 for hopa-adrenoceptors; an ICso of 144 = 12 nM,
a K; value of 73 = 6 nM and a Hill slope of 0.80 for
hows-adrenoceptors; and an ICso of 260 = 40 nM, a
K; value of 38 = 6 nM and a Hill slope of 1.0 for
houc-adrenoceptors (n = 3, Figure 4). To confirm the
selectivity of p-Dalb for adrenoceptor type, we
evaluated its inhibition of *H-prazosin binding
to the three os-adrenoceptor subtypes and
*H-CGP12177 binding to the three B-adrenoceptors.



The toxin inhibited *H-prazosin binding to the
h-oys-adrenoceptor with an ICso of 6.4 = 2.2 uM,
corresponding to a K; of 2.1 £ 0.7 uM and a Hill
slope of 0.84 (n = 2, Figure 4) but did not affect
binding, at a concentration of 10 uM, for any of the
other subtypes tested (data not shown).

Regardless of the o,-adrenoceptor subtype used,
p-Dalb could not totally abolish *H-rauwolscine
binding, leaving residual binding between 15 and
20%. This contrasts with yohimbine, which is able
to fully displace *H-rauwolscine binding, with a K; of
0.85 = 0.01 nM and a Hill slope of 0.96 (Figure 4).

p-Dalb prevents ops-adrenoceptor-induced
activation of Gi

Activation of GPCR induces conformational
changes in the associated trimeric G protein. This
structural reorganization can be studied using a
system in which Goj; is fused to the RLuc (Goii-RLuc)
and Gy, is fused to the fluorescent protein GFP
(GFP10-Gr,, Figure 5A). Addition of coelenterazine
induces emission of light by RLuc, which leads to
the activation of GFP if the two protein constructs
are in close proximity, that is, in this case, if the
constituents of the trimeric G protein remain asso-
ciated (Figure SA). We tested the capacity of yohim-
bine and p-Dalb to activate or antagonize the oa-
adrenoceptor. Receptor activation was not observed
upon addition of 10 uM of yohimbine or p-Dalb
(Figure 5B), whereas 10 uM UK14304 significantly
reduced the BRET signal, consistent with its action
as a specific os-adrenoceptor agonist. Cells were
then pretreated for 1 h with 10 uM yohimbine or
p-Dalb and then stimulated with UK14304. Both
yohimbine and p-Dalb significantly reduced the
agonist-induced activation of the ozs-adrenoceptor,
demonstrating their antagonist activity at this
receptor (n = 3, Figure 5B).

Characterization of the p-Dalb antagonist
potency on opa-adrenoceptors

The p-Dalb antagonist properties were further
evaluated in functional experiments on COS mam-
malian cells co-expressing the hows-adrenoceptor
and the chimeric G protein GqTop (Selvam et al.,
2010), allowing the cell signal response to be mea-
sured by calcium release. Receptor activation was
followed with a fluorophore sensitive to the intrac-
ellular Ca** concentration. Cells were pre-incubated
with antagonists (from 0 to 100 uM) for 2 h before
addition of adrenaline (1 nM to 300 uM). The ECs,
of adrenaline without pre-incubation with antago-
nist was 0.16 £ 0.03 uM (n = 8). Activation curves
shifted to the right with increased antagonist con-
centration, without changing adrenaline efficacy.
The shifts were significantly greater in the presence
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Figure 5

p-Dalb prevented ous-adrenoceptor mediated Gi-inhibition. (A)
Construction of the trimeric G protein with Renilla luciferase (RLuc)
as a donor and GFP as acceptor link to the ail and y2 subunits,
respectively. (B) Cells were first treated directly with 10 uM p-Dalb
or yohimbine to evaluate their agonistic property. Results are
expressed as the difference in bioluminescence resonance energy
transfer (BRET) signals measured before and after application of the
compounds. Then, cells were stimulated with 10 uM UK14304 alone
or after a pre-incubation with 10 uM of p-Dalb or yohimbine. Results
are expressed as the difference in BRET signals measured before and
after the o,-agonist UK14304 stimulation. Data represent the mean
+ SD of three independent experiments.

of yohimbine (ECso between 0.16 and 12.0 uM,
Figure 6A) than in the presence of p-Dalb (ECso
between 0.16 and 2.21 uM, Figure 6B). Hill slopes of
the activation curves remained close to 1 for yohim-
bine and p-Dalb (Table 1). Schild regressions
(Figure 6C) were linear for both antagonists, with a
slope close of 0.97 for yohimbine and 0.67 for
p-Dalb. The pA, values calculated were 5.93 for
yohimbine and 5.32 for p-Dalb.
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Figure 6

Functional characterization of yohimbine and p-Dalb on COS cells
co-expressing the houa-adrenoceptor and the chimeric G protein
GqTop. Concentration-response curves for epinephrine were ob-
tained in the presence of increasing concentrations of yohimbine (A)
or p-Dalb (B). Error bars have been omitted for clarity. (C) Schild plot
representations of the evolution of epinephrine ECs, in the presence of
yohimbine (O) or p-Dalb (®) were fitted by a linear regression.

Characterization of the mode of action of
p-Dalb on ops-adrenoceptors

As described above, p-Dalb, in contrast to yohim-
bine, could not fully inhibit *H-rauwolscine binding
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to oz-adrenoceptors and antagonized activation by
adrenaline, with a non-competitive mechanism. To
further characterize the mode of interaction of
p-Dalb with oza-adrenoceptor, we performed addi-
tional equilibrium and kinetic binding experiments.

Saturation binding experiments were carried out
with COS cells transiently expressing the human
oza-adrenoceptor. We first checked that, using this
expression system, p-Dalb inhibits *H-rauwolscine
with the same affinity and induces the same amount
of residual binding as observed for stable CHO cell
lines (data not shown). Saturation binding experi-
ments with *H-rauwolscine gave an affinity of 2.5 +
0.2 nM with a membrane capacity of 27 = 1 pmol of
receptor (mg protein)!. With a large excess of
p-Dalb (10 uM), *H-rauwolscine affinity was 4.0 =+
1.1 nM, with a membrane capacity of 7.0 =
0.5 pmol of receptor (mg protein)™ (Figure 7A).
Thus, the presence of p-Dalb did not significantly
modify °*H-rauwolscine affinity constant but
reduced the number of accessible ligand binding
sites at the membrane by a factor of four.

Most allosteric modulators affect the orthosteric
ligand dissociation rate. We measured the K for
SH-rauwolscine (Figure 7B) in the presence of 1 uM
of rauwolscine alone (Kot rauwoiscine = 0.024 =
0.005 min™, n = 4) and in the presence of rauwols-
cine with p-Dalb (10 uM) (Koft rauwolscinesp-patb = 0.029
+ 0.008 min™, n = 3) or with 1 mM of 5-N-ethyl-N-
isopropyl-amiloride (EPA, Kot rauwolscinesera = 0.058 =
0.004 min!, n = 3). Whereas the rauwolscine disso-
ciation rate was doubled in the presence of EPA,
consistent with previous observations (Leppik et al.,
2000), it was not significantly affected by p-Dalb.
Finally, we measured the *H-rauwolscine dissocia-
tion rate in the presence of 10 uM of p-Dalb alone.
The kinetic rate obtained under these conditions
(Ko youp = 0.021 = 0.007 min™, n = 3) was similar to
that obtained for rauwolscine alone, suggesting a
competitive mechanism of action for the toxin.
Additionally, only 80% of *H-rauwolscine binding
was reversed by p-Dalb, consistent with equilibrium
binding experiments.

Discussion

Screening green mamba venom against GPCR
targets enabled us to isolate p-Dalb, the second
original toxin active on adrenoceptors. Analysis of
the p-Dalb sequence demonstrated that this toxin
belongs to the three-finger-fold toxin family, one of
the most common folds found in snake venoms.
This fold consists of 61 to 74 residues, reticulated by
four conserved disulphide bridges. The tips of the
fingers usually constitute the active site, with the



Table 1

Specific peptide antagonist for a2-adrenoceptors

Maximal signal (Max, arbitrary units), ECso (uM) and Hill slope (ny), for activation by adrenaline in the presence of various concentrations of

yohimbine and p-Dalb

Antagonists
o um 1M
Yohimbine ECso 0,16 = 0,03 0,508 = 0,087
Ny 1.11 0.93
Max 6060 = 1010 4306 + 585
n 8 3
p-Dalb ECso 0.16 = 0.03 0.173 = 0.038
Ny 1.11 1.04
Max 6060 = 1010 6766 = 186
n 8 3

3uM 10 uM 30 uM 100 um
0,681 =+ 0,37 1,61 = 1,2 4,11 + 1,1 12,0 + 5,8
0.96 0.87 0.89 0.96

6536 * 150 6299 * 776 5151 = 165 5787 + 660
3 6 4 6

0.419 = 0.098  0.611 = 0.48  0.745 * 0.56 2.21 + 0.68
1.01 0.89 0.92 0.81

6125 + 762 6414 + 701 6680 =+ 1243 7232 + 126
4 6 6 3

n, number of experiments.

palm of the ‘hand’ formed by the four bridges. Some
three-finger-fold toxins have an additional disul-
phide bridge located at the tip of the first or second
finger, affecting their pharmacological profiles
(Agrawal et al., 1984; Servent et al., 1997). The three-
finger-fold toxin was initially described for its activ-
ity at nicotinic acetylcholine receptors (Changeux
et al., 1970). Since this finding, many other pharma-
cological activities have been attributed to this toxin
family. Most three-finger-fold toxins interact with
cholinergic systems, including nicotinic receptors,
muscarinic acetylcholine receptors and acetylcho-
linesterases (Servent and Menez, 2001). However,
toxins from this family also interact with coagula-
tion factors (Banerjee et al., 2005), calcium channels
(de Weille et al., 1991), phospholipids (Kumar et al.,
1997) and integrin receptors (Wu etal.,, 2006).
Recent findings have described two new three-
finger-fold toxins, one is active on -adrenoceptors
(Rajagopalan et al., 2007) and the other on oua-
adrenoceptors (Quinton et al., 2010). Indeed, the
three-finger-fold toxin family is probably associated
with the most diverse range of characterized phar-
macological activities for toxins to date.

In this study, the four peptides sharing the
highest level of sequence identity (74-77%) with
p-Dalb were MTa, from Dendroaspis polylepis, and
MT3, MT4 and MT1 from Dendroaspis angusticeps
(Table 2). These toxins are all active at muscarinic
receptors (Joubert, 1985; Jolkkonen etal., 1995,
2001), although MT1 also binds to o.-adrenoceptors
(Harvey et al., 2002). The second most similar group
of toxins, showing 64 to 67% identity with p-Dalb,
included p-Dala, MTf and Cm3. Nothing is known
about the pharmacological characteristics of Cm-3,
except that it is not toxic at the high dose of
50 mg-kg™ (Joubert, 1985). MT is weakly active at

all muscarinic receptor subtypes (Joubert, 1985;
Jolkkonen et al., 1995, 2001) and may thus interact
with other molecular targets such as the adrenocep-
tors. p-Dala is specific to the oaua-adrenoceptor
(Quinton et al., 2010). The third group, with 54 to
55% identity, contains MT2, MTLP-2 and MT7. MT7
is the only highly specific toxin for the
Mi-muscarinic receptor subtype (Servent and
Fruchart-Gaillard, 2009), whereas MTLP-2 is not
active at this receptor. The only other snake toxin
described with adrenergic activity is B-cardiotoxin,
which antagonizes B:- and ,-adrenoceptors at
micromolar concentrations (Rajagopalan et al.,
2007). However, this toxin displays only 35%
sequence identity with p-Dalb. Some toxins acting
on muscarinic receptors have a higher sequence
identity with p-Dalb than those acting on adreno-
ceptors. This suggests a relationship between these
two pharmacological profiles with a potential cross-
reactivity of three-finger-fold toxins for muscarinic
receptors and adrenoceptors receptor families, as
previously shown for the MT1 toxin (Harvey et al.,
2002). A detailed analysis of the few residues which
interact these toxins with their respective targets
initially requires a characterization of their precise
pharmacological effects on the various subtypes of
muscarinic receptors and adrenoceptors.

Very little is known about the molecular interac-
tions between these toxins and their receptor
targets, except for MT7, which exploits the tip of its
three fingers (Fruchart-Gaillard efal., 2008) to
strongly interact with the second external loop of
the M; muscarinic acetylcholine receptor (Kuk-
konen et al., 2004). In the last decade, few structures
of class A GPCRs have been solved (Palczewski et al.,
2000; Cherezov et al., 2007; Rasmussen et al., 2007;
Jaakola etal.,, 2008). If structural similarities
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Characterization of the mode of action of p-Dalb on ooa-
adrenoceptor expressed on CHO cells. (A) Saturation binding experi-
mentof *H-rauwolscine in the absence (®) or presence of p-Dalb (O,
10 uM). (B) Dissociation kinetic rate of *H-rauwolscine in the pres-
ence of rauwolscine (black), rauwolscine plus p-Dalb (red), p-Dalb
(green) and rauwolscine + 5-(N-ethyl-N-isopropyl)-amiloride (EPA)
(purple).

between GPCRs reside mainly in their transmem-
brane domains, it is not the case for their external
loops that are highly diverse in sequence and spatial
organization (Palczewski etal.,, 2000; Cherezov
et al., 2007; Rasmussen et al., 2007; Jaakola et al.,
2008). Assuming that all three-finger-fold toxins
interact with the external part of their molecular
targets (as MT7 does), the structural organization of
the external domains of each GPCR should account
for the selectivity of the interacting toxin.

p-Dalb interacts with ho,-adrenoceptors with an
affinity of 14 nM for the ozs-adrenoceptor, showing
a weak selectivity, five and three times, for ozs- and
ozc-adrenoceptors, respectively. It is the first peptide
ligand found to be specific for this receptor subfam-
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ily, showing almost no activity at the other adreno-
ceptors. p-Dalb did not fully displace rauwolscine
binding, leaving the same level of residual binding
on each of the three op-subtypes. To further
investigate this residual binding, we performed
SH-rauwolscine saturation binding experiments in
the presence of an excess of the toxin. Rauwolscine
was still able to bind to the aza-adrenoceptor with
high affinity in these experiments, but the total
number of sites available for binding was reduced by
a factor of four. That rauwolscine could still bind
receptors saturated with p-Dalb and with similar
affinity suggests that two populations of receptor are
present. Approximately 75% of the total receptor
population is sensitive to p-Dalb; the remaining
25% is thus resistant to the toxin. We also examined
the effect of p-Dalb on the dissociation rate of rau-
wolscine. We did not find a significant effect of the
toxin, ruling out a potential allosteric mode of inter-
action. Additionally, p-Dalb added alone resulted in
rauwolscine dissociation at the same rate as
observed upon addition of yohimbine, confirming
the competitive mode of action of the toxin. More-
over, only 80% of its binding was reversible, consis-
tent with our findings from equilibrium binding
experiments. Similar results had been previously
obtained for p-Dala, which does not fully inhibit
*H-prazosin binding on oux-adrenoceptor and does
not affect *H-prazosin dissociation rate, suggesting a
competitive mode of interaction of p-Dala
(Quinton et al., 2010). By contrast, the MT7 toxin,
which leaves residual binding at the M; muscarinic
receptor, substantially reduces the dissociation rate
for *H-N-methyl-scopolamine and was described as
a potent negative allosteric modulator (Olianas
et al., 2000; Mourier et al., 2003).

We used two different strategies for the func-
tional characterization of the p-Dalb interaction.
The first strategy involved monitoring conforma-
tional changes of the trimeric G protein induced
upon receptor activation. We monitored this con-
formational rearrangement between G protein sub-
units by measuring BRET signal between a donor,
the Go-RLuc and an acceptor, the Gy-GFP (Gales
et al., 2006). This strategy allowed us to evaluate the
effects of p-Dalb on one of the initial events in
activation, leading to the characterization of
this peptide toxin as an antagonist. The ona-
adrenoceptor is normally coupled to the G; and G
proteins and plays a role in a number of physiologi-
cal functions. This receptor has been implicated in
several disorders of the CNS [epilepsy, depression
(Bekker and Sturaitis, 2005)] and others expressed in
the periphery, such as diabetes, intestinal motility,
cardiac function and pain (Rosengren et al., 2009).
We shifted its natural activation pathway to one



Specific peptide antagonist for a2-adrenoceptors

Table 2

Alignment of sequences for p-Dalb and various other toxins acting on adrenoceptors and muscarinic receptors

Edman’s degradation

LTXVTRKDTIFGITTQNXPAGONLXFIRRHYINHRYTEITRGXTATXPKPTNVRE

Mass sequencing ETIHCCNTDKCNE

Loops - I-—— 2-—————— 3———- %
p-Dalb Da LTCVTKDTIFGITTQNCPAGONLCFIRRHYINHRYTEITRGCTATCPKPTNVRET IHCCNTDKCNE

MT-o Dpp LTCVTSKSIFGITTENCPDGONLCFKKWYYLNHRYSDITWGCAATCPKPTNVRET IHCCETDKCNE 77
MT3 Da LTCVTKNTIFGITTENC PAGONLCFKRWHYVIPRYTEITRGCAATCPIPENY-DSIHCCKTDKCNE 76
MT4 Da LTCVTSKSIFGITTENCPDGONLCFKKWYYIVPRYSDITWGCAATCPKPTNVRET IHCCETDKCNE 76
MT1 Da LTCVTSKSIFGITTENC PDGONLCFKKWYYIVPRYSDITWGCAATCPKPTNVRET IRCCETDKCNE 74
MT-B Dpp LTCVTSKSIFGITTEDC PDGONLCFKRRHYVVPRIYDITRGCVATCPIPENY-DSIHCCKTDKCNE 67
p-Dala Da LTCVTSKSIFGITTEDC PDGONLCFKRRHYVVPRIYDSTRGCAATCPIPENY-DSIHCCKTDKCNE 66
Cm3 Dpp LTCVTSKSIFGITTEDC PDGONLCFKRRHYVVPRIYDITRGCVATCPIPENY-DSIHCCKTEKCNN 64
MT2 Da LTCVTTKS IGGVTTEDC PAGONVCFKRWHYVTPRNYDIIKGCAATCPKVDNN-DPIRCCGTDKCND 55
MT7 Da LTCVKSNS IWFPTSEDC PPGONLCFKRWQYISPRMYDFTRGCAATCPKAEYR-DVINCCGTDKCNK 54
B-ca Oh RKCLNTPLPLIYTT--CPIGODKCVKMTIKKLPSKYDVIRGCIDICPKSSA-DVEVLCCDTNKCNK 36

Percentage identity, relative to p-Dalb, is indicated for each sequence. Residues that differ from p-Dalb are in bold. Da, Dendroaspis

angusticeps; Dpp, Dendroaspis polylepis polylepis; Nak, Naja kaouthia; B-Ca, B-cardiotoxin; Oh, Ophiophagus hannah.

mediated by a chimeric G protein, Gq-Top (Selvam
et al., 2010). This allowed ozx-adrenoceptor activa-
tion to be detected and quantified through measure-
ment of calcium release. Yohimbine and p-Dala
induced rightward shifts of the activation curves
without changing adrenaline efficacy. Schild regres-
sions were clearly linear with a slope that deviated
from unity for p-Dalb, suggesting that this ligand
does not employ a simple competitive mode of
action. The pA, values for yohimbine determined
using this system (5.93) were significantly lower
than values found in the literature: 6.88 in the
pineal gland (Pratt and Takahashi, 1987), 7.25 in the
uterine artery (Ribeiro and Macedo, 1986) or 8.4 in
the mesenteric artery (Agrawal et al., 1984). This
disparity could be due to the use of a chimeric G
protein to funnel GPCR signal transduction to a
common pathway involving Ca?* release from intra-
cellular stores. Indeed, shifts in agonist potency and
efficacy have previously been shown, for example,
upon co-transfection of receptors with Gos or with
other chimeric G proteins (Kostenis, 2001). Our
system may therefore have underestimated the
potency of both yohimbine and p-Dalb, with pA,
values differing substantially from the affinity con-
stants determined in binding experiments.

Further experiments are needed to check
whether p-Dalb has similar pharmacological prop-
erties on the two other subtypes of o,-adrenoceptor
and to determine the origin of the residual binding
and non-competitive  antagonist  properties
observed in our competition experiments. Studies
are also needed, particularly at the molecular level,

to determine more precisely the interaction of
p-Dalb with o,-adrenoceptors.

Nevertheless, the high affinity and selectivity of
p-Dalb for this receptor subfamily make it a useful
tool in the study of os-adrenoceptors physiology
and in the development of novel drug candidates.
Thus, no oz-adrenoceptors antagonist are currently
used clinically, although these receptors are
involved in several pathologies such as intestinal
motility (Blandizzi, 2007), orthostatic hypotension
(Pang, 2001) or Parkinson’s disease (Brotchie, 2005).
This is largely because none of the compounds so far
tested are sufficiently selective for az-adrenoceptors
(Crassous et al., 2007). By itself, p-Dalb has no activ-
ity on any other adrenoreceptor families. In addi-
tion, the natural venom fraction H, from which
p-Dalb was isolated, shows no activity on 20 differ-
ent GPCRs (N. Gilles, unpubl. data), suggesting that
the p-Dalb selectivity covers a large number of
aminergic GPCR. Finally, the peptide nature of the
toxin should not allow it to pass the blood brain
barrier, avoiding central side effects. For these
reasons, p-Dalb has been patented and is under
evaluation for treatments of several peripheral
diseases.
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