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(57) De faibles variations du pH extracellulaire activent
des courants dépolarisants d’entrée dans la plupart des
neurones nociceptifs. Il a €t¢ récemment propose que la
sensibilit¢ aux acides des neurones sensoriels et des
neurones du systeme nerveux central est induite par une
famille de canaux cationiques a porte protonique
structurellement relice a C. elegans degenerins et a des
canaux sodiques d’épithelium de mammifere. On décrit
dans cette mvention le clonage moleculaire d’un
nouveau recepteur protonique humain, hASIC3, un
homologue de sous-umites d’une longueur de 531 acides
amines au DRASIC de rat. L’expression de canaux
HASIC3 homomeres dans des courants d’entrée
biphasiques generes par des ovocytes Xenopus €licites a
un pH mférieur a 5 fourmit la premiere preuve
fonctionnelle d’un canal 10nique a porte protonique
humain. Contrairement au phénotype de courant
DRASIC, le premier constituant désensibilisateur rapide
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(57) Small changes of extracellular pH activate
depolarizing 1mmward currents 1 most nociceptive
neurons. It has been recently proposed that acid
sensitivity of sensory as well as central neurons 1s
mediated by a family of proton-gated cation channels
structurally related to C. elegans degenerins and
mammalian epithelial sodium channels. We describe
here the molecular cloming of a novel human proton
receptor, hASIC3, a 531 amino acid-long subunit
homologous to rat DRASIC. Expression of homomeric
hASIC3 channels 1n Xenopus oocytes generated biphasic
inward currents elicited at pH < 5, providing the first
functional evidence of a human proton-gated 1on
channel. Contrary to the DRASIC current phenotype, the
fast desensitizing early component and the slow
sustained late component differed both by their cationic
selectivity and by their response to the antagonist
amiloride, but not by ther pH sensitivity
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et le dernier constituant a libération lente different a la
fo1s par leur sé€lectivite cationique et par leur réponse a
I’amiloride antagoniste, mais non par leur sensibilite au
pH (pHS0 = 3,66 contre 3,82). On a detecteé par RT-PCR
et par hybrnidation ponctuelle d’ARNm, de la RNAm
hASIC3 dans des ganglions sensoriels, dans le cerveau et
dans plusieurs tissus internes comprenant les poumons et
les testicules, de sorte que l'expression genique de
hASIC3 n’est pas limitée aux neurones sensoriels
periph€riques. Ces  données  fonctionnelles et
anatomiques suggerent fortement que hASIC3 joue un
role majeur dans les courants persistants induits par des
protons se produisant dans des conditions
physiologiques et pathologiques de variations du pH,
probablement par le biais d’une heteropolymerisation a
specificite tissulaire avec d’autres membres de la famalle
des canaux a porte protonique.
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(pH50= 3.66 vs 3.82). Using RT-PCR and mRNA blot
hybridization, we detected hASIC3 mRINA 1n sensory
ganglia, brain and many internal tissues including lung
and testis, so hASIC3 gene expression was not restricted
to peripheral sensory neurons. These functional and
anatomical data strongly suggest that hASIC3 plays a
major role 1n persistent proton-induced currents
occurring in physiological and pathological conditions of
pH changes, likely through a ftissue-specific
heteropolymerization with other members of the proton-
gated channel famaily.
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(57) Abstract

Small changes of extracellular pH activate depolarizing inward currents in most nociceptive neurons. It has been recently proposed

| that acid sensitivity of sensory as well as central neurons is mediated by a family of proton-gated cation channels structurally related
to C. elegans degenerins and mammalian epithelial sodium channels. We describe here the molecular cloning of a novel human proton
receptor, hASIC3, a 531 amino acid-long subunit homologous to rat DRASIC. Expression of homomeric hASIC3 channels in Xenopus
oocytes generated biphasic inward currents elicited at pH < §, providing the first functional evidence of a human proton—gated ion channel.
Contrary to the DRASIC current phenotype, the fast desensitizing early component and the slow sustained late component differed both
by their cationic selectivity and by their response to the antagonist amiloride, but not by their pH sensitivity (pH50= 3.66 vs 3.82). Using
RT-PCR and mRNA blot hybridization, we detected hASIC3 mRNA in sensory ganglia, brain and many internal tissues including lung and
testis, so hASIC3 gene expression was not restricted to peripheral sensory neurons. These functional.and anatomical data strongly suggest
that hASIC3 plays a major role in persistent proton-induced currents occurring in physiological and pathological conditions of pH changes,
likely through a tissue—specific heteropolymerization with other members of the proton—gated channel family.
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DNA ENCODING A HUMAN PROTON-GATED ION-CHANNEL AND USES
THEREOF

FIELD OF INVENTION

In mammals, the pH of the extracellular compartment, including interstitial fluids
and blood, is strictly regulated and maintained at a constant value of 7.4. Acid sensing
is a specific kind of chemoreception that plays a critical role in the detection of
nociceptive pH imbalances occurring, for example, in conditions of cramps, trauma,
inflammation or hypoxia (Lindahl, 1974). In mammals, a population of small-diameter
primary sensory neurons in the dorsal root ganglia and trigeminal ganglia express
specialized pH-sensitive surface receptors activated by increase of extracellular proton
concentration (Bevan and Yeats, 1991). Acid sensitivity of sensory as well as central
neurons is mediated by a family of proton-gated cation channels structurally related to
C. elegans degenerins and mammalian epithelial sodium channels. This invention
relates to these Acid Sensing lon Channels (ASIC), particularly to a non-inactivating

proton-gated channei, named hASIC3, its association with other channel subunits and
uses thereof.

SACAGEROUNL G NVE] o)\

Tissue acidosis is associated with a number of painful physiological (e.g.
cramps) and pathological conditions (e.g. inflammation, intermittent claudication,
myocardial infarction). Experimentally, similar painful events can be reproduced by
infusing low pH solutions into skin or muscle. Furthermore, the prolonged intradermal
infusion of low pH solutions can mimic the characteristic hyperaigesia of chronic pain.
To further characterize the effects of protons and their relation to pain, low pH solutions
were applied to patch-clamped central and peripheral sensory neurons. Inward
currents were induced when pH was dropped to acidic values, providing evidence for

" the existence of proton-activated ion channeis. Several types of native currents were

observed in sensory neurons from rat and human trigeminal and dorsai root ganglia:
m rapidly inactivating currents;
m non-inactivating currents; and

m biphasic currents displaying a rapidly inactivating current followed by a
non-inactivating current.

Other differences regarding ion selectivities were aiso reported. These results
suggested the existence of several proton-gated ion channels. The prolonged pain

induced by tissue acidification is most likely associated with a non-inactivating
proton-gated ion channel.

SUBSTITUTE SHEET (RULE 26)
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-2.
Cloned proton-gated ion channels

Three classes of mammalian proton-gated cation channels have recently been
cloned in rat and named « ASIC » for Acid Sensing lon Channels. Sequence analysis

identifies them as members of the DEG/ENaC superfamily of ion channels. The
putative membrane topology of ASIC receptors predicts two transmembrane spanning
domains with both N- and C-termini in the intracellular compartment, as shown for the

epithelial sodium channels (ENaC). The published ASIC receptors are described
below:

1) ASIC;IA (first reported as ASIC), displays a rapidly inactivating current with a pH,
of 6.2 (Waldmann R. et al., Nature 1997; 386: 173-7). N.B.: pH,, indicates the pH at
which peak inward current equals half the maximal value.

2) ASIC1B (initially reported as ASIC-B), is a splice variant of ASIC1A where the first
185 amino acids of ASIC1A are replaced by a distinct new sequence of 172 amino

acids. ASIC1B shows simiiar current kinetics and pH,, as those observed for ASIC1A
(Chen C-C et al., Proc Natl Acad Sci 1998; 95: 10240-5).

3) ASIC2A (first reported as MDEG, then MDEG1), displays a slowly inactivating
current with a pH,, of 4.05 (Waldmann R. et al., J Biol Chem 1996; 271: 10433-6).
4) ASIC2B (first reported as MDEG2) is a splice variant of ASIC2A where the first 185
amino acids are replaced by a distinct new sequence of 236 amino acids (Lingueglia
E. et al.,, J Biol Chem 1997, 272. 29778-83). When expressed in heterologous
expression systems, ASIC2B does not appear to be activated by protons.

o) DRASIC, which displays a biphasic current where the rapidly inactivating

component has a pHy, of 6.5 and the non-inactivating component a pH., of 3.5
(Waldmann R. et al., J Biol Chem 1997; 272: 20975-8).

Tissue distribution of cloned proton-gated ion channels

ASIC1A and ASIC2B mRNAs are present in both brain and sensory neurons.
ASIC2A mRNA is detected in the central nervous system but is absent in sensory
neurons. ASIC1B and DRASIC are exclusively expressed in sensory neurons,
predominantly in small diameter neurons. The different ASIC subunits in brain
(ASIC1A, ASIC2A, ASIC2B) as well as the ASICs in sensory neurons (ASIC1B,
ASIC2B and DRASIC) appear to be coexpressed in the same neurons (Waldmann R.
et al., Curr Opinion Neurobiol 1998; 8: 418-24).

Homo- and heteromultimeric assembly of proton-gated channel subunits

lon channels are multimeric complexes, which result from the association of
several identical (homopolymeric) and/or different (heteropolymeric) channel subunits.
Except for ASIC2B, all ASIC subunits associate into homomuitimeric complexes and
yield the functional channels described above. in addition, certain ASIC subunits have
been shown to form functional heteromuitimeric channeis with distinctive properties.
Indeed, ASIC2B, which by itself does not give rise to a proton-gated channel, modifies

SUBSTITUTE SHEET (RULE 26)
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the channel characteristics of ASIC2A and of DRASIC when coexpressed with either
one or the other. The homomultimeric ASIC2A channel has a single exponential

inactivation profile and is highly selective for sodium. When coexpressed with ASIC2B.
the inactivation kinetics become biphasic with a slowly inactivating component that
poorly discriminates between sodium (Na*) and potassium (K*) ions. Similarly, when
DRASIC was coexpressed with ASIC2B, the sustained sodium-selective current of
DRASIC became cation non-selective (pNa*=pK*) (Lingueglia E. et al., J Bio/ Chem
1997, 272: 29778-83).

Proton-gated channels are related to degenerins and mechanosensation

As mentioned above, ASICs belong to the DEG/ENaC superfamily of receptors,
which also includes epithelial sodium channels (ENaC) involved in sodium
homeostasis, the FMRFamide peptide-activated channel FaNaC from Helix aspersa,
involved in neurotransmission, the ATP-gated cation channels, ailso invoived in
neurotransmission, as well as the degenerins of Caenorhabditis elegans, invoived in
mechanotransduction. As mentioned above, involvement of proton-gated ion channels
In nociception seems likely. However, since many of the ASIC subunits are also
expressed elsewhere than in sensory neurons, other functions than nociception must
also be considered. In addition to their noxious effects, protons might play important
roles as neurotransmitters as implied by reports of neuronal activity in response to
fluctuations of pH. However, it still remains to be proven that sufficient pH changes can
occur to activate ASIC channels with low pH;,, such as ASIC2A or ASIC2A+ASIC2B
channels. Alternatively, ASIC channels might also be activated by other ligands, such
as neuropeptides and neurotransmitters, or by mechanical energy, as suggested by

their sequence homology with the other members of the DEG/ENaC superfamily.

YUIMIIVIARY UkF INVENTIUN

The object of the present invention is to provide the primary structure, functional
characterization and tissue distribution of a human non-inactivating amiloride-sensitive
proton-gated ion channel, designed herein as hASIC3.

hASIC3 is not the orthologue of rat DRASIC as supported by the following
evidence:
1) hASIC3 has 83% sequence identity with rat DRASIC while human and rat ASIC1A
orthologues show an identity of 97.7% and human and rat ASIC2A orthologues show
an identity of 99%. (Garcia-Anoveros J. et al., Proc Natl Acad Sci 1997; 94: 1459-64).
2) Tissue distribution of hASIC3 is widespread throughout the body while rat DRASIC

mRNA is restricted to sensory neurons (compare Fig. 6 and Waldmann R. et al.. J Biol
Chem 1997, 272: 20975-8)

SUBSTITUTE SHEET (RULE 26)
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3) hASIC3 and rat DRASIC biphasic currents display different properties. In the
following discussion «fast component» will refer to the rapidly inactivating current and
«slow component » will refer to the sustained current, which follows the fast component:

® The fast and slow component of hASIC3 have similar pH,,s (3.66 and

3.82, respectively), while rat DRASIC has different pH,,s for the fast and

slow components (6.5 versus 3.5, respectively) (compare Fig. 3 and
Waldmann et al., J Biol Chem 1997, 272: 20975-8).

8 The slow component of hASIC3 is inhibited by amiloride while the siow

component of rat DRASIC is potentiated by amiloride (compare Fig. 5A
and 5B and Waidmann et al., J Biol Chem 1997; 272: 20975-8).

Reversal potentiais for the fast and slow components of hASIC3 differed
by 15 mV (E,, fast= +33 mV and E,,, slow = +48 mV), while both fast
and slow components of rat DRASIC have the same E,, of +32 mV.
(compare Fig. 4 and Waldmann et al., J Biol Chem 1997; 272: 20975-8).
Another aim of the present invention is to provide a DNA sequence encoding

a novel subtype of a human non-inactivating amiloride-sensitive proton-gated ion
channel, hASIC3 and derivatives thereof.

In accordance with the present invention there is provided an isolated nucleic
acid molecule, which consists essentially of the nucleotide sequence depicted in SEQ
ID No. 1, and derivatives thereof.

The isolated nucleic acid molecule of the present invention encodes a peptide

consisting essentially of the amino acid sequence listed in SEQ ID No.: 2, and
derivatives thereof.

RNA encoding the hASIC3 receptor, transcribable from DNA in accordance with
the present invention (SEQ ID No.: 1) and substantially free from other RNAs, also

forms part of the invention, and may be useful for a number of purposes including

hybridization studies, in vitro translation as well as transiation in appropriate in vivo
systems such as Xenopus oocytes.

The present invention also relates to complete and/or partial complementary

and/or antisense nucleotide sequences corresponding to the nucleotide sequence
listed in SEQ ID No. 1.

In accordance with the present invention, there is provided a vector, preferably
an expression vector, selected from the group consisting of plasmid, phage, retrovirus,
baculovirus, adenovirus and integration elements, which include the isolated nucleic
acid molecule of the present invention.

The present invention also relates to host cells transformed or transfected with

a vector as described above. Host celis may be prokaryotic or eukaryotic and include
mammalian cells (such as COS, CHO cells and human embryonic kidney cells,

HEK293), insect cells, yeasts (such as Saccharomyces cerevisiae) and bacteria (such

SUBSTITUTE SHEET (RULE 26)
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as Escherichia coli). Host cells will either transiently express hASIC3 and/or derivatives
thereof, as in the case of COS cells, or be stably transfected with a vector carrying the
hASIC3 sequence and/or derivatives thereof. A CHO cell line or any other cell line that
stably expresses hASIC3 and/or any derivatives thereof can be used for
electrophysiological, calcium-influx, ion-imaging, ligand-binding, affinity purification,
iImmunoprecipitation, western blotting and immunoblotting studies. Host cells which do
not express the receptor may still be useful as cloning hosts.

Another object of the present invention is to provide a method to isolate a ligand
that will bind the hASIC3 protein, or any derivative thereof.

A hASIC3 and/or a derivative thereof prepared by recombinant DNA technology
In accordance with the invention has a number of uses, either in situ in the membrane
of the expression host or in in vitro systems. In particular, the receptor can used as a
screen for ligands and/or compounds useful in a variety of human (or other animal)
diseases and conditions, such as pain, inflammation, ischemia and neurodegenerative
disorders. Ligands refers to any chemical or biological entity that binds to any
intracellular and/or extracellular region or portion of the hASIC3 and/or its derivatives.
Such ligands include compounds present in combinatorial chemical libraries, peptide
phage display libraries, extracts containing unknown compounds (for example plant
extracts, marine life extracts, toxins, venoms), as well as biological molecules such as
polyclonal and/or monoclonal antibodies, neurotransmitters. peptides or inorganic ions
and metals.

For example, in accordance with the present invention there is provided a
method of using the isolated nucleic acid molecule listed in SEQ ID No. 1. or a
sequence which hybridizes under stringent conditions to the sequence listed in SEQ
ID No. 1, to produce a peptide consisting essentially of the amino acid sequence listed
in SEQ ID No. 2, which comprises the steps of:

a) transforming a host with a DNA sequence capable of encoding the peptide

b) incubating the host under conditions which allow the protein sequence to be
expressed and

C) isolating by all means the protein from the host.

Recording or imaging the activity of the protein from the host can be performed
to confirm or monitor the activity of the protein. This method can be reiterated, this
time, with two or more DNA sequences encoding two or more different proteins, which
results in the obtention of heteropolymeric channeis. )

Derivatives of hASIC3 include functional and/or structural variants as described
below: '

_ Derivatives of hASIC3 include molecules whose sequence differs from the

hASIC3 sequence by a modification and/or substitution and/or insertion and/or
deletion of one or several amino acid residues as long as this modification

SUBSTITUTE SHEET (RULE 26)
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and/or substitution and/or insertion and/or deletion does not modify the
functional and/or structural properties of the hASIC3 channel, mainly the
activation by protons. The amino acid sequence of derivatives must be at least
85% or greater identical to the amino acid sequence of hASIC3. Such

derivatives can be synthetized and/or analysed by a person skilled in the art
following established techniques.

Derivatives of hASIC3 also include molecules whose sequence differs from the
hASIC3 sequence by a modification and/or substitution and/or insertion and/or
deletion of one or several amino acid residues even if this modification and/or
‘substitution and/or insertion and/or deletion does modify the functional and/or
structural properties of the hASIC3 channel, rendering it non-or differently
responsive to protons.

Examples of derivatives are hASIC3-like channel subunits corresponding to the
partial nucleotide sequences (Expressed Sequence Tag available from public dbest
databases, such as EST # Al024055, AA628357, AA448259, AA449322. hASIC3
channel subunits epitope-tagged on N-terminus and/or C-terminus, as well as hASIC3
channel subunit where the first 150-200 amino acids were substituted by a new and

different amino acid sequence, in a similar fashion as reported for ASIC1A and
ASIC1B, and ASIC2A and ASIC2B.

The present invention relates to the association of hASIC3 and derivatives
thereof with other channel subunits such as the proton-gated ion channel subunits and

derivatives thereof (for example ASIC1A, ASIC1B, ASIC2A, ASIC2B), or other channel
subunits related to the DEG/ENaC superfamily of receptors, such as alpha-, beta-.
gamma-,delta-ENaC subunits or the P2x ATP-gated ion channel subunits. Such

associations include interactions between subunits of different species, but the
preferred associations are between subunits from the same species.

An example of heteromeric association between hASIC3 and rat P2x2 is given

herein below. The resulting new channel is a novel proton-gated ion channel, which
displays higher sensitivity to pH. Indeed, when hASIC3 and P2x2 are coinjected into
Xenopus oocytes, inward currents can be activated with slight acidification to pH 6.5,
while the homomeric hASIC3 requires a pH of 4.0. This different pharmacological

property proves that hASIC3 and P2x2 physically associated to generate a new ion
channel.

>RIPTION OF IN N JIUN

This invention will be described by way of specific embodiments, examples and
figures, which purpose is to illustrate the invention rather than to limit its scope.
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Figure 1. Nucleotide and predicted amino acid sequence of hASIC3 cDNA (SEQID
No. 1 and No. 2, respectively) (A), deposited in Genbank database under the
accession number AF057711. Two stretches of 20-34 amino acids corresponding to
potential transmembrane domains, identified in Kyte-Doolitle hydrophobicity plot, are
highlighted. Consensus phosphorylation sites in intracellular domains and
N-glycosylation sites in extracellular domain are indicated by circled and boxed
residues, respectively. Homology (in %) of hASIC3 (B) and phylogenetic relationships
(C) with known members of the human ASIC/ENaC family. Protein dendrogram
generated using UPGMA algorithm (Geneworks 2.5.1, Oxford Molecular Group).

Figure 2. Biphasic current phenotype of homomeric hASIC3 channels: effects of
increasing rates of pH change. Oocytes were clamped at -70 mV and continuously
perfused with Ringer's buffer containing 10 mM HEPES at pH 7.6. pH was then
dropped to 4.0 for 10 sec with increasing pH gradients obtained by raising the buffer
capacity differential between control and test buffers: A. pH 7.6 to pH 4.0 in 10 mM
HEPES; B. pH 7.6 in 5 mM to pH 4.0 in 10 nM HEPES; and C. pH 7.6 in 5 mM to pH
4.0 in 20 mM HEPES. Controls done with the test buffers at pH 7.6 did not activate the
hASIC3 channel. Oocytes injected with injection buffer alone showed no inward
currents. The amplitude of the early but not the late component, and thus the ratio of

early/late peak currents, appears to be very sensitive to the speed at which the pH
drops from normal to acid pH values.

Figure 3. Dose-response curves of pH activation of hASIC3 currents. Dose-response
curves were constructed in 20 mM HEPES buffered at different pH values from 6.0 to
3.0. Peak currents of fast and slow currents were analysed with the four parameter
logistic equation and the partial F test for statistical comparison. Each point represents
mean O SEM from this typical experiment. Apart from the maximal response, no other
significant difference was observed between both curves.

Figure 4. Current-voltage (I/V) relationship of the fast and slow hASIC3 currents.
Recordings were done in Ringer’s buffer containing (in mM): NaCl 115, KC! 2.5. CaCl,
1.8 and HEPES 5, pH 7.6. The I/V relationship was established by measuring peak
currents of both fast and slow responses to pH 4.0 (applied 1 sec after voltage step)
at different membrane potentials, after substracting background currents recorded
without pH applications (A). Peak current values were plotted (B) and reversal potential
estimated from linear (slow current) and nonlinear (fast current) regression analysis.

Panels A and B represent a typical experiment where reversal potentials were 33.4 my
and 44.8 mv respectively for the fast and slow currents.

Figure 5. Differential sensitivity of the fast and slow hASIC3 currents to amiloride.
hASIC3 currents were activated by pH 4.0 in the presence and absence of 100 EM
amiloride (A). Inhibition by amiloride was much stronger on the fast than the sustained
current. Data in B represent mean O SEM (n= 17) of residual peak currents during
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amiloride application for the fast (37.2 O 6.4%) and sustained (72.0 O 3.8%)

components expressed as percent of controls. Statistical significance (P) was
evaluated by unpaired two-tailed t-test (*** P<0.001).

Figure 6. Distribution of hASIC3 mRNA in normal human tissues. High stringency
5  hybridization of radiolabeled hASIC3 cDNA on human polyA+ RNA isolated from brain,
| spinal cord, internal tissues as well as from 17-28 weeks fetal tissues was quantitated

by densitometric analysis in phosphorimaging. Amounts of polyA+ RNA target were

normalized across tissues to allow direct comparisons of transcription levels (see
Materials and Methods for details).

10 Figure 7. High levels of transcription of hASIC3 gene in sensory ganglia enriched in
nociceptive neurons. Localization of hASIC3 and reporter G3PDH mRNAs in human
trigeminal ganglia (TG), cerebellum (CB) and lung (L) using RT-PCR amplification with
specific exact match primers (see Materials and Methods section for details).
Figure 8. lllustration of a recording of non-inactivating cation current induced by strong

15

~ acid (pH 4.0) in Xenopus oocytes injected with hASIC3 clone alone in pcDNA3 vector.
Figure 9. lllustration of a recording of non-inactivating cation current induced by weak

acid (pH 6.5) in Xenopus oocytes coinjected with hASIC3 clone and rat P2x2 clone,
both in pcDNA3 vector.

EXAMPLE 1: Characterization of a human non-inactivating proton-gated ion
20 channel, hASIC3

Iintroduction

Acid sensing is a specific kind of chemoreception that plays a critical role in the
detection of nociceptive pH imbalances occurring in conditions of cramps, trauma,
inflammation and hypoxia (Lindahl, 1974). In mammals, a population of smali-diameter
primary sensory neurons in the dorsal root ganglia and trigeminal ganglia express
specialized pH-sensitive surface receptors activated by increase of extracellular proton
concentration (Bevan and Yeats, 1991). Native electrophysiological responses of
sensory neurons to applications of pH 5.8-6.5 are characterized by a fast desensitizing
inward current followed by a slow sustained current (Krishtal and Pidoplichko, 1981).
Elucidating the native molecular composition of proton sensors in human sensory
neurons will be an important step in the rational development of a novel class of
anaigesics. A family of genes coding for neuronal proton-gated channels subunits has
been recently discovered (Garcia-Anoveros et al., 1997; Waldmann et al., 1997).
Heterologously expressed amiloride-sensitive homomeric rat ASIC (Acid Sensing lon
Channel) (Waldmann et al, 1997) responds to small pH changes by a fast
desensitizing sodium-selective current, while MDEG1 (Mammalian DEGenerin 1)
(Waldmann et al., 1996) and DRASIC (Dorsal Root ganglia ASIC) (Waldmann et al.,

1997) require drastic pH changes to gate desensitizing and biphasic currents,
respectively. ASIC and MDEG1 can associate together to generate a heteromeric

25
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channel activated at low pH (<5) with unique kinetics and ionic selectivities (Bassilana
et al., 1997). A neuronal splicing variant of MDEG1 was shown to modulate DRASIC
biophysical properties by heteromeric association (Lingueglia et al., 1997). These
proton-gated channels share a putative two-transmembrane domain topology and
co-localization in small diameter capsaicin-sensitive sensory neurons with P2X
ATP-gated channels (North, 1997). From their sequence, they belong to an expanding
gene superfamily including mammalian epithelial sodium channels (Canessa et al..
1994), pickpocket (PPK) and ripped pocket (RPK) subunits from Drosophila (Adams
et al., 1998), degenerins of C. elegans (Corey and Garcia-Anoveros. 1996), and the
FMRFamide-gated channel of Helix aspersa (Lingueglia et al., 1995). Despite their
potential importance in monitoring pH changes in central nervous system and sensory
pathways, human proton receptor genes have not yet been functionally characterized.
We report here for the first time the heterologous expression of a human proton-gated

channel, as well as significant inter-species differences observed both in functional
properties and regional distributions of acid sensors.
Material and Methods

Molecular cloning

Using the tblastn aigorithm, virtual screening of the dbEST database of NCBI

(Lennon et al., 1996) with probes corresponding to the protein motif
LXFPAVTLCNXNXXRXS, conserved in all known members of the

degenerin/ENaC/ASIC family, led to the identification of human EST sequences
encoding a novel member of the proton sensor gene family (Genbank accession
numbers AA449579 and AA429417). The clone tagged by 5' EST AA449579 and by
3" EST AA449322 from a total fetus cDNA library was sequenced on both strands
using walking primers and an ALF DNA sequencer (Pharmacia-LKB). Full-length
hASIC3 was directionally subcloned into unique EcoRI and Notl sites of eukaryotic

vector pcDNA3 (invitrogen) for CMV promoter-driven heterologous expression in
Xenopus oocytes.

Electrophysiology in Xenopus oocytes

Oocytes surgically removed from adult Xenopus laevis were treated for 2 h at
room temperature with type Il collagenase (Gibco-BRL) in Barth's solution under
constant agitation. Selected oocytes at stage IV-V were defolliculated manually before
nuclear micro-injections (Bertrand et al., 1991) of 5 ng of hASIC3 in pcDNA3 vector.
After 2-4 days of expression at 19°C in Barth's solution containing S0Eg/m gentamycin,
currents were recorded in the two-electrode volitage clamp configuration using an
OC-725B amplifier (Warner Instruments). Whole cell currents were acquired and
digitized at 500 Hz on a Macintosh lici computer with an A/D NB-MIO16XL interface
(National Instruments) then recorded traces were post-filtered at 100 Hz in Axograph

(Axon Instruments). Agonist, amiloride and wash solutions were prepared in a modified
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Ringer's solution containing 115 mM NaCl, 2.5 mM KC!, 1.8 mM CaCl, in 5-20 mM
HEPES (Sigma) buffer adjusted with NaOH or HC! at pH 2 to 8 and applied on oocytes

by constant perfusion (10-12 mi/min) at room temperature. Mean values + SEM
corresponded to measurements from a minimum of 5 cocytes.
RT-PCR and mRNA dot blot hybridization

Total RNA from post-mortem samples of normal human trigeminal ganglia were
Isolated using Trizol reagent (Gibco-BRL), then 1 Eg was subjected to random-primed
reverse transcription using Superscript (Gibco-BRL). Around 100 ng of RT-cDNA was
used as tempiate for PCR with Expand DNA polymerase (Boerhinger-Mannheim).
Specific hASIC3 primers TCAGTGGCCACCTTCCTCTA (forward) and
ACAGTCCAGCAGCATGTCATC (reverse) were used to amplify the region
corresponding to nucleotides 175-513 (Fig.lA). After initial template denaturation of 2
min at 94-C, thermal cycles consisted of 45 sec at 94°C, 45 sec at 55C and 2 min at
72°C for 30 cycles. Molecular identity and homogeneity of PCR products were checked
by sizing and specific restriction patterns. Initial sample loading was checked by
co-amplification of glyceraldehyde 3-phosphate dehydrogenase (G3PDH)

housekeeping mRNA. RNA samples not subjected to reverse transcription but PCR
amplified in identical conditions provided our negative controls.

Known amounts of human polyA+ RNA (89-514 ng), isolated from various feta!
and aduit normal tissues and normalized for the transcription levels of several

housekeeping genes (Clontech), were dot-blotted and probed with the [32P}-labeled
EcoRI-Xbal fragment of hASIC3 cDNA at high stringency (final elution at 65C in 0.3
X SSC buffer for 10 min). After exposure for 16 hours, hybridization signals were

acquired and quantitated using a Storm phosphorimager (Molecular Dynamics), then

analyzed in densitometry with imageQuant software (Molecular Dynamics).
Results

Primary structure of hASIC3 channel subunit

Sequence analysis of the 1.7 kb-long hASIC3 polyA+ mRNA revealed an open
reading frame encoding 531 amino acids (Fig. |A), with initiation of translation at the
proximal Met codon located at position nt. 22. The predicted molecular weight of 59
kDa for the immature protein was confirmed by in vitro translation (data not shown).
According to the current topological model based on primary structure analysis and
biochemical tests, a large domain of 365 amino acids faces the extracellular side of the
plasma membrane (Canessa et al., 1994). In this extracellular domain, a total of 15

cysteine residues are highly conserved in the ASIC family, with the exception of
Cys267 being absent in human BNaC1 (hASIC2) only. Two potential sites for
Asn-linked glycosylation, Asn175 and Asn398, are located in this Cysteine-rich loop.

Consensus sites for phosphorylation by casein kinase il (Ser5) and by protein kinase
C (Ser39, Ser478, Ser493, Ser521) are found in the intracellular N-terminai domain of -
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hASIC3 as well as in the intracellular C-terminal domain (Fig. 1A). The hASIC3 subunit
displays 83% of identity with rat DRASIC subunit at the amino acid level, 48% with
human BNaC2 (hASIC1) and 47% with BNaC1 (hASIC2) (Fig. 1B). Therefore hASIC3
belongs to the proton-gated channel family, itself a branch of the
degenerin/ENaC/FMRFamide-gated channel phylogenetic tree (Fig. 1C).
Functional and pharmacological properties of homomeric hASIC3 channels
When heterogously expressed in Xenopus oocytes, hASIC3 subunits assemble
into functional homomeric channels activated by low extracellular pH (Fig. 2A). Rapid
changes of extracellular pH (Fig. 2B-C) revealed a biphasic response. This unique
phenotype was characterized by a fast and rapidly desensitizing current followed by
a slow and sustained current which returned to baseline only upon return to
physiological pH. The relative amplitude of the fast current appeared dependent on the
slope of the pH gradient applied (Fig. 2A-C). However, we found the pH sensitivity of
the two hASIC3-mediated currents to be almost identical with a pH50 of 3.66 O 0.06
(fast) vs 3.82 O 0.04 (slow) (Fig. 3). The positive cooperativity reflected in the
dose-response curve profile, nHfast=1 .57 O 0.3 and nHslow=1 .55 O 0. 17, indicated
that at least two protonations on two subunits are required in order to gate the cation
channel. To study possible differences of ionic selectivity between fast and siow
components, we performed a current-voltage relationship at pH 4.0 in normal Ringer.
The peak amplitude of the fast component displayed some voltage-dependence from
its slight inward rectification, while the siow and sustained component was ohmic in the
range from -70 to + 70 mv (Fig. 4B). Furthermore, although both reversal potentials
were greater than 30 mv as expected for channels conducting mainly sodium, we
measured a _Erev=+150 3.2 mv (p < 0.01) between the fast (+32.9 O 4.4 mv) and
the slow component (+48.2 O 4.8 mv) (Fig. 4A-B). These two phases of
proton-induced hASIC3 current differed also by their sensitivity to the antagonist
amiloride. Co-application of 100 EM amiloride with pH 4.0 in conditions of biphasic

response demonstrated a more efficient blockade of the fast (62.8 O 6.5%) than of the
slow current (28.7 O 4.6%) by amiloride (Fig. SAB).

Central and peripheral distribution of hASIC3 gene express;ion

As a rough index of anatomical distribution and mRNA abundance, we noticed
several cDNAs encoding hASIC3 in total fetus and testis cDNA libraries representated
in the dbEST database. Results obtained in RNA hybridization at high stringency
confirmed that the hASIC3 gene is transcribed in a wide spectrum of internal organs
as well as in the central nervous system (Fig. 6). In the adult stage, hASIC3 transcripts
were detected in lung, lymph nodes, kidney, pituitary, heart ‘and testis as well as in
brain and spinal cord. A developmental up-regulation of hASIC3 gene expression was
apparent when comparing fetal vs adult mRNA levels in lung and kidney (Fig. 6). Thus
hASIC3 subunit expression is not restricted exclusively to sensory ganglia as is rat

e
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DRASIC, explaining our decision to use a chronological nomenclature that is
distribution-independent. The potentially important function of non-inactivating
proton-gated channels in nociceptive sensory neurons was nevertheless confirmed by
the detection of high levels of ASIC3 mRNA in aduit human trigeminal ganglia using
5 RT-PCR (Fig. 7).
EXAMPLE 2: Heteromuitimeric channel composed of hASIC3 and rat P2x2
To demonstrate the possibility of heteromultimeric association between hASIC3
and/or derivatives thereof and other ion channel subunits, we have coexpressed the
hASIC3 and rat P2x2 constructs in Xenopus oocytes to verify if the presence of an
10 ATP-gated ion channel subunit can modify hASIC3 channel properties. P2X2 displays
important similarities with hASIC3, such as overall membrane topology (two
transmembrane spanning domains, cysteine rich extracellular domain), sensitivity to
pH (response to ATP of the P2X2 homomuitimeric channel is strongly potentiated by

acid pH), and tissue distribution (both hASIC3 and P2X2 are colocalized in sensory
15 neurons).

There is shown in Fig. 8 the recording of non-inactivating cationic current
induced by strong acid (pH 4.0) in Xenopus oocytes injected with the hASIC3 clone

alone in pcDNAS3 vector. These data demonstrate that hASIC3 alone can associate in
functional homomeric cation channels.

20 There is shown in Fig. 9 the recording of non-inactivating cation current induced
by weak acid (pH 6.5) in Xenopus oocytes coinjected with hASIC3 clone and rat P2x2
clone, both in pcDNA3 vector. These data demonstrate that the co-expression of
hASIC3 and rat P2x2 changes the pH sensitivity of homomeric hASIC3 or leads to the
formation of heteromuitimeric pH-sensitive channels.

25

While the invention has been described in connection with specific
embodiments thereof, it will be understood that it is capable of further modifications
and this application is intended to cover any variations, uses, or adaptations of the
invention following, in general, the principles of the invention and including such
departures from the present disclosure as come within known or customary practice
30  within the art to which the invention pertains and as may be applied to the essential
features hereinbefore set forth, and as follows in the scope of the appended claims.
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Claims:

1. The use of a molecule having the amino acid sequence of SEQ ID NO:1 or
a variant having at least 85% identity therewith, as a proton-gated cation channel.

2. The use as defined in C1, wherein said molecule forms a homopolymeric
channel.

3. The use as defined in C1, in combination with another cation channel
sub-unit which forms a heteropolymeric channel with said molecule.

4. The use as defined in C3, wherein said other cation channel belongs to the
degenerin/ENaC channel superfamily.

S. The use as defined in C3, wherein said other cation channel'is a P2X
ATP-gated channel.

6. The use as defined in CS, wherein said other cation channel sub-unit is P2X2
ATP-gated channel sub-unit.

7. A recombinant host cell comprising a first and a second DNA sequences
respectively capable of expressing the molecule and the other cation channel as
defined in any one of claims 3 to 6.

8. The use of the recombinant host cell as defined in C7, in the making of a
composition or a kit for screening compounds useful as proton-gated cation channel
ligands.

9. The use of the recombinant host cell as defined in C7 for screening
compounds useful as proton-gated cation channel ligands.

10. The use of a nucleic acid encoding a molecule as defined in any one of C1

to 6, in the making of a composition or a kit for screening compounds useful as
proton-gated cation channel ligands.

11. The use of a nucleic acid encoding a molecule as defined in any one of C1

to 6, for screening compounds useful as proton-gated cation channel ligands.

12. The use of a molecule as defined in any one of C1 to 6. in the making of a
composition or a kit for screening compounds useful as proton-gated cation channel
ligands.

13. The use of a molecule as defined in any one of 61 to 6, for screening
compounds useful as proton-gated cation channel ligands.

14. A composition or kit for screening compounds useful as proton-gated cation
channel ligands, which comprises a molecule as defined in any one of C1 to 6, a

nucleic acid encoding said molecule or a recombinant host capable of expressing said
molecule, and any suitable auxiliary component.

15. The use as defined in any one of C8 to 13, or the composition or kit as
defined in C14, wherein said ligands are anaigesics.
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