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Abstract |

ABSTRACT

The degenerin (DEG)/epithelial sodium channel (ENaC) gene family represents a class of
sodium selective ion channels found in nearly all multicellular animals (Metazoa). The
members of this ion channel family are functionally diverse, however, nothing is known
about the evolutionary origin and the primitive characteristics. In contrast to K*, CI or
water channels, DEG/ENaC ion channels are neither present in unicellular organisms nor in
plants. Since cnidarians are the simplest metazoans having a nervous system, we used the
model cnidarian Hydra magnipapillata to isolate cDNA for four different DEG/ENaC
subunits, HyNaC1-4. The present work had two purposes: first the phylogenetic
classification of the newly cloned Hydra proteins within the diverse family of DEG/ENaC
channels and second the characterization of the activation mechanism and of the
electrophysiological properties of HyNaC ion channels.

The phylogenetic analysis showed that HyNaCs are close relatives of vertebrate ASICs and
BLINaCs/INaC, whereas ENaCs and the FMRFamide-gated FaNaCs are more distant
relatives of HyNaCs. ASICs are proton-gated ion channels mainly expressed in the
mammalian nervous system. BLINaCs are a subgroup of the DEG/ENaC superfamily with
an unknown ligand, expressed in the brain, liver and intestine of mouse and rat and INaC is
the human orthologue found exclusively in the intestine.

We could evoke robust currents in oocytes expressing HyNaC2 and 3 by application of
HydraRFamides I or II, which are common neuropeptides in Hydra. The activation was
dose-dependent with similar potency for both peptides (ECso ~ 25 uM). HyNaC2/3 was
unselective for monovalent cations and was blocked by amiloride with a rather low affinity
(ICso ~ 500 uM). Inhibiton of G-proteins as well as altering expression of hemi gap
junctions did not change current amplitudes, suggesting direct channel activation.

Using in situ hybridization, we located the HyNaC expressing cells adjacent to the
HydraRFamide expressing neurons in the hypostome region at the bases of the tentacles,
suggesting that the peptides are the natural ligands for this channel. Moreover, peptide
interaction seems to be an common feature of DEG/ENaC channels since we could show
that HydraRFamides can also modulate proton-activated ASIC currents.

Our results show that the simple nervous systems of Hydra uses neuropeptides for fast

neurotransmission, suggesting that neuropeptides were among the first ligands for ion
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channels. Furthermore, close relationship of HyNaCs to both human INaC and ASIC4, for
which the activating stimulus is not yet known, opens the possibility that ligands for these
two channels are among RFamide-like peptides.
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ZUSAMMENFASSUNG

Die DEG/ENaC (Degenerine/epitheliale Natrium Kanale) Gen-Familie ist eine Klasse
Natrium-selektiver lonenkandle, deren Vertreter in fast allen tierischen Vielzellern
(Metazoa) vorkommen. Die einzelnen Untergruppen sind funktionell sehr unterschiedlich,
es ist jedoch nichts tber den Ursprung und die urspriinglichen Eigenschaften der Kanale
bekannt. Im Gegensatz zu K*-, CI'- oder Wasserkanalen kommen DEG/ENaC lonenkanéle
weder in einzelligen Lebewesen noch in Pflanzen vor. Da Cnidarier die primitivsten
Metazoen sind, die ein Nervensystem besitzen, haben wir die cDNA von 4 DEG/ENaC
Untereinheiten aus dem Modell-Cnidarier Hydra magnipapillata isoliert: HyNaC1-4.

Diese Arbeit hatte zwei Ziele: zum einen die phylogenetische Einordnung der neu
klonierten Hydra Proteine in die Familie der DEG/ENaC Kanéle und zum zweiten die
Charakterisierung des Aktivierungsmechanismus™ und der elektrophysiologischen
Eigenschaften der Hydra lonenkanéle.

Die phylogenetische Analyse zeigte, dal ASICs und BLINaCs/INaC nahe Verwandte von
HyNaCs sind, wohingegen ENaCs und die FMRFamid-aktivierten FaNaCs entfernter
stehen. ASICs sind Protonen-aktivierte lonenkandle, die hauptséchlich im Nervensystem
von Saugern exprimiert werden. BLINaCs sind eine Untergruppe der DEG/ENaC
Superfamilie mit unbekanntem Liganden; sie werden im Gehirn, der Leber und dem
Verdauungstrakt von Mé&usen und Ratten exprimiert, wéhrend INaC, das Ortholog im
Menschen, nur im Darm gefunden wird.

Durch Applikation der Hydra-Neuropeptide HydraRFamid | und Il konnten wir in Frosch-
Oozyten, die HyNaC2 und 3 exprimierten, gro3e Strome hervorrufen. Die Aktivierung war
dosisabhéngig, wobei beide Peptide in etwa die gleiche Affinitat besalen (ECso ~ 25 uM).
HyNaC2/3 Kanale waren unselektiv gegeniiber monovalenten Kationen und wurden durch
Amilorid mit einer geringen Affinitat blockiert (ICso ~ 500 uM). Die Inhibierung von G-
Proteinen und die Veranderung der Expressionsstarke von Hemi Gap Junctions fuhrten zu
keiner Veranderung der Stromamplituden, was auf eine direkte Kanalaktivierung schlielen
l&sst.

Durch in-situ-Hybridisierungen konnten wir zeigen, dal3 in der Hypostom-Region, direkt an
den Basen der Tentakel, Zellen, die HyNaCs exprimieren, neben Neuronen liegen, die

HydraRFamide exprimieren. Dies lasst vermuten, dal’ die Peptide die naturlichen Liganden
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der HyNaC Kanéle sind. Desweiteren scheint die Interaktion mit Peptiden ein allgemeines
Merkmal der DEG/ENaC Kanéle zu sein, da wir zeigen konnten, dal} Protonen-aktivierte
ASIC-Strome ebenfalls durch HydraRFamide moduliert werden.

Unsere Ergebnisse zeigen, dal} das einfache Nervensystem von Hydra Neuropeptide zur
schnellen Signaltbertragung benutzt, was darauf schliessen lasst, dall Peptide eine der
ersten Liganden fir lonenkandle in Metazoen Uberhaupt waren. Desweiteren erdffnet die
enge Verwandtschaft von HyNaCs zu INaC und ASIC4, deren beider Aktivierungsstimulus
noch nicht gefunden wurde, die Moglichkeit, dal? die Liganden dieser beiden Kanale unter

den RFamid-artigen Peptiden zu suchen sind.
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CHAPTER |

Introduction

1.1 The DEG/ENaC lon Channel Superfamily

1.1.1 History

The epithelial sodium channel (ENaC)/degenerin (DEG) gene family represents a class of
sodium selective ion channels that was discovered in the early 1990s. The members of this
ion channel superfamily are widely distributed throughout the animal kingdom and
functionally highly diverse. The ion channel family was named after a dominant negative
mutation that when present in deg-1 and other genes of C.elegans, led to the degeneration
of specific touch sensitive neurons (Chalfie 1990). At about the same time the a-subunit of
the epithelium sodium channel (ENaC) was cloned and functionally expressed in Xenopus
laevis oocytes (Canessa 1993). It was already known that ENaC plays a crucial role in
sodium reabsorption in epithelia of different mammalian organs. The authors recognized
the high sequence similarity between the gene encoding ENaC and the genes encoding the
degenerins in C.elegans and proposed a new gene family encoding for cation channels.
Soon, additional members forming a new subgroup inside this emerging ion channel family
were cloned by sequence homology. At the beginning, they were named mammalian
degenerins (MDEG) (Waldmann 1996) or brain sodium channels (BNC, BNaC) (Price
1996; Garcia-Anoveros 1997), because they were mainly found in the central and
peripheral nervous system of mammals. After the discovery that these channels could be
activated by extracellular protons, they got their today’s name: acid-sensing ion channels
(ASICs) (Waldmann 1997).

At about the same time, a novel member of the DEG/ENaC superfamily was cloned from
the snail Helix aspersa (Lingueglia 1995). It was called FaNaC (FMRFamide-activated
Na'-channel) and forms a subgroup on its own within the DEG/ENaC ion channel family.
Until today FaNaC is the only known ion channel that is directly activated by a peptide.

Some 3 years later, in 1998, members of two new invertebrate subgroups were cloned,
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FLR-1 from C.elegans (Take-Uchi 1998) and RPK/PPK from Drosophila melanogaster
(Darboux 1998). In 1999, Lazdunski et al. screened a rat cDNA library for novel members
of the DEG/ENaC family and found a gene encoding for a degenerin-related protein that is
expressed mainly in the brain, liver and intestine of the rat (Sakai 1999). It was named
BLINaC, and one year later the same group cloned the human homolog, called INaC
(intestinal Na'-channel) (Schaefer 2000). Until today, the stimulus to activate

BLINaC/INaC and their function are still unknown.

1.1.2 Phylogeny and sequence comparison

Members of the DEG/ENaC superfamily are found in insects, snails, nematodes and several
vertebrates, including humans. They are distributed in tissues as diverse as kidney epithelia,
muscles and neurons and are, depending on their function, constitutively open or activated
by different ligands like protons or neuropeptides. Although DEG/ENaC channels are
found in almost all groups of metazoans where they participate in diverse biological
processes and are activated in response to markedly distinct stimuli, the overall secondary
structure of channel subunits encoded by this gene superfamily is highly conserved.

In Figure 1 the most important members of the DEG/ENaC ion channel family are shown.
At the moment, seven major subgroups can be distinguished: ENaCs, ASICs and
BLINaC/INaC, which are only found in vertebrates, the DEG/MEC-group and FLR-1
found in C.elegans, the peptide-gated FaNaCs present in different snails, and the
RPK/PPK-group in Drosophila melanogaster. Not much is known about the evolutionary
relationships between the subfamilies. There are only few works concerning the phylogeny
of the superfamily, most of them with contradictory data, but it seems clear that ASICs and
BLINaC are close relatives, also ENaCs and DEGs (see Fig. 1). Until today, nothing is
known about the origin and the precursor of the DEG/ENaC channels. The amino acid
sequence identity between the different DEG/ENaC subfamilies is about 15-20%, but is
higher within the different subgroups. The amino acid identity between the four ASIC
subunits is in the range of 45-60%, about 30% between the ENaCs and also between the
DEGs. RPK and PPK from Drosophila share 38% amino acid identity, and the FaNaC
orthologues are 65% identical on the amino acid level.

In contrast to the evolutionary older potassium, chloride or water channels, the DEG/ENaC
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genes are only present in complex animals with specialized organs or structures for
coordination, digestion and reproduction. The wide tissue distribution from transporting
epithelia to excitable neurons is accompanied by a high degree of functional heterogeneity
between the DEG/ENaC family members, which is unusual for the other known ion

channel gene families.

(BLINAC Nematodes
hASIC3b,a,c h/rASIC4 hiNaC FLR1

rASIC3
rfhASIC2a
rASIC2b

PPKidmdNac1 INSects

r/hASIC1a RPK/dGNaC1

@
@
g rASIC1b
@
S

UNC-105
h
ENaCHS UNC-8
h DEL-1 N d
ENaCB ematodes
r DEG-1
h MEC-10

ENaCo MEC-4

hENaCs LsFaNaC HaFaNaC
HtFaNaC
Mollusks
Fig. 1: Phylogenetic tree of the DEG/ENaC ion channel superfamily.
(From Kellenberger 2002.)

Depending on their function, DEG/ENaC ion channels are constitutively open like ENaCs,
mechanically gated like MEC-10 and MEC-4 in C. elegans or activated by ligands like
protons and peptides, as it is the case for ASICs and FaNaCs, respectively. The functional
heterogeneity and the fact that the DEG/ENaC subgroups only appear in either protostomes
or deuterostomes indicate that the evolution of the DEG/ENaC gene family is widely

ramified and diverged very early in history.

1.1.3 General features and structure

Functional members of the DEG/ENaC superfamily are cation channels with a high
selectivity for Na* over K*. They can all be blocked by amiloride with an 1Cs in the low
1M range. DEG/ENaC ion channels are probably multimeric, with several subunits forming

a pore through the cell membrane. Most works concerning the stoichiometry of DEG/ENaC
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ion channels postulate tetrameric assemblies as it is shown in Figure 2 (Firsov 1998;
Coscoy 1998; Kosari 1998; Dijkink 2002), whereas Snyder et al. favor ion channels
composed of 9 subunits (Synder 1998).

plasma
mambrana .

Fig. 2: Tetrameric structure of DEG/ENaC ion channels. The
orange and grey structures on the subunits indicate potential
binding sites for ligands or agonists.

(Adapted from Lingueglia 2006.)

The size of single subunit proteins varies between ~500 and ~1000 amino acids and all
members have several domains of high sequence similarity in common, indicating
important functional roles. Figure 3 shows a schematic illustration of the DEG/ENaC
subunit topology with the conserved domains. All members of the DEG/ENaC superfamily
possess two hydrophobic membrane-spanning domains (MSD1 and MSD2) and a large
extracellular loop situated between the transmembrane segments. The NHj-terminus and
the short COOH-terminus are intracellular. The cytoplasmic pre-MSD1 region, in near
proximity to the membrane-spanning domain 1, contains a conserved HG (His-Gly) motif
and the extracellular post-MSD1 region contains a FPxxTxC motif. The extracellular loop
makes up more than 50% of the channel protein and represents a structural feature unique
to the DEG/ENaC family members. It contains at least two cysteine-rich domains (CRDs),
CRD2 and CRD3 that are likely to be involved in the formation of disulfide bonds to

maintain the tertiary structure of the large extracellular loop. For ENaCs, two cysteine-pairs
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have already been identified that are important for the trafficking of the protein to the
plasma membrane (Firsov 1999). Other domains in the extracellular loop are conserved
only within subfamilies of the DEG/ENaC superfamily, for example the CRD1 and the
extracellular regulatory domain (ERD) that are present only in the degenerin subfamily of

C.elegans.

unique
to

degenerins\ CRD3

plasma

MSD2 membrane

Fig. 3: Schematic transmembrane topology common for
proteins within the DEG/ENaC ion channel superfamily.
(Adapted from Kellenberger 2002.)

The membrane-spanning domain 2 (MSD2) together with the pre-MSD2 is highly
conserved among the DEG/ENaC family members. Several lines of evidence suggest that
the latter is partially embedded in the membrane and forms the outer mouth of the
hydrophilic pore. It was shown for ENaC subunits that amino acid residues in the pre-
MSD2 are important for the ion selectivity and also for the binding of amiloride (Schild
1997; Sheng 2000; Kellenberger 1999 and 2001; Fuller 1997). The pre-MSD2 region also
includes a key position occupied by variable amino acids with short side chains.
Substitution of this residue by amino acids with larger side chains causes hyperactivity in
most of the DEG/ENaC family members. This site was first identified in C.elegans
degenerins, where the mutation caused degeneration of specific touch-sensitive neurons
(Driscoll 1991; Chalfie 1990), giving the gene family its name. Mutations in this position
are known as “DEG-mutations”.
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1.1.4 Subfamilies

1.1.4.1 ASICs (acid-sensing ion channels)

Acid-sensing ion channels (ASICs) are a proton-activated subgroup of the DEG/ENaC
superfamily. The recent cloning of proton insensitive lamprey and shark ASICs indicated
that the proton sensitivity arose during the development of bony fishes, some 400 million
years ago and that activation by protons is characteristic only for ASICs of higher
vertebrates (Coric 2005).

In mammals, there are 6 members: ASIC1a and 1b, ASIC 2a and 2b, ASIC3 and ASIC4,
encoded by four genes; asicl and asic2 encode for two different splice variants of the same
gene, differing in their N-termini (Lingueglia 1997; Chen 1998; Bassler 2001). In
heterologous expression systems, ASICs can form homo- and heteromeric channels
generating fast activating transient sodium currents when extracellular pH is rapidly
decreased. The only exception is ASIC4, which can not be activated by protons and also
does not alter the properties of other subunits when co-expressed. Mammalian ASICs are
almost exclusively found in the nervous system, although they have also been detected in
other tissues (Babinski 1999; Grinder 2000; Ishibashi 1998; Jahr 2005). ASICs are
involved in a variety of physiological functions and pathologies. ASICla, the most
prominent ASIC subunit in the brain, is believed to play a role in long-term potentiation,
spatial learning and fear conditioning (Wemmie 2002 and 2003). Due to its Ca**
permeability, activation of ASICla also contributes to neuronal death during acidosis
associated with brain ischemia (Gao 2005; Xiong 2004). In the peripheral nervous system,
ASIC-like currents seem to be involved in the perception of pain (Jones 2004; Chen 2002;
Ugawa 2002), cutaneous mechanical sensitivity (Price 2000 and 2001) and visceral
mechanotransdution (Jones 2004 and 2005; Page 2004 and 2005). Due to its ability to
generate sustained currents in addition to the transient component and due to its high
sensibility to lactic acid, ASIC3 is believed to play a major role in triggering angina and
other ischemic pain (Yagi 2006; Immke 2001; Immke 2003; Sutherland 2000; Benson
1999).
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1.1.4.2 ENaCs (epithelial sodium channels)

The constitutively open ENaCs are another subfamily of DEG/ENaC ion channels
exclusively expressed in vertebrates. There are four subunits known: aENaC, BENaC,
vENaC and 8ENaC with isoforms existing for all 4 subunits. In 2003, a new subunit was
cloned from Xenopus laevis that is no isoform or species orthologue of any known subunit;
it was called exENaC (Babini 2003). In heterologous expression systems, only the co-
expression of the a-, B- and y-subunit together generates constitutive currents that are
comparable to native currents (Canessa 1994). Quantitative analysis of cell surface
expression and functional assays based on differential sensitivities to channel blockers
point to a 2:1:1 stoichiometry between the ENaC subunits, meaning that the o-subunit is
two times more abundant in functional ENaCs compared to the - and y-subunits (Firsov
1998; Kosari 1998).

ENaC is involved in the regulation of Na'-balance, of blood volume and of blood pressure.
It is localized in the apical membrane of polarized epithelial cells where it plays a major
role in Na'-transport across the epithelia. ENaC is mainly expressed in kidney, lung,
gastrointestinal tract, salivary glands, and skin (Kellenberger 2002). In the kidney, it is
expressed in the distal nephron, where it mediates an electrogenic Na*-absorption related to
K*-secretion into the tubule lumen. In lung and in salivary glands, ENaC contributes to the
volume of the luminal fluid, saliva and the alveolar fluid (Kellenberger 2002). In humans,
Liddle’s syndrome (Hansson 1995 and 1995; Inoue 1998; Lifton 1995) and
pseudohypoaldosteronism type | (Chang 1996; Schild 1996) are two hereditary diseases
caused by mutations in the genes encoding ENaC, emphasizing the important role of ENaC

in Na"-and K*-homeostasis.

1.1.4.3 BLINaCs/INaC (brain liver intestine sodium channels)

The BLINaC/INaC group is the most mysterious subfamily of the DEG/ENaCs. Only two
members are cloned, BLINaC from the rat (Sakai 1999) and INaC from humans (Schaefer
2000). Phylogenetic analyses put them in close proximity to ASICs, but until today, the
right stimulus for activation of heterologously expressed BLINaC/INaC is not found.
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Currents can only be generated by introducing the DEG-mutation. The RNA for blinac is
mainly expressed in the small intestine, the liver and the brain of rats, whereas inac is

found almost exclusively in the small intestine of humans (Sakai 1999; Schaefer 2000).

1.1.4.4 FaNaCs (FMRFamide-gated sodium channels)

FaNaCs are a subgroup of the DEG/ENaC family that is exclusively found in snails. The
first FaNaC was cloned from the snail Helix aspersa in 1995 (Lingueglia 1995). Today,
FaNaCs from three other snail species have been cloned: from Helisoma trivolvis (Jeziorski
2000), Lymnaea stagnalis (Perry 2001) and Aplysia kurodai (Furukawa 2006).
Heterologously expressed FaNaCs can be activated by FMRFamide, a common peptide in
the nervous system of snails. These currents have similar properties to native FMRFamide-
evoked currents recorded from snail neurons (Green 1994; Harris 1995; Jeziorski 2000).
FMRFamide activates FaNaC in the uM range and generates sodium selective transient
currents that desensitize only partially (see Fig. 5). Thus, FaNaC is the first, and to date
unique, ion channel that is directly gated by peptides. In snails, FaNaCs are exclusively
expressed in neurons (Davey 2001). Their physiological role is unknown, there are
speculations about the participation in fast synaptic transmission (Lingueglia 2006), but this

remains to be established.

1.1.4.5 DEGs (degenerins)

DEGs or degenerins are a subgroup of the DEG/ENaC superfamily of ion channels that are
found exclusively in Caenorhabditis elegans. Their name refers to the fact that specific
mutations in different subunits cause swelling and degeneration of specific touch sensitive
neurons (Chalfie 1990; Driscoll 1991). At least 9 candidate genes encoding for proteins of
this subgroup are known in the C.elegans genome. The already cloned members are: MEC-
4 (Driscoll 1991), MEC-10 (Huang 1994), DEG-1 (Chalfie 1990), UNC-105 (Liu 1996),
DEL-1 and UNC-8 (Tavernarakis 1997). Phylogenetic analysis showed that degenerins are
closely related to mammalian ENaCs (Kellenberger 2002; Syntichaki 2004), both gave this
whole ion channel superfamily their name. MEC-4 and MEC-10 build the core of a

mechanosensitive complex in touch sensitive neurons of C.elegans. Mutations in both
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genes lead to touch-insensitive worms (Huang 1994 and 1995; Driscoll 1991; Hong 1994).
Figure 4 shows a model of the touch receptor mechanotransducing complex with all other
proteins that are supposed to be involved in sensing touch. MEC-2, a stomatin-like protein,
is proposed to link the transduction channel, composed of MEC-4 and MEC10 subunits, to
the intracellular tubulins MEC-7 and MEC-12 (Tavernarakis 1997). On the outer side of the
plasma membrane the touch sensitive neurons are surrounded by an extracellular matrix
(ECM) and extracellular proteins, like MEC-1 and MEC-5, are tethered to the transduction
channel. Recent results demonstrate an important role of these extracellular structures in
organizing the precise location of the channel (Emtage 2004). It was shown that mec-6
encodes for a single-pass membrane-spanning protein with limited similarity to
paraoxonases and that it is required for punctate MEC-4 expression along touch-neuron

processes (Chelur 2002); its precise role is not yet known.

Pressure

Cuticle Cuticle

Cytoplasm

No Stimulation Stimulation
(Channel closed) (Channel open)

Fig. 4: Schematic arrangement of the supposed proteins participating in the
mechanosenstive complex in touch-sensitive neurons of C.elegans.
(From Tavernarakis and Driscoll 1997.)

The model shown in Figure 4 proposes that exertion of pressure on the cuticle opens the
transduction channel either by deformation of the intracellular microtubule network or of
the connections in the ECM (Tavernarakis 1997). When expressed in oocytes, MEC-4 and
MEC-10 generate only very small constitutive currents that can be increased by introducing
DEG-mutations. However, the co-expression of MEC-2 and MEC-6 dramatically

potentiates MEC-4/10 currents (Goodman 2002; Chelur 2002). There are some indications
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that also other members of the DEG/ENaC family, particularly ASICs, are involved in
different forms of mechanosensitivity (Price 2000 and 2001), and a recent work also
showed that a stomatin-related protein, called SLP-3, is involved in mechanotransduction in
the mouse and directly interacts with ASICs (Wetzel 2006).

UNC-8 and DEL-1, two other degenerins that are co-expressed in motoneurons of
C.elegans, are also thought to form ion channels in mechanosensitive complexes
(Kellenberger 2002), but this is speculative and has to undergo further investigation.
Nevertheless, it was shown that UNC-8, which is also expressed in sensory neurons and
interneurons, plays a role in regulation of the worm’s locomotion (Tavernarakis 1997).
UNC-105, another member of the degenerins, is not expressed in neurons, but in muscles of
C.elegans. UNC-105 contributes to proprioception by monitoring muscle stretch
(Kellenberger 2002). Introducing the DEG-mutation creates permanently open channels,
either when expressed heterologously in Xenopus oocytes (Garcia-Anoveros 1998) or in
native tissue, which causes muscle hypercontraction (Liu 1996; Park 1986).

1.1.4.6 RPK/PPKs (ripped pocket/pickpocket proteins)

The RPK/PPKs are a rather diverse subgroup of the DEG/ENaC family from Drosophila
melanogaster. There are about 25 candidate DEG/ENaC genes in the Drosophila genome,
but so far, not all of them have been investigated with regard to their function and tissue
distribution. Today, 16 members are cloned: RPK (Darboux 1998), PPK1 (Darboux 1998),
PPK4, PPK7, PPK10-14, PPK16, PPK19-21, PPK23 and PPK28 (Liu 2003). A
phylogenetic analysis made by Liu et al. showed that the cloned Drosophila members are
more closely related to each other than to DEG/ENaC subunits from other species, which
suggests RPK/PPKs to be a distinct subfamily within the DEG/ENaC superfamily (Liu
2003). RPK is the only member of the RPK/PPK subgroup that generates currents when
heterologously expressed in Xenopus oocytes (Adams 1998). Transcripts of RPK are found
exclusively in the fly gonads and are maternally deposited into the embryo, where they are
found in the PNS, indicating that RPK is involved in maturation and early embryonic
development (Darboux 1998; Adams 1998). All PPKs cloned until today do not generate
currents when expressed in Xenopus oocytes. The expression patterns of the single

members vary. ppkl, which is the PPK-subunit that was cloned first, is expressed
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exclusively in multidendritic (md) sensory neurons in the larval body wall and in some
bipolar brain neurons (Adams 1998). A recent study revealed that ppkl null mutant larvae
show an altered crawling behavior, indicating that PPK1 plays an essential role in
controlling rhythmic locomotion (Ainsley 2003). ppk1ll and ppkl19 are both expressed in
the larval taste-sensing terminal organ and on the taste bristles of the labellum, the legs, and
the wing margins in adult flies. Liu et al. showed that knockout of the two genes affects the
flies behavior in salt detection and salt discrimination (Liu 2003). The same group found
that 9 of the PPK subunits are expressed in the tracheal system of Drosophila and may be
important to clear liquid and generate an air-filled tubule system, similar to ENaCs in
mammals (Liu 2003).

1.1.4.7 FLRs (fluoride resistant mutation proteins)

In the C.elegans genome there are at least 7 putative flr candidate genes, but until today,
only FLR-1 was cloned (Take-Uchi 1998). In 1998, it was found that flr-1 encodes a
protein belonging to the DEG/ENaC ion channel family (Take-Uchi 1998), but no
functional experiments in heterologous expression systems have been done to date. The
name resulted from the first isolation of flr-1 mutants by resistance to fluoride ions
(Katsura 1994). It was shown that flr-1 is expressed in the intestine of C. elegans and that

mutations in flr-1 affect the worm’s defecation rhythm (lwasaki 1995; Take-Uchi 1998).

1.1.5 Modulation by FMRFamide-related neuropeptides

In the nervous system, the transmission of electrical information between neurons occurs
via electrical or chemical synapses. The latter usually use small molecule transmitters, like
dopamine or adrenaline that are released from the presynaptic neurons into the synaptic
cleft, and bind to receptors in the plasma membrane of the postsynaptic neurons, where
they activate ion channels. Besides these classical, fast working small molecule
messengers, there is also a multiplicity of neuroactive peptides that are pharmacologically
active in the nervous system. Most of them have only modulatory functions in synaptic
transmission, but some serve as neurotransmitters in slow neuronal transmission processes

by activating G-protein coupled receptors (GPCRs), for example Substance-P. Thus,
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usually neuropeptides do not act directly on ion channels. However there are exceptions in
the DEG/ENaC ion channel family.

In the early 1990s, it was shown by Cottrell and colleagues that FMRFamide could elicit
fast depolarization of C2-neurons from the snail Helix aspersa, which was triggered by
Na'-influx (Cottrell 1990; Green 1994). Only short time after this finding, Lingueglia et al.
cloned FaNaC from Helix and showed that it was directly activated by FMRFamide in
Xenopus oocytes (see Fig. 5; Lingueglia 1995). In the meantime, 3 more FMRFamide-
sensitive FaNaCs have been cloned from different snail species (Jeziorski 2000; Perry
2001; Furukawa 2006). Until today, they are the only known ion channels that are directly
gated by a neuropeptide.

FMRFamide and related peptides comprise a family of neuropeptides that are abundant in
many invertebrates, including snails, worms and flies. In these organisms, FMRFamide-like
neuropeptides are supposed to act as neurotransmitters and neuromodulators (Price 1977;
Roumy 1998).

Fig. 5: Currents elicited by FMRFamide in oocytes injected with FaNaC cRNA.
(From Lingueglia 1995.)

Although FMRFamide itself has not been discovered in mammals, at least one gene
encoding a precursor protein for FMRFamide-related peptides is found in the mammalian
genome. Neuropeptide FF (NPFF), Neuropeptide AF (NPAF) and Neuropeptide SF (NPSF)
all are mammalian FMRF-like neuropeptides derived from this common precursor protein
that is mainly expressed in the mammalian CNS (Deval 2003). These neuropeptides are
supposed to be involved in a variety of physiological functions, including pain modulation,

opiate function and cardiovascular regulation (Deval 2003). In mammals, some of the
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effects exerted by FMRF-like peptides are mediated through opioid receptors, since they
can be blocked by naloxone (Kavaliers 1985 and 1987; Raffa 1988; Gouarderes 1993;
Roumy 1998). However, there are also effects that are insensitive to naloxone (Gayton
1982; Raffa 1986; Kavaliers 1987; Raffa 1988; Allard 1989; Roumy 1998). Thus, after the
finding that FaNaC is activated by FMRFamide, people hoped to find the non-opioid
receptors for the FMRF-like neuropeptides within the mammalian DEG/ENaC members. In
2000, Askwith and colleagues showed for the first time that ASIC currents are modulated
by FMRFamide and NPFF in DRG neurons (see Fig. 6; Askwith 2000).
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Fig. 6: Modulation of homomeric ASIC-currents by
FMRFamide, recorded from Xenopus oocytes.
(Adapted from Askwith 2000.)

Heterologous expression of ASIC in Xenopus oocytes and knockout experiments revealed
that only ASIC1 and ASIC3 containing channels are modulated by these two peptides
(Askwith 2000; Catarsi 2001; Xie 2003). It is supposed that the modulation of ASIC1 and
ASIC3, both expressed in sensory neurons, could be important in regulating neuronal
excitability, particularly under inflammatory conditions (Deval 2003; Chen 2006). With
regard to the phylogenetic distance between ASICs and FaNaCs within the DEG/ENaC
superfamily, it is conceivable that modulation or activation by neuropeptides has developed
rather early in the history of DEG/ENaC ion channels and that at least modulation by
peptides may be a rather common feature of DEG/ENaC channels.
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1.2 Cnidaria and Hydras

1.2.1 General features

Porifera (sponges), Ctenophora (comb jellies) and the Cnidaria are the only surviving
diploblast groups in the animal kingdom. They are supposed to predate the
protostome/deuterostome divergence, thus, representing the base of the multicellular
animals (Metazoa). Besides the Ctenophora, members of the phylum Cnidaria are the
simplest animals within the Metazoa having a real nervous system, and thus are regarded as
sister group to the overwhelming number of bilaterian species (see Fig. 7).
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Fig. 7: Phylogeny of the Metazoa.
(Adapted from Sanetra 2005.)

Today, about 10.000 species are known, which are subdivided into 4 major classes:
Anthozoa, Scyphozoa, Cubozoa and Hydrozoa. Cnidarians are found exclusively in
aquatic, mostly marine, environments. Theoretically, they have life-cycles that alternate
between asexual, sessile polyps and sexual, free-swimming forms called medusae. In
reality there is a vast variation within the life-cycles of cnidarians.

The uniting and name-giving feature is the cnidocyte, also called nematocyte. Cnidocytes
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are very complex, specialized cells containing subcellular organells called cnidocysts,
which carry a hollow coiled thread-like structure that can be fired off (see Fig. 8). This
firing is triggered by an interesting structure called cnidocil. The cnidocil is a fixed cilium
surrounded by several stereocilia similar to hair bundles that serve as mechanoreceptive
structures in vertebrates (see Fig. 8). There are over 30 types of cnidocytes found in

different cnidarians, where they serve as weapons primarily used for prey-capture.
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Fig. 8: Schematic nematocytes of Pelmatohydra oligactis within the epithelial association.
Nematocysts are drawn too small in relation to the cells, particularly to the cnidocils.
(Adapted from Storch and Welsch 1996.)

Cnidarians possess a rather easy body plan. Only two epithelial layers assemble the body:
the ecto- and the entoderm (see Fig. 9).

The outer ectoderm is forming the body cover and the inner entoderm surrounds the
gastrovascular cavity, which is the site where digestion takes place. Ciliated cells of the

entoderm and contraction of the body wall arrange the dispersal of the nutrients, which are
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taken up by diffusion. Cnidarians have only a single opening that serves as mouth and anus.
Ectoderm and entoderm embed the mesogloea, a jelly-like layer primarily composed of
glycoproteins and proteoglycans that are secreted form the epithelial cells. The mesogloea

acts as a structural support in the water as cnidarians lack bones or other means of support.
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Fig. 9: Cellular composition of the body wall of Hydra.
(Adapted from Storch and Welsch 1996.)

The muscular system is composed of longitudinal and concentric elements. The myofibrills
are found in the prolonged bases of specialized ento- and ectodermal cells, which are called
muscular epithelial cells (see Fig. 9). The nervous system consists of two components: a
network of bi- and multipolar nerve cells at the base of the epithelial cells and sensory
neurons situated between the epithelial cells. The latter ones possess a ciliated process
projecting into the surrounding space (see Fig. 9). Close-by to these ciliated neurons
clustered groups of sensory neurons can form also sensory regions that are sensitive to light
or touch.

Another important cell type are the interstitial cells (see Fig. 9), which are pluripotent cells

that can transform into other cell types such as cnidoblasts, spermatozoa, adenocytes or
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nerve cells. These give many cnidarians an extraordinary capacity for regeneration. In
particular the genus Hydra serves as a model for the research of pattern formation

jprocesses.
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Fig. 10: Schematic, longitudinal section through Hydra viridissima.
(Adapted from Storch and Welsch 1996.)

Hydras are freshwater polyps belonging to the class of Hydrozoa within the Cnidaria. They
are small, sessile animals with a body length of 1-30 mm. Their life-cycle is characterized
by the lack of a medusoidal stage. Hydras reproduce either sexually or asexually by
budding. Five regions are distinguished in the body plan of Hydra: the head region, the
gastric region, the budding region, the peduncle and the foot region (see Fig. 10).

Hydra’s mouth region, called hypostome, is surrounded by tentacles. They are used
primarily for prey-capture and thus are equipped with up to 30.000 nematocysts. Figure 10
shows a schematic cross-section through the body wall of Hydra, showing the major cell

types already discussed above.
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1.2.2 Neurotransmission and neuropeptides in cnidarians

DEG/ENaC proteins are not found in plants or unicellular organisms, like bacteria and
protists. Since cnidarians, where Hydra belongs to, are simple multicellular animals that
diverged very early in history from all other metazoans, one can assume that the
DEG/ENaC subunits from Hydra should have a high similarity to the common ancestor of
all DEG/ENaC family members that existed hundreds of million years ago.

Besides the Ctenophora, cnidarians are considered to be the most basal animal group
having a nervous system. It is a loose network of neurons without ganglia or brain-like
structures (see Chapter 1.2.1), but for example in Hydra, the neuronal network is strongly
condensed in the head and foot region (Storch and Welsch 1996). Until 1970, when
Westfall and co-workers described synaptic vesicles in sea anemones and Hydra (Westfall
1970, 1971 and 1973), the scientific world doubted the existence of a nervous system in
cnidarians. However, since that time much effort was invested to investigate neuronal
structures and to identify transmitters involved in neurotransmission, which would allow us
to draw conclusions about the origins and evolution of our own nervous system. The most
debated question in this respect was and is still today: which types of neurotransmitter do
cnidarian synapses use?

At the beginning, the emphasis was put on the search for classical fast and slow non-
peptidergic neurotransmitters known from the vertebrate nervous system. Already in the
1960s, histochemical studies described epinephrine, norepinephrine and 5-HT in the
nervous system of Hydra (Wood 1963; Wood and Lentz 1964; Wood and Barrnett 1965).
At about the same time, regeneration and behavioral studies pointed to the importance of
classical vertebrate neurotransmitters like acetylcholin, norephinephrine, serotonine, and
histamine for cnidarian morphogenesis and behavior (Lentz and Barrnett 1961, 1962 and
1963; Singer 1964; Wood and Lentz 1964; Lentz 1966). However, until today, it is very
hard to proof that these chemicals indeed work as neurotransmitters. Ultrastructural studies,
mainly immunogold labeling, have shown that various types of synaptic vesicles in sea
anemones contain the slow non-peptidergic transmitters L-DOPA and 5-HT (Carlberg
1989; Westfall 2000). The latter was also detected in dense vesicles of ectodermal sensory
cells of Hydra attenuata (Carlberg 1992). Additional immunohistochemical and

biochemical works have confirmed the presence of catecholamines and 5-HT in various



Introduction 19

cells of all cnidarian subgroups, but also the presence of fast transmitters like acetycholine,
glutamate or GABA (Kass-Simon 2007). While the mainly histochemical evidence for
cholinergic transmission in Cnidaria remains equivocal, immunocytochemical and
biochemical evidence for glutamate, NMDA-, GABA- and glycine receptors has been far
more convincing (Kass-Simon 2007). Classical, non-peptidergic neurotransmitters are
thought to be involved in various cnidarian physiological functions. ACh, GABA and
glutamate were shown to increase the discharge probability in certain types of nematocysts
of Hydra. Various behavioral and electrophysiological studies showed that non-peptidergic
neurotransmitters also play a role in the control of muscle contraction, in the pacemaker
systems, the feeding responses and light perception of different cnidarians (Kass-Simon
2007).

In the last years, small-molecule short-lived transmitters, like NO, ATP and different
eicosanoids turned out to be interesting candidates as potential neurotransmitters in
cnidarians. Biochemical, histochemical and physiological data begin to accumulate mainly
for NO that it could work as an intercellular messenger. It was shown that NO is involved
in the recruitment of the tentacles in prey capture in Hydra vulgaris (Colasanti 1997), but
also in the nematocyst discharge and the swimming behavior in different sea anemones
(Salleo 1996; Moroz 2004).

Today, the most promising and most investigated group of potential transmitters are
neuropeptides. The growing importance of neuropeptides in the central nervous system of
vertebrates stimulated a search for similar peptides in cnidarians. To date a total of 35
neuropeptides from the Hydrozoa, Anthozoa and Scyphozoa have been isolated and
sequenced (Hansen 2002). Pioneering work in the detection of neuropeptides was done by
Grimmelikhuijzen and co-workers, who reported a FMRF-like immunoreactivity in Hydra
vulgaris already in 1982 (Grimmelikhuijzen 1982). Subsequently, a series of studies
produced compelling evidence for the ubiquitous presence of RFamides and RFamide-
related peptides in cnidarian nervous systems. In the genome of Hydra, there are at least 7
genes encoding for different neuropeptide precursor proteins, called preprohormones. Each
preprohormone gives rise to neuropeptides having 2 specific amino acids next to the C-
terminus. Figure 11 shows a list of the known RFamide- and RFamide-related peptides
from Hydra with their corresponding preprohormone and their distribution: Hydra-

RFamide I-1V arise from preprohormone A, B and C, whereas preprohormone D gives rise
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to various Hydra-LWamides. Hydra-KVamide results from preprohormone E, Hydra-
RGamide from preprohormone F and the recently discovered Hym-301 from
preprohormone G. In situ hybridization studies have shown that all preprohormones show
specific expression patterns and that adjacent populations of neurons express different
preprohormones. Nevertheless, two-color double-labeling in situ hybridization experiments
demonstrated that there are populations of neurons in Hydra, where different neuropeptides
are co-expressed (Hansen 2000 and 2002). To date, all light microscopic studies point on a
homogenous distribution of cnidarian peptides throughout neurons and there is little
evidence for synaptic peptide accumulations and synaptic peptidergic transmitter activity.

Preprohormone Peptides Location
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Fig. 11: RFamides and related neuropeptides arising from preprohormones A-G in Hydra.

Nevertheless, there are a few ultrastructural and immunogold labeling studies showing
neuropeptide immunoreactivity in synaptic and non-synaptic vesicles of different sea
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anemones and Hydra (Koizumi 1989; Westfall and Grimmelikhuijzen 1993; Westfall 1995;
Carlberg 1989). Behavioral studies have shown that a variety of peptides have excitatory
and inhibitory effects on cnidarian muscles (McFarlane and Grimmelikhuijzen 1991;
McFarlane 1987, 1991, 1992 and 1993; Anctil 1987; Pierobon 1989). For example,
Pierobon et al. demonstrated that bath-applied substance P stimulate tentacle contractions
and nematocyst movement in tentacle battery cells of Hydra (Pierobon 1989). In
electrophysiological studies it was shown that external application of neuropeptides in
different cnidarians evoke Ca®* inward currents and inhibitory outward currents in
myoepithelial cells and swimming motorneurons, respectively (Spencer 1991; Cho and
McFarlane 1996). However, although a multitude of neuropeptides have been found in
cnidarians and the list continues to grow, there is strong indication that in cnidarians, as in
higher vertebrates and invertebrates, also the known classical transmitters, eicosanoids, and
small, short-lived molecules, like NO, are involved in the physiology of neuronal

communication and transmission system.

1.3 Aims of this study

Our group had cloned 3 full-length cDNAs for ion channel subunits belonging to the
DEG/ENaC gene family from Hydra magnipapillata (HyNaCs). The first aim of this work
was to generate a detailed phylogenetic analysis including most of the known DEG/ENaC
family members, which would allow us to make better assumptions on the evolutionary
relation to other DEG/ENaC subgroups, like ASICs or ENaCs.

The second aim of this work was a functional analysis of HyNaC ion channels
heterologously expressed in Xenopus oocytes. For this purpose, we searched for a stimulus
that activated currents in oocytes expressing HyNaC subunits. Moreover, since Hydra did
not change very much in appearance and lifestyle during the last hundreds of million years,
it is likely that also the HyNaC ion channels are functionally rather conserved. Thus,
electrophysiological characterization of HyNaCs would allow us to predict ancient
properties of a DEG/ENaC precursor ion channel and give deeper insights into the origins
of the gene family. Furthermore, electrophysiological studies on HyNaCs, in combination
with the phylogenetic analysis, would give us the chance to make functional predictions

with respect to other DEG/ENaC members that are poorly understood, like, for example,
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the BLINaC/INaC group or ASICA4.
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CHAPTER II

Materials and methods

2.1 Phylogenetic analysis

By homology cloning, our group isolated four different cDNAs from Hydra magnipapillata
containing regions characteristic for DEG/ENaC ion channel family members. The proteins
that are encoded by the new Hydra cDNAs were named HyNaC1l-4 (Hydra sodium
channels) and the sequences were deposited in the GenBank™/EBI data base. Accession
numbers are AM393879 for HyNaC1, AM393878 for HyNaC2, AM393880 for HyNaC3
and AM393881 for HyNaC4. Amino acid sequences from other DEG/ENaC subunits used
for the phylogenetic analysis were identified by BLAST SEARCH and downloaded from
NCBI data base (for accession numbers see Appendix 7). The selected sequences were
aligned in the program ClustalX and subsequently, regions lacking a certain degree of
consensus were identified and deleted. The truncated sequences were again aligned and the
resulting alignment (see Appendix 2) was used for creating different phylogenetic trees.
Three approaches were applied to calculate phylogenetic trees: neighbor joining, parsimony
analysis and maximume-likelihood analysis. Depending on the method, different programs
were used to calculate phylogenetic relationships: the programs ClustalX and PAUP for
creating neighbor joining trees. PAUP was also used to create parsimony trees, whereas
Tree-Puzzle was used to create maximum-likelihood trees.

Neighbor joining (NJ) is a distance method, meaning that distances are expressed as the
fraction of sites that differ between two sequences in a multiple alignment. From the
original matrix, NJ first calculates for each taxon its net divergence from all other taxa as
the sum of the individual distances from the taxon. This net divergence is used to calculate
a corrected distance matrix. NJ then finds the pair of taxa with the lowest corrected distance
and calculates the distance from each of those taxa to the node that joins them. A new
matrix is then created in which the new node is substituted for those two taxa. NJ does not
assume that all taxa are equidistant from the root.

Like NJ, the parsimony method is also a minimum change method. It is based on the
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assumption that the most likely tree is the one that requires the fewest number of changes to
explain the data in the alignment. Parsimony analysis always assumes that taxa sharing a
common characteristic do so because they inherited that characteristic from a common
ancestor. It operates by selecting the tree or trees that minimize the number of evolutionary
steps, including homoplasies (reversal, convergence and parallelism), required to explain
the data. For protein sequences each site in the alignment is a character.

The maximum likelihood analysis evaluates a hypothesis about evolutionary history in
terms of the probability that the proposed model and the hypothesized history would give
rise to the observed data set. The supposition is that a history with a higher probability of
reaching the observed state is preferred to a history with a lower probability. The method
searches for the tree with the highest probability or likelihood.

2.2 Electrophysiological measurements

2.2.1 Xenopus laevis oocyte expression system

Xenopus laevis, the South African clawed frog (see Fig. 12), is a member of the anuran
family Pipidae. There are four subspecies of Xenopus laevis, all of them are aerobic but
entirely aquatic. Frogs within the genus Xenopus are characterized by the presence of three
toes with claws on each hind foot.

In 1971, the Xenopus oocyte expression system has been introduced by Gurdon (Gurdon
1971) and was refined by Miledi and co-workers, who showed that injection of mMRNA led
to expression of various types of ion channels and receptors (Barnard 1982).

Xenopus ooytes are an ideal expression system for ion channels and receptors because they
contain only few endogenous channels. Another advantage is the uncomplicated handling
due to their size and robustness. However, channels expressed heterologously in oocytes
may function differently because posttranslational modification may be different in their
native environment and associated or auxiliary proteins could miss in oocytes.
Nevertheless, despite their disadvantages, Xenopus oocytes have become an ideal
expression system to investigate the main aspects of structure and function of ion channels
and receptors.

Xenopus oocytes undergo six different development stages, termed stages | to VI. All
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stages are found in the ovarian lobes, which are located in the abdominal cavity of the frog
and can be removed surgically for experimental purposes. For our studies only mature stage

V and VI oocytes were used.

Fig. 12: Xenopus laevis.

2.2.1.1 Preparation of the oocytes

Xenopus laevis were kept individually in an aquarium after their first operation. Aquariums
had water temperatures around 21°C and were exposed to dark-light rhythm of 12h/12h.

About 45 minutes before operation, the frog was put on ice. After anaesthetization, the frog
was placed on its back and a small cut along the body axis (about 2 cm) was made into the
abdominal skin and into subcutaneous body musculature. A sufficient number of oocytes
was removed through this incision and put in a dish containing OR-2 medium. The cut was
stitched up and the frog was put back into the aquarium. The same frog can be operated 3-6

times, but the interval between the operations should be at least 3 months (Goldin 1992).

2.2.1.2 Properties of the oocytes

Oocytes are cells with a diameter of approximately 1 mm that are surrounded by a
glycoprotein matrix called vitelline membrane (see Fig. 13). The vitelline membrane is

covered by a follicle cell layer that was removed before mRNA injection or recording. The
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removal was done by a combination of treatment with 1mg/ml collagenase Type IIA
(SIGMA Chemical Company) solution before injection and manual removal with forceps
the day after injection. After collagenase treatment the oocytes were carefully washed with

OR-2 medium and only the healthy looking oocytes were selected for injection.

Fig. 13: Single oocytes from Xenopus laevis.

The animal pole of oocytes is dark colored and contains the nucleus, while the vegetal pole
is white. Different populations of MRNA are located in both halves, but to date there is
nothing known about the connection between the site of RNA injection and the location on
the oocyte membrane of the expressed channels.

2.2.1.3 Injection

For injection, pulled glass capillaries (1.14 mm OD and 0.5 mm ID, World Precision
Instruments, Inc.) were used. Capillaries were pulled with an automatic Puller
(Flaming/Brown Micropipette Puller Model P-97; Sutter Instrument Co.) and afterwards,
the pulled tips were broken manually under a microscope to a diameter of about 10-20 um,
which allowed more easily penetration of the oocyte membrane. In order to reduce the air
volume and water evaporation from the RNA solution, capillaries were filled with paraffin
oil before the attachment to the injector.
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A hand-driven coarse manipulator (Nanoliter 2000, World Precision Instruments, Inc.) was
used to pilot the injection. The oocytes were kept in a scratched petri dish filled with OR-2
solution during the injection and were manipulated with fire polished Pasteur pipettes
whose tips had been broken to enlarge the opening (Stihmer 1998).

The cRNA stock solutions with a concentration of 200 ng/pl were stored in aliquots of 2-5
pl/tube at —80 °C. Before injection, CRNAs were diluted with autoclaved doubly distilled
water that had been treated with diethylpyrocarbonate (DEPC H,0). A total volume of
about 40 nl of diluted cRNA was injected for each oocyte. The cRNAs were diluted as
follows: all HyNaC cRNAs 1:3 or 1:4; cRNAs for Hydra innexin-1, stomatin and
antisense-oligonucleotide against Xenopus pannexin-1 (AS-1-1) all 1:2; cRNA for ASICla
1:1000; for ASIC1b 1:10; for ASIC2a and ASIC 3 1:20.

2.2.1.4 cDNA and cRNA synthesis

As hynacl is probably a pseudogene, only cRNAs of HyNaC2-4 were expressed in
Xenopus oocytes. The coding sequence of HyNaC1-4 was cloned in the oocyte expression
vector pRSSP containing the 5'-untranslated region from Xenopus B-globulin and a poly
(A) tail.

HyNaC point mutations were constructed by recombinant PCR using Pwo DNA
polymerase (Roche Molecular Biochemicals). All PCR-derived fragments were entirely
sequenced.

cDNA containing plasmids were linearized with appropriate enzyms and capped cRNA was
synthesized by SP6 polymerase using the mMessage machine kit (Ambion).

2.2.2 VVoltage clamp technique

Generally, an electric capacitor is defined as two conductive materials that are separated by
an isolator. Cellular membranes are excellent capacitors. Basic characteristic of a capacitor
is its ability to store positive and negative charges simultaneously on its surface.
Capacitance of membranes (Cp,) is the ability to store charge (Q) when there is a voltage

change (AV) across the two sides of the membrane:
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Q=Cm* AVp

The capacitance of all biological membranes (Cy) is about 1pF/cm?. Since C is constant,

the current flow through the capacitor is proportional to the voltage change with time:

le = AQm/ At = Cp * AVin / At

The total current I, flowing through the membrane is the sum of the resistance or ionic

current I; and the capacitative current I:

Im:|i+lc

If Vi, does not change, Qn is constant and there is no capacitative current I flowing
through the membrane. In this case, measured Iy, is nearly equal to I;, flowing exclusively
through ion channels in the membrane.

Applying above-mentioned principles, Marmont and Cole (1949) invented the voltage-
clamp technique to overcome the problem of disturbing capacitative currents. With this
method they uncoupled the opening and closing of voltage dependent ion channels from the
membrane potential. In voltage clamp measurements it is possible to control the membrane
voltage (clamping the voltage) and measure the transmembrane current that is required to
maintain the clamped voltage. As mentioned above, elimination of capacitative currents is a
big advantage of this system and that’s why the current flowing through the membrane is
only proportional to the number of open channels and, thus, can be correctly measured.

The voltage clamp is a negative feedback mechanism where the membrane potential is kept
stable and the current necessary for keeping that potential is measured. In the two electrode
voltage clamp technique, two intracellular electrodes are used, one to pass the feedback
current and the other to measure the membrane potential (see Fig. 14). Latter (Vp) is
recorded by a unity-gain amplifier (Al) connected to the voltage-recording potential
electrode (v). A second high-gain differential amplifier (A2) compares Vp, to the command
potential (Vhoig) and adjusts the difference between Vi, and V4. The voltage at the output
of A2 forces the current to flow through the current-passing microelectrode (i) into the cell
(see Fig. 14).
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Fig. 14: Model circuit for Two Electrode Voltage Clamp (TEVC) technique. Cy:
membrane capacity, R,, membrane resistance, Rcg : current electrode, Rpg:
potential electrode resistance, Rgrer: reference electrode resistance, Rs: series
resistance.

(From NPl TURBO TEC-03X product instructions.)

Thus, there is a negative feed back loop: the membrane potential is clamped at a
determined value by the command voltage. So, current is produced via the clamping
amplifier output if the membrane potential is different from this command voltage and this
current flows through the microelectrode i to compensate the difference. This compensating
current is the measured parameter.

An additional potential recording electrode (reference electrode) was used for bath solution
in our voltage clamp studies to avoid polarization errors that arise from the current passing
through the ground electrode. In this configuration, the difference between the intracellular
potential electrode and the reference electrode was equated with the transmembrane

potential.

2.2.2.1 Two electrode voltage clamp in oocytes

Several considerations have to be made when measuring big cells, like Xenopus oocytes,
with the two electrode voltage clamp technique. The most important is that oocytes possess
a large surface of around 10° pm? that has to be charged in order to clamp the cell.
Additionally, invaginations of the surface are doubling or tripling the amount of membrane
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compared to an ideal spherical oocyte. Another point is that injection of mMRNA, depending
on the protein, can lead to high expression levels. Currents up to 50 A or even larger can
cause enormous resistance errors.

Since the response time (t) of a voltage clamp to a step voltage change is,

T=Ri*Cn/A

where R; is the resistance of the current electrode, Cy, is the membrane capacitance, and A
is the gain of the command amplifier, the lowest R;and the largest A possible are usually

used to achieve fast clamping of the oocyte.

2.2.2.2 Intracellular electrodes

To achieve above-mentioned low resistance we usually used electrodes, formed by a
solution filled glass pipette, which contained an AgCl-coated Ag wire. The pipettes used
were borosilicate capillaries (0.7 mm - 1.0 mm, Science Products GmbH, Germany) pulled
with an automatic Puller (Flaming/Brown Micropipette Puller Model P-97; Sutter
Instrument Co.). If necessary, pipette tips were manually broken to achieve resistances in
the range of 0.3- 1.0 MQ. The glass pipettes were filled with 3 M KCI to further reduce the
electrode resistance. The electrical contact to the electrode filling solution was made
through the above-mentioned silver chloride wire. The electrodes could be used repeatedly
during the day as they had rather large tip openings and did not plug very often. Oocyte
penetration was achieved by advancing the electrode to the cell surface until it broke the

membrane and then visibly popped into the oocyte.

2.2.2.3 Fast solution exchange set-up

For my measurements | used the OTC-20 system (NPI, Electronic Instruments). An
advantage of this system is the fast solution exchange within less than 1 sec (Madeja 1995).
This is achieved because the solution is drawn by suction into a very small “Maltese cross”

bath chamber, where the oocyte is located. Solution exchange is controlled by an automated
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valve (see Fig. 15). Opening of the valve and rotation of the dishes was directed by the

software Cell works 5.1.1 (NPI, Electronic Instruments).

Fig. 15: Experimental chamber of the carousel solution exchange system. 1: Automated
valve for the solution exchange; 2: Ground electrode; 3: Reference electrode; 4: Voltage
electrode; 5: “Maltese cross” bath chamber containing the oocyte; 6: Solution containing
dish; 7: Current electrode

Oscilloscope

Turbo TEC-03X
Amplifier(NPI)

0OTC-20 CAROUSEL

Fig. 16: OTC-20 interface, amplifier and oscilloscope.

The whole set-up (see Fig. 16) was made up of an interface OTC-20 (NPI, Electronic
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Instruments), a Turbo Tec 03X amplifier (NPI, Electronic Instruments), an oscilloscope
HM507 (Hameg instruments) and a computer (Macintosh G4). Acquisition of the data was

also managed by Cellworks 5.1.1 software (NPI, Electronic Instruments).

2.2.3 Solutions

Standard bath solution (pH 7.4) contained:

NaCl 140.0 mM
HEPES 10.0 mM
CaCl, 1.8 mM
MgCl, 1.0 mM

The Na’ concentration and the concentration of the divalent cations were changed
according to the different experimental protocols. HEPES was replaced by MES buffer for
acidic solutions.

Usually, pH-adjustment was done by adding NaOH or HCI, respectively. In solutions
containing a low concentration of divalent cations (< 0.1 mM CaCl,, 0 mM MgCl,), 0.1
mM flufenamic acid (Sigma) was added in order to block the large conductance induced in
oocytes by divalent-free extracellular solutions.

For incubation of oocytes expressing HyNaC wildtype subunits OR-2 solution (Oocyte

Ringer solution 2) was used. It was adjusted to pH 7.3 and contained:

NaCl 82.5 mM
KCI 2.5 mM
Na,HPO, 1.0 mM
MqgCl, 1.0 mM
CaCl, 1.0 mM
HEPES 5.0mM
polyvinilpyrrolidone (PVP) 0.5¢g/

As already mentioned in the introduction, DEG-mutations introduced into DEG/ENaC-
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family members usually generate constitutive open channels. Therefore, in order to avoid a
strong Na* loading, a low Na* OR-2 solution (pH 7.3) was used for incubation of oocytes

expressing HyNaC DEG-mutations. It contained:

NaCl 5.0 mM
NMDG 77.5 mM
KCI 2.5 mM
Na;HPO,4 1.0 mM
MgCI2 1.0 mM
CaCl2 1.0 mM
HEPES 5.0mM
polyvinilpyrrolidone (PVP) 0.5¢g/
amiloride 1 mM

For determination of the ion selectivity, NaCl was replaced by equimolar concentrations of
LiCl or KCI concentrations. Solutions containing different Ca** and Mg** concentrations
were used to determine the affinity for divalent cations. Solutions with Ca** or Mg*
concentrations beneath 100uM contained either EDTA or HEDTA buffer. All solutions
used for determining divalent cation affinity contained 0.1 mM flufenamic acid (Sigma).
Free concentrations of divalent cations were calculated by the software Cabuf (downloaded

from www.kuleuven.be/fysio/trp/cabuf.php).

2.2.4 Data analysis

Data aquisition in the fast solution exchange set-up was managed using Cellworks 5.1.1
software (NPI Electronic Instruments). Data were stored on hard disk and analyzed using
IgorPro 4.02A software (Wave Metrics, Lake Oswego, OR). The figures were created using
the program Canvas 7 (Deneba Systems, Inc.). Voltage was clamped at —70 mV if not
mentioned otherwise.

Dose response curves (for peptide activation, amiloride affinity, affinity for divalent

cations) were fitted to the Hill function:
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l=a+(lmx—a)/(1+(Cso/[L])") Eq.1

Where Imax is the maximal current, a is the residual current, [ L ] is the concentration of the
ligand, Csg is the concentration at which half-maximal response occurs, and n is the Hill
coefficient. The desensitization time constants of HyNaC2/3 were determined using a
monoexponential fit.

For the peptide dose response curves, currents were normalized to the current obtained by
applying 120 pM peptide. Inhibition dose response curves for Ca**, Mg®* and amiloride
were obtained by normalizing inhibited currents to the maximal current. Results are

reported, in the text, as means + SD or, on the figures, as means + SEM.
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CHAPTER 111

Results

3.1 Sequence comparison between HyNaCs and other DEG/ENaC proteins

and phylogenetic analysis

3.1.1 The primary structure of HyNaCs shares all domains characterisitic for DEG/ENaC

family members

By homology cloning, our group isolated 4 cDNAs for novel DEG/ENaC subunits from Hydra
magnipapillata that we called HyNaC (Hydra sodium channel) 1 to 4. cDNAs for HyNaC2, 3
and 4 encode proteins that are between 468 and 471 amino acids in size (see Appendix 1).
HyNaCl has no initiator methionine at the N-terminus, although it has a stop codon there. Thus,
it is likely that hynacl is a pseudogene and therefore we decided not to express it, but to include
it into the phylogenetic analysis, since the conserved domains characteristic for DEG/ENaC
family members were all present, except for the HG-motif preceding the first transmembrane
domain.

HyNaC2, 3 and 4 share about 15-30% amino acid identity with other members of the DEG/ENaC
superfamily. Table 1 shows the percentage of identity on the amino acid level between the
HyNaC subunits and selected DEG/ENaC members. The identity between ASICs, BLINaC and
HyNaCs lies in the range of 20-30%, whereas ENaCs, FaNaC and MECs share only 15-20% of
the amino acids with the Hydra proteins. Sequence identity between the three HyNaC subunits
varies strongly. 65% of the amino acids of HyNaC3 and HyNaC4 are identical, whereas HyNaC2
shares only about 28% with the other two HyNaC subunits (see Tab. 1).

The most conserved domains characteristic for DEG/ENaC ion channel subunits are all present in
HyNaCs2-4. Appendix 1 shows a complete sequence alignment for HyNaC2-4 together with
selected members of the DEG/ENaC family. Similar to other DEG/ENaC subunits, a N-terminal
cytoplasmic HG (histidine-glycine)-motif precedes the first transmembrane domain (TMI1) in
HyNaCs2-4. TM1 is followed by the conserved post-TM1 domain, containing the FPAXTxCN

motif, where the x positions are occupied by nonpolar, hydrophobic amino acids. In HyNaCs, the
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post-TM1 motif is conserved, the hydrophilic threonine (T) is conservatively substituted by a
serine (S).

In the extracellular loop, HyNaCs possess CRDs (cysteine-rich-domains) II and III (see
Introduction). CRD I, which can be seen in the MEC-4 sequence (Appendix 1) and which is
characteristic for C. elegans DEG/MECs, is missing.

In CRD 11, 2 cysteines (C) are conservatively replaced by threonine (T) and glutamine (Q)
(Appendix 1, blue asterisks), whereas another C-residue in the N-terminal part of CRDII is not
present at all (Appendix 1, red asterisks) in HyNaCs.

é‘-’f
$ oY & F FEFESTEESE
F LS &8 ¢ ¢ ¢ ¢ ¢
1 - 51.8 65.9 228 252 272 26.8 188 224 205 274 199 1 rASICla
2 51.8 - 491 213 256 25.7 272 217 202 21.2 276 20.0 2 rASIC3
3 65.9 49.1 - 216 246 246 270 205 232 211 272 201 3 rASIC2a
4 228 21.3 216 - 18.8 20.2 198 169 158 17.1 20.8 184 4 H.a.FaNaC
5 252 256 246 1838 - 65.0 27.8 18.2 179 18.2 233 175 5 HyNaC4
6 27.2 257 246 20.2 65.0 - 28.1 185 155 193 246 17.0 6 HyNaC3
7 26.8 27.2 27.0 19.8 27.8 28.1 - 20.0 19.1 189 20.2 19.1 7 HyNaC2
8 18.8 21.7 20.5 16,9 18.2 185 20.0 - 299 31.3 17.1 16.0 8 rENaCalpha
9 224 202 23.2 158 179 155 191 299 - 340 216 17.7 9 rENaCbeta
10 205 21.2 211 17.1 18.2 19.3 189 31.3 34.0 - 21.8 20.9 10 rENaCgamma
11 274 276 272 208 233 246 202 171 216 218 - 24.0 11 rBLINaC
12 199 200 20.1 184 175 170 191 16.0 17.7 209 24.0 - 12 MEC4

1 2 3 4 5 6 7 8 9 10 11 12

Percent Identity

Tab. 1: Amino acid identity between HyNaCs2-4 and selected members of the DEG/ENaC ion
channel family. Numbers indicate the percentage of identical amino acids.

Characteristic for the amino acids at the DEG-position are short side chains. Substitution by
amino acids with long side chains leads to gain-of-function mutants. In HyNaCs, there is a
glycine (G) at the DEG-position, as it is the case in ASICs. In FaNaC, BLINaC and MEC-4 a
short-chain hydrophobic amino acid (A, alanine) is positioned at this site, whereas ENaCs have a
short-chain hydrophilic serine (S) there. A residue between the DEG-position and second
transmembrane domain was shown to be crucial for amiloride binding. Mutation of the amino
acid corresponding to S583 in rat aENaC led to a less potent block by amiloride (Kellenberger
2003). HyNaCs and all other DEG/ENaC subunits shown in Appendix 1, except for above
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mentioned rat aENaC, carry a G (glycine) at this position. Furthermore, Kellenberger and co-
workers identified a G/SxS motif downstream of the amiloride binding site that is crucial for ion
selectivity in ENaCs (Kellenberger 1998, 1999 and 2001; Sheng 2000). Mutations in this region
cause loss of Na' selectivity and make the channels also permeable to K'. Only aENaC has a
serine (S) at the first position of this triple amino acid motif, whereas all other subunits in
Appendix 1 have a G (glycine) at this site. The S (serine) at the last position is highly conserved,
also in HyNaC2, but interestingly, HyNaC3 and 4 both have a G (glycine) at this site.

3.1.2 HyNaCs are close relatives of ASICs and BLINaC/INaC

After comparison of the sequences, we performed phylogenetic analyses using different programs
and methods to investigate relationships within the DEG/ENaC superfamily, especially with
regard to the HyNaC subunits. The phylogenetic tree calculated with Treepuzzle-50 using the
maximum-likelihood method is shown in Figure 17. It is representative for the other trees,
calculated with PAUP4.0b10 and ClustalX1.81, which are added in Appendices 3-5. Due to the
poor knowledge about the origins of the DEG/ENaC channels and the lack of an adequate
outgroup candidate, all trees are shown as unrooted phylograms.

In all four trees HyNaC1-4 are consistently placed near the ASICs and BLINaCs, these three
subgroups forming a monophyletic assemblage. As it was expected from the sequence analysis,
in all four phylogenetic trees HyNaC3 and 4 are put in close relationship. Also, the position of
the more distantly related HyNaC2 as sister protein to the HyNaC3/4 pair is consistent in all
calculations. However, the phylogenetic rank of HyNaCl within the ASIC/BLINaC/HyNaC
assemblage is more controversial. Treepuzzle puts HyNaCl together with the other HyNaC
subunits into a real monophyletic HyNaC subfamily, with ASICs and BLINaCs as sister groups
(see Figure 17). However, in the trees of ClustalX and PAUP calculated with the neighbor
joining method, HyNaCl is placed as sister protein to the ASIC group, and the other three
HyNaCs as sister group to the ASIC/HyNaCl assemblage (Appendices 3 and 5). A third variant
results from the PAUP calculation that applies the parsimony approach, where HyNaC2-4 form
the sister group to ASICs and HyNaCl is put in a sister relationship to the ASIC/HyNaC2-4
group (Appendix 4).

Besides the ASIC/BLINaC/HyNaC assemblage, there is another major branch consistent in all
four phylogenetic trees. It is composed of ENaCs, FaNaCs and DEG/MECs from C. elegans.
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Fig. 17: HyNaCs are closely related to vertebrate ASICs and INaC/BLINaCs. (A) Phylogenetic tree created with
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While the neighbor joining method of PAUP and ClustalX puts FaNaCs and DEG/MECs
together as a monophyletic sister group (Appendices 3 and 5), this is the case for ENaCs and
DEG/MEC:s in the PAUP parsimony tree (Appendix 4). In Treepuzzle (maximum likelihood),
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the three subfamilies are forming sister groups that are in equal distance to each other (see Fig.
17). The additional DEG/ENaC members from C. elegans and Drosophila that were included
into this analysis form very diverse arrangements. For example, the PPKs from Drosophila do
not form a monophyletic assemblage, instead they are split into many different subgroups that are

mixed with members from C. elegans or comprise only a single protein (see Fig. 17).

3.2 Electrophysiological characterization of HyNaC DEG-mutant currents

3.2.1 Expression of HyNaC2 G429T evokes small constitutive currents that are strongly
increased by co-expression of HyNaC3 G430T

At the beginning of our studies, we tried various stimuli in order to activate currents in oocytes
expressing HyNaCs. Among these stimuli were substances like protons, serotonine, ATP,
substance P, histamine, taurine, FMRFamide, sodium butyrate, PMA and 2-APB, but also
osmotic stress and variation in the ionic composition. None of these stimuli could activate
HyNaCs. Therefore, we introduced the DEG-mutations in all three HyNaC subunits to see
whether these mutations constitutively activate HyNaCs. We replaced the glycine (G) by the
large side chain amino acid threonine (T) and expressed the three HyNaC DEG-mutations,
HyNaC2 G429T, HyNaC3 G430T and HyNaC4 G430T, either alone or in all possible
combinations and looked for constitutive currents that could be inhibited by 1 mM amiloride.
Figure 18A shows the mean currents inhibited by 1 mM amiloride for the different HyNaC DEG-
mutant combinations. Generally, HyNaC2 G429T expressing oocytes had a depolarized
membrane potential that was shifted from about —30 mV in non-injected oocytes to up to +20 mV
(data not shown). In these oocytes amiloride blocked small currents with mean amplitudes of
0.26 + 0.23 pA (n = 10), whereas in oocytes injected with either HyNaC3 G430T or HyNaC4
G430T amiloride did not inhibit any current. The co-injection of HyNaC3 G430T together with
HyNaC2 G429T led to a 20-fold increase of the amiloride-sensitive current (mean: 5.3 + 2.52
pA; n = 10). In contrast, the co-expression of HyNaC4 G430T did not significantly alter the
amplitudes of the amiloride-sensitive currents of HyNaC2 G429T (mean: 0.20 £ 0.15 pA; n = 10;
p = 0.49) or of HyNaC2 G429T/HyNaC3 G430T (mean: 7.07 £ 2.85 uA; n = 10; p = 0.22; see
Fig. 18A). These results suggest that HyNaC2 can form a functional homomeric channel.

Furthermore, the results suggest that HyNaC2 and HyNaC3 form heteromeric channels that are
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more efficiently expressed on the cell surface than homomeric HyNaC2.

C-terminal di-lysine or KKXX-motifs are known to be common retention sequences for
membrane proteins (Nilsson 1989; Teasdale 1996) impairing their trafficking to the plasma
membrane. The KKKS-site at the C-terminus of HyNaC2 (see Appendix 1) resembles such a
retention motif and therefore we truncated these four amino acids in HyNaC2 G429T to see
whether the constitutive current was enlarged in the truncated form. However, we could not
observe any significant differences in the mean current amplitudes between HyNaC2 G429T and

its KKKS-truncated form (mean: 0.18 £ 0.16 pA; n=10; p = 0.09; see Fig. 18A).
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Fig. 18: Co-injection of HyNaC3 G430T enhances the constitutive currents of HyNaC2 G429T homomers.
(A) Oocytes injected with cRNA for HyNaC 2 G429T showed small constitutive currents that could be largely
increased by co-injection of HyNaC3 G430T. n.s.: not significant; ***: p < 0.001. (B) Example traces for
HyNaC2 G429T homomeric currents and HyNaC2 G429T/ HyNaC3 G430T heteromeric currents that are
blocked by 1 mM amiloride.
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Figure 18B shows representative current traces for HyNaC2 G429T and for HyNaC2
G429T/HyNaC3 G430T that were blocked by 1 mM amiloride. Kinetics of the onset and offset of
the amiloride block varied strongly. In Figure 18B the HyNaC2 G429T trace is an example for a
rapid onset and a slow offset of the amiloride block, whereas for the trace of the heteromeric
channel it is the other way around. In most measurements, after washing out amiloride, currents
did not return to the initial level and sometimes, we could observe for HyNaC2 G429T and
HyNaC2 G429T/ HyNaC3 G430T that maximal current amplitude reached immediately after the
washout of amiloride partially declined. This decline was variable in amplitude and time course
(see Fig. 18B).

After we had examined the current amplitudes of the HyNaC DEG-mutations, we next wanted to
investigate whether the co-expression of wildtype subunits would alter current amplitudes of the
HyNaC DEG-mutants. Oocytes which co-expressed the HyNaC2 wildtype together with the
HyNaC3 G430T mutant had a depolarized membrane potential that was in the range of 0 mV
(data not shown), similar to HyNaC2 G429T expressing oocytes. Figure 19A shows the mean
current amplitudes that could be blocked by 1 mM amiloride.
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Fig. 19: Co-injection of HyNaC3 G430T evoked small currents in oocytes expressing HyNaC2 wildtype. N-
terminal truncation of HyNaC2 did not increase amiloride-sensitive currents. (A) Mean current amplitudes
blockable by 1 mM amiloride for heteromeric combinations between HyNaC wildtypes and DEG-mutations. (B)
Mean current amplitudes blockable by 1 mM amiloride for a variant of HyNaC2 where the N-terminus was
truncated (see text), with and without co-injection of the DEG-mutations of HyNaC3 and HyNaC4.
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Similar to the pure DEG-mutant homo- and heteromers, currents showed variable onsets and
offsets of the amiloride block (compare Fig. 18B). Often, the currents also did not return to their
initial level after washout of amiloride and sometimes they partially declined upon amiloride
washout as it is described for the DEG-combinations above (also compare Fig. 18B). As expected
from the previous results, oocytes that co-expressed the HyNaC2 G429T and HyNaC3 G430T
together with HyNaC4 wildtype exhibited large constitutive currents of several nA that were
sensitive to amiloride (mean blocked current: 8.85 + 6.19 pA; n = 10). These currents were six
times larger than amiloride-sensitive currents from oocytes that co-expressed HyNaC2 G429T
and HyNaC3 wildtype (mean: 1.68 + 0.23 uA; n =5), irrespective of additional HyNaC4 G430T
co-injection (mean: 1.5 £ 0.74 pA; n =5). Oocytes injected with HyNaC2 wildtype and HyNaC3
G430T cRNA displayed a further 7-fold reduction (mean: 0.24 = 0.06 pA; n = 5) that was highly
significant (p << 0.001) in comparison to HyNaC2 G429T/ HyNaC3 wildtype currents, which
was also irrespective of HyNaC4 G430T co-expression (mean: 0.18 + 0.04 pA; n=5).

The fact that, in contrast to oocytes co-expressing HyNaC2 and HyNaC3 G430T, we could not
detect amiloride-sensitive currents in oocytes expressing HyNaC3 G430T alone suggests that
HyNaC3 did not reach the cell surface and that the HyNaC2 subunit may be important for the
trafficking of HyNaC3 to the plasma membrane.

Similar to the above mentioned KKXX motifs, also di-arginine (RR) residues are known to serve
as retention motifs (Schutze 1994; Michelsen 2005). Since the N-terminal starting sequence of
HyNaC2 (MKARFARR) bears several arginines (R) that could serve as potential retention sites,
we decided to generated a HyNaC2 variant lacking the N-terminal end up to the second
methionine (see Appendix 1). The hope was to boost HyNaC2 surface expression resulting in
detectable amiloride-sensitive currents. However, oocytes expressing the truncated HyNaC2
showed amiloride-sensitive currents that were comparable in size to amiloride sensitive currents
of non-injected oocytes (see Fig. 19B). Co-injection with HyNaC3 and 4 DEG-mutants led to
amiloride-sensitive currents (mean: 0.21 = 0.10 pA; n = 5) that were comparable in size to
amiloride-sensitive currents from HyNaC2 wildtype/HyNaC3 G430T/HyNaC4 G430T
expressing oocytes (see above; p = 0.6). So, N-terminal truncation had no effect on the current
amplitude of HyNaC2 wildtype alone or in combination with the DEG-mutants of HyNaC3 and

4, which indicates that the N-terminus of HyNaC2 does not contain a functional retention motif.
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3.2.2 Co-injection of HYNaC3 G430T alters the properties of HyNaC2 G429T homomeric

currents
Since HyNaC2 G429T generated robust constitutive currents and the co-expression of HyNaC3

G430T led to a multiplication of this current, we further characterized these two conditions to see

whether the co-injection of the HyNaC3 DEG-mutant altered the properties of homomeric
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Fig. 20: Co-expression of HyNaC3 G430T changes ion selectivity of HyNaC2 G429T. (A) Example traces of
selectivity measurements for HyNaC2 and HyNaC2/3 DEG mutations. (B) Statistical analysis of the ion
substitution measurements. For details see text. **: p <0.005; ***: p <0.001.
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HyNaC2 G429T currents. First, we compared the ion selectivity for homomeric HyNaC2 G429T
and heteromeric HyNaC2 G429T/HyNaC3 G430T channels. For this purpose, we applied
solutions containing only monovalent cations, either 140 mM Na', K or Li', but no divalent
cations and looked for the amplitudes of currents that could be blocked with 1 mM amiloride.
Robust currents sensitive to amiloride were evoked with all three cations, which is surprising, as
the DEG/ENaC family members usually show a high selectivity for Na" over K'. In Figure 20
example traces for HyNaC2 G429T and HyNaC2 G429T/HyNaC3 G430T are shown. As the
recovery from amiloride block often was not complete, we varied the order of cation application.
For each of the three cations the number of applications at the first, second and third position was
the same. In addition, we performed a rather high number of measurements, 36 for the
heteromeric condition and 21 for HyNaC2 G429T homomers. The bar graphs in Figure 20B
summarize these measurements and show a rather pronounced selectivity of the HyNaC2 G429T
homomeric channel for Na” over Li" and K'. When Na" was replaced by Li", mean current was
reduced to 60% (0.71 + 0.35 pA; p << 0.001) compared to the Na' currents (1.27 + 0.62 pA).
The substitution of Na’ by K" led to a reduction of the mean current by about 80% (0.26 + 0.15
HA; p << 0.001). Compared to HyNaC2 G429T homomers, currents of oocytes injected with both
HyNaC2 G429T and HyNaC3 G430T showed a less pronounced selectivity for Na’. Reduction
of the mean Li" current was only 12% (3.02 + 1.11 pA; p = 0.001) and for K" currents only 28%
(2.4 + 0.77 pA; p << 0.001) compared to the Na" mean current (3.46 + 1.14 pA). Statistical
comparison of the percental Li" and K" current reductions between HyNaC2 G429T and HyNaC2
G429T/HyNaC3 G430T using the student’s t-test revealed a high significance that was p < 0.001
for Li" reduction and p << 0.001 for K" reduction.

Next, we investigated whether co-expression of HyNaC3 G430T altered the amiloride affinity for
HyNaC2 G429T. A concentration of 3 mM amiloride completely blocked both, HyNaC2 G429T
and HyNaC2 G429T/HyNaC3 G430T constitutive currents. We thus applied a single amiloride
concentration followed by the application of 3mM amiloride on HyNaC2 G429T and HyNaC2
G429T/ HyNaC3 G430T expressing oocytes and calculated the fractional inhibition for the
different amiloride concentrations in comparison to the inhibition by 3 mM amiloride. In Figure
21 the measurements are summarized as amiloride dose-response-curves for both HyNaC2
G429T and HyNaC2 G429T/HyNaC 3 G430T. For each concentration between 7 and 19
measurements were done. The curve for HyNaC2 G429T is rather flat (Hill coefficient: 0.68), the

concentration for half-maximal inhibition ICsy was 0.01 £ 0.002 mM. 1 uM amiloride, the lowest
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concentration used, still inhibited about 20% of the HyNaC2 G429T homomeric currents. In
contrast, the curve for HyNaC2 G429T/ HyNaC3 G430T is much steeper (Hill coefficient: 1.58)
and the application of 10 pM amiloride inhibited only about 5% of the heteromeric currents. The
curve is strongly shifted towards higher amiloride values, the ICs is 0.08 £ 0.002 mM and thus 8
times higher than for the HyNaC2 DEG-mutant.

100
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Fig. 21: Co-expression of HyNaC3 G430T altered the amiloride affinity for the HyNaC2 DEG-mutation.
Squares represent mean values for HyNaC2 G429T and circles represent mean values for the HyNaC2/3 double
DEG-mutation. n = 7-19. For details see text.

We found that Ca®" had a blocking effect on HyNaC mutants since the removal of Ca*" enhanced
the currents for HyNaC2 G429T and HyNaC2 G429T/HyNaC3 G430T (see Fig. 22A). Thus, we
investigated, whether co-expression of HyNaC3 G430T would also change the Ca*" affinity of
HyNaC2 G429T homomeric currents. For this purpose, we successively applied solutions with
different Ca*" concentrations to oocytes expressing HyNaC2 G429T or HyNaC2 G429T/HyNaC3
G430T. All Mg®" was removed from the solutions and 0.1 mM flufenamic acid (FFA) was added
to avoid opening of CI” channels at low Ca*" concentrations (see Materials and methods). Figure
22A shows example traces of measurements for HyNaC2 G429T and HyNaC2 G429T/HyNaC3
G430T. Even with 10 mM Ca”", the highest concentration used, no complete block was achieved
in both conditions, although the inhibition of homomeric channels was more complete. From the
dose response curve in Figure 22B it seems that a complete block of the heteromeric channel by
Ca’" is not possible. Since nominal free Ca*" solutions still contain some free Ca>*, we applied an

additional solution that was nominally free of Ca*" and where 10 mM EDTA was added to
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Fig. 22: HyNaC2 G429T was blocked by Ca** with lower efficacy when HyNaC3 G430T was co-expressed.
(A) Examples of measurements made to determine Ca>" affinity for HyNaC2 G429T homomers and HyNaC2
G429T/HyNaC3 G430T heteromers (see text). (B) Dose-response curves for Ca** block of amiloride-sensitive

currents in oocytes injected either with cRNA for HyNaC2 G429T (circles) or HyNaC2 G429T/HyNaC3 G430T
(squares). For details see text.

chelate any traces of Ca®". However, in most measurements the switch from nominally free Ca*"

solution to a Ca®" free solution where EDTA was added led to an partial inhibition of the
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constitutive current (see Fig. 22A). Thus, we assumed that maximal amplitude was already
reached with the nominal Ca®" free solution. The dose-response-curves in Figure 22B summarize
the Ca®" affinity measurements for HyNaC2 G429T and HyNaC2 G429T/HyNaC3 G430T.
Although they were in the same range, the affinity for Ca®" was slightly higher for HyNaC2
G429T with an ICsy of 2.06 £ 1.04 mM in comparison to an ICsy value of 2.74 + 1.7 mM for the
heteromeric condition. Hill coefficients for both curves were comparable: they were 1.09 for

HyNaC2 G429T and 1.43 for HyNaC2 G429T/HyNaC3 G430T.

3.3 Electrophysiological analysis of HyNaC wild-type currents

3.3.1 Removal of Ca?* and Mg?* evokes large currents in oocytes co-expressing HyNaC2
and HyNaC3

Since constitutive currents of HyNaC2 G429T and HyNaC2 G429T/HyNaC3 G430T were
inhibited by high Ca’" concentrations, we next tried to evoke currents in oocytes injected with
wildtype HyNaCs by removing Ca®". Indeed, we could elicit large, persistent currents in oocytes
expressing HyNaC2 and 3, when we removed all the Ca*" from the bath solution. The currents
were in the range of several pA and the co-injection of HyNaC4 did not alter the current
amplitudes (data not shown). We detected such currents only in oocytes expressing both subunits,
HyNaC2 and 3, together. Next, we determined the Ca®" affinity for the heteromeric HyNaC2/3
channel by applying successive solutions with different Ca®" concentrations between 10 mM and
0 Ca®" (see F ig. 23A). The concentration for inhibiting half of the maximum current (ICsy) was
827.84 nM + 83.5 nM, and thus more than three thousand times lower than for the DEG-mutant
heteromer (see Chapter 3.2.2). 1.8 mM Ca”", the concentration usually used in our standard bath
solution, completely inhibited HyNaC2/3 wildtype current, whereas only about 10% of the
heteromeric mutant current was blocked by this concentration.

With the same protocol we also determined the affinity for Mg®". In comparison to Ca®’, the
Mg®" dose-response-curve was shifted towards higher concentrations (see Fig. 23B). ICso was
65.24 uM + 2.82 uM and thus nearly 100 times higher than for Ca®" (see above). Also, the Mg*"
curve was much steeper (Hill coefficient: 3.87) in comparison to the Ca** curve (Hill coefficient:
0.74).

Next, we wanted to see whether the HyNac2/3 current that were evoked by removing divalent



Results 48

A HyNaC 2/HyNaC 3:
1.0 mM Mg2+
2 . 1.BmM 1 mM 10 uM 100 nM 1nM 10 mM
Ca + g 100 pM 1 M 10 nM 0
0 current level
1 pA
30 sec
1.8 mM CaZ+
24 1.0 mM 1 mM 50 uM 1 UM 10 nM 0
Mg + -omM 100 uM 10 uM 100 nM 1nM 10 mM CaZ+
0 cwrrent level
1 pA
40 sec

inhibition (%)

cation concentration (mM)

Fig. 23: HyNaC2/3 heteromeric channels were blocked by Ca®* and Mg?*. (A) Example current traces showing
increasing currents by lowering the Ca*" and Mg”" concentrations (see text). (B) Dose response curves for the block
of HyNaC2/3 currents by Ca>" (open squares) and Mg”* (filled circles). For details see text.

cations was carried by Na' ions. For this purpose, we applied successively solutions that were
nominally free of divalent cations, containing increasing concentrations of Na" between 3 and
140 mM. As Figure 24A shows, currents became larger with increasing concentrations of Na"

and did not saturate even with 140 mM Na", the highest concentration used (Fig. 24B).
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Fig. 24: Na" passed through heteromeric HyNaC2/3 channels that were opened by removal of divalent
cations. (A) Example current trace showing increasing currents when higher Na'-concentrations were applied (see
text). (B) Statistical analysis of 4 measurements seen in (A). The dose-response curve was fitted to a Hill function
(see Materials and methods).

Since for ASICla Ca*" and amiloride compete for binding to the channel (Paukert 2004), we
determined apparent amiloride affinity also in the absence of Ca*. We used amiloride
concentrations of 100 uM, 1 mM and 3 mM, which are doses sufficient to inhibit any known
heterologously expressed DEG/ENaC channel. No divalent cations were added to the solutions
that we used for these experiments. Under these conditions amiloride had unexpected effects. In
most measurements application of 100uM and more led to an increase of the persistent
HyNaC2/3 currents that varied in amplitude (see Fig. 25). Usually, the current increase was
constant over time or declined rather weakly, as can be seen in the example trace in Figure 25.

By application of 1 mM or 3 mM amiloride, we observed a fast, transient block before the current
increased in most measurements. The extent of the transient inhibition was dose-dependent.
However, washing off amiloride induced in most cases an off-current, which showed dose-

dependent desensitization kinetics (see Fig. 25). Thus, under these experimental conditions
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amiloride had a paradoxical potentiating effect. These observations suggest that amiloride has a
dual effect on the HyNaC2/3 channel. On the one hand it inhibits the currents evoked by removal
of divalent cations, which can be seen in Figure 25 in the fast transient current reductions upon
application of 1 and 3 mM amiloride. On the other hand current increase upon application of 100
uM amiloride and also the dose-dependent transient current increase upon washout of amiloride
indicate that it also has an potentiating effect, which might be voltage and concentration
dependent as it was already shown for ASIC2a (Adams 1999). The dual effect of amiloride on
the HyNaC2/3 currents suggests that there might be two different interaction sites.

0 current level

140 mM Na*, 0 CaZ+ and Mgz’f

100 pM amil. 1 mM amil. 3 mM amil.

1 A

25 sec

Fig. 25: Amiloride has a dual effect on HyNaC2/3 currents evoked by removal of divalent cations.
Example current trace showing the paradoxical effect of amiloride. It blocked the channel as well as opened
it concentration dependently. All solutions contained no Ca*" and Mg*".

3.3.2 HyNaC2/3 currents evoked by removal of divalent cations are inhibited by acidic pH

Interestingly, we found that the HyNaC2/3 currents evoked by removal of divalent cations could
be inhibited by acidification (see Fig. 26A). However, the amplitudes in solutions free of divalent
cations were increased after washout of acidic solutions. Figure 26 A shows an example for such a
measurement. Increasing acidification of the conditioning solutions led to larger currents evoked
by removal of divalent cations, which reached a maximum at pre-application of pH 4.5. Note that
with increasing acidification a pronounced transient current developed. The pre-applied proton
concentration needed to activate half-maximal current (ECsy) was pH 6.33 = 0.06 (n = 6). By pre-
applying pH 4.0, we could increase currents about 10-fold compared to pre-application of pH 7.4

(see Fig. 26). Similar to amiloride (see previous chapter), such a behavior can be explained by a
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dual effect of protons. The dose-dependent inhibition of the current evoked by removal of
divalent cations during acidification suggests a blocking effect of protons. On the other hand, the
dose-dependent current increase upon washout of protons and also the slow current increase after
the initial block at moderate acidification (see Fig. 26A) indicates also an stimulating effect of
protons on HyNaC2/3 channels. Thus, like for amiloride (see previous chapter), the dual effect

might indicate two interaction sites also for protons.
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Fig. 26: Acid inhibits HyNaC2/3 currents evoked by removal of Ca®*. (A) Example current trace showing
block of HyNaC2/3 current by acid as well as the potentiation of the current upon acid wash-out. Both effects were
dose-dependent. The dashed line indicates the 0 current level. (B) Statistical analysis of the current potentiation
after acid removal for HyNaC2/3. Pre-applicated proton concentration is blotted against the size of the wash-off
currents. For details see text.
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3.3.3 Neuropeptides from Hydra evoke currents in oocytes co-expressing HyNaC2 and
HyNaC3

FaNaCs are activated by FMRFamide in neurons of snails and there is a multitude of similar
neuropeptides in cnidarians, including Hydra (see Introduction). Thus, we tested some of these
peptides on HyNaCs. Dr. Cornelius Grimmelikhuijzen, who identified these peptides in Hydra,
provided small amounts of HydraRFamides I-IV (see Introduction). We injected oocytes with
cRNA for the three subunits, HyNaC2, HyNaC3 and HyNaC4 in all possible combinations and
applied 50 uM of each peptide. Application of HydraRFamides I and II elicited currents of
several pA in oocytes that expressed HyNaC2 and HyNaC3 (see Fig. 27A). Co-injection of
HyNaC4 did not alter the amplitudes and kinetics of the currents (data not shown).

A B 5 uM Hydra 5 uM Hydra 5 uM HydraRFamide 1/

. Hydra Hydra Hydra Hydra . . .
conc.50uM:  peamide|  RFamide IV RFamidell  RFamide I RFamide | RFamide I 5 pm HydraRFamide |

[ |

HydraRFamide |
D (50uM)

—_—

[

0.5 pA

20 sec

mean current amplitude (uA)

HyMaC 2wt/3 wt HyMaC 2 C-trunc./3 wt

Fig. 27: Peptides from Hydra activated heteromeric HyNaC2/3 channels. (A) Example current trace showing
that only HydraRFamide I and II elicit currents in oocytes co-expressing HyNaC2 and 3. (B) Co-application of
HydraRFamide I and II had no potentiating effect. Notice that the current evoked by HydraRFamide II is larger
compared to HydraRFamide I and co-application of both peptides. (C) C-terminal truncation of HyNaC2 (see Text)
significantly decreased currents evoked by 50 uM HydraRFamide I. ***: p < 0.001. (D) Example trace showing
typical activation and desensitization kinetics of peptide-evoked HyNaC2/3 currents. For details see text.

Co-application of both activating peptides together, HydraRFamide I and II, did not potentiate
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the current (see Figure 27B). Application of 50 uM HydraRFamide III and IV did not lead to any
activation at all. Co-injection of a truncated HyNaC2 construct, where the potential C-terminal
KKKS-retention motif had been deleted (see Chapter 3.2.1) together with HyNaC3 wildtype led
to a strong reduction of the mean current amplitude evoked by 50 uM HydraRFamide I from 9.56
+2.07 pA (n=5) in oocytes co-injected with HyNaC2 and 3 to 1.82 £ 0.29 pA (n=15; p <0.001;
see Fig. 27C).

After this finding, we synthesized more peptide in collaboration with Dr. Hubert Kalbacher and
further characterized the properties of the HyNaC2/3 channel. Most of our measurements were
done with HydraRFamide I.

First, we characterized the currents that were activated by the peptides. Figure 27D shows a
typical current elicited by 50 uM HydraRFamide I, although we saw strong variations in the
kinetics of desensitization. Usually, the currents were activated very fast, but sometimes
activation was more gradual in the last third as it is seen in Figure 27A. Currents desensitized
partially in the presence of the peptide, the fraction of current that desensitized varied strongly
from almost no desensitization to up to 50%. Washout of the peptide proceeded in a biphasic
way, with a fast initial component and a very slow second component (see Fig. 27D), both could
be fit with a double-exponential equation (see Materials and methods).

We determined the average desensitization time constants for washout, t; and 1, for seven
HyNaC2/3 injected oocytes from the same batch. The faster component had a time constant t; of
2.91 + 0.47 ms and the slower component a time constant 1, of 678.98 + 246.66 ms. Washout
kinetics varied strongly between different batches of oocytes. Often, after peptide washout the
current baseline did not reach the initial level before peptide application (see Fig. 28A). The
amplitude of the remaining current was variable and could make up to about 15 % of the peptide

activated current.

3.3.4 Peptide-activated HyNaC currents exhibit tachyphylaxis, which is suppressed by pre-

application of acidic pH

Repeated application of Hydra peptides led to a successive decrease of the activated current, a
phenomenon called tachyphylaxis (Chen 2007). We activated oocytes that were expressing
HyNaC2/3 for 15 sec with 50 um HydraRFamide I. Subsequently, we washed the peptide out and

waited for another 30 sec to activate the channel again, and repeated this procedure one more
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time. One representative current trace is shown in Figure 28A.
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Fig 28: Peptide activated currents in oocytes co-expressing HyNaC2 and 3 showed tachyphylaxis that could
be suppressed by pre-application of acid. (A) — (C) Example current traces showing tachyphylaxis of peptide
activated HyNaC2/3 currents with variable peptide concentrations and application times. (D) Example current trace
showing that pre-application of pH 5.0 suppressed tachyphylaxis. (E) Statistical analysis of the tachyphylaxis
measurements seen in (A)-(D). Current amplitudes of the second and third peptide application were normalized to

the first one. Data points were fitted to a simple exponential equation.

The current got smaller with each peptide application, whereby the current reduction between the
first and second peptide application was always larger than the reduction between the second and
third peptide-activated current. This tachyphylaxis effect was always seen, although it varied in
its degree. It was not dependent from parameters like duration of peptide application, peptide

concentration or duration of peptide washout, since we could still see tachyphylaxis when we
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reduced the application time to 3 sec (see fits Fig. 28E) or when we applied only 5 uM
HydraRFamide I (see Fig. 28B,E) and prolonged the washout phases up to 2 min (see Fig.
28C,E).

Similar to proton-modulation of currents elicited by removal of Ca®’, peptide-activated
HyNaC2/3 currents were also strongly modulated by acidic solutions. By lowering the pH of the
conditioning solutions to 5.0 the slow phase of the desensitization upon peptide washout
disappeared and current baseline returned very fast to the initial level (see Fig. 28D). The
tachyphylaxis effect was strongly decreased when the channels were repeatedly activated under
these conditions (see Fig. 28E). Figure 28E summarizes the experiments investigating

tachphylaxis.

3.3.5 Peptide-activated HyNaC currents are blocked by low pH

In addition to releasing tachyphylaxis, protons also blocked peptide-activated currents: When 50
uM peptide was applied in solutions with a pH of 5.0, the current amplitudes were suppressed to
about 14% (mean: 0.46 + 0.25 pA; n = 4) compared to activation in pH 7.4 (mean: 3.25 + 0.87
nA; n=4; p=0.001).

HydraRFamide | HydraRFamide |
(pH5.0) (pH7.4)
7.4 7.4 7.4
0.5 pA
40 sec

Fig. 29: Co-application of protons inhibited peptide-activated currents in oocytes co-expressing HyNaC2 and
3. Example current trace showing inhibition of HyNaC2/3 currents and the potentiated transient current upon
washout of peptide and protons. For details see text.

However, washout of both, peptide and protons, evoked transient off-currents that were more

than 2.5 times smaller (mean: 1.26 = 0.46 pA; n = 4) than the peptide-activated current in
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pH 7.4 solution (see above; also see Fig. 29). These off-currents did not desensitize to the

initial current base line, as it is seen in the example trace of Figure 29. However, the

experiment confirms previous observations that protons block the peptide-activated currents

in HyNaC2/3 expressing oocytes.

3.3.6 HydraRFamide | and Il activate heteromeric HyNaC2/3 currents with similar

potency, which is enhanced by removal of Ca**

Next, we determined the apparent affinity for both peptides, HydraRFamide | and I, for

HyNaC2/3.
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Fig. 30: HydraRFamides | and Il activated the HyNaC2/3 channel with the same potency that could be
enhanced by removal of Ca®*. (A) Top: Dose-response curves for activation with HydraRFamide | using standard
Ca®* and Mg?" concentrations (black) or just 0.1 mM Ca*" (red). Bottom: Example measurements used for the
statistical analysis at the top. (B) Top: Dose-response curve for activation with HydraRFamide 1l using standard ion
concentrations. Bottom: Example measurement used for the statistical analysis at the top. For details see text.
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For this purpose, we successively applied different peptide concentrations of HydraRFamide I
(0.1 uM - 300 uM) and of HydraRFamide II (0.1 uM - 120 uM), respectively, on oocytes co-
injected with HyNaC2 and 3. We waited 2 min between the 3 seconds lasting peptide
applications, as it is shown in the example traces in Figure 30A and B. Concentrations for half-
maximal activation (ECsg) of HyNaC2/3 under standard conditions (see Materials and Methods)
was 27.06 = 3.37 uM (n = 3-6) for HydraRFamide I and 25.33 uM + 22.6 uM (n = 6-8) for
HydraRFamide II, respectively (see dose-response curves Fig. 30A and B).

Since we knew that HyNaC2/3 could be opened by removing divalent cations, we performed
similar measurements for HydraRFamide I under conditions, in which we removed all the Mg*"
and lowered Ca®" concentration to 0.1 mM in the peptide containing solutions. Under these
conditions the affinity of HyNaC2/3 for HydraRFamide I was increased by a factor of almost 7.
ECs for the peptide was shifted from 27 pM to 3.9 + 0.9 uM (n = 3-9; see dose-response curves
in Fig. 30A). Note that due to the removal of divalent cations the dose-response curve did not

reach the zero current level (Fig. 30A).

50 uM HydraRFamide |
50 uM HydraRFamide | 0 Caz+ and Mg?+ 0 Ca2+ and Mg?*

| | |
- =

5 uA

1 min

Fig. 31: Peptide-activated currents in oocytes expressing HyNaC2 and 3 were blocked by Ca*".

Example traces showing that currents evoked by HydraRFamide I was inhibited by Ca?". For details

see text.
We investigated whether Ca®’, in addition to lowering the peptide affinity, had also a blocking
effect on peptide-activated HyNaC2/3 currents. To test this, HyNaC2/3 was activated by 50 uM
HydraRFamide I for 15 sec. After 2 min, the same oocyte was activated by removal of all Ca*"
and Mg”" for 15 sec. Another 2 min later, 50 pM HydraRFamide I was applied in a solution
nominally free of Ca* and Mg”" for 15 sec. Figure 31 shows an example trace for this

experiment. If peptide was applied without Ca*" and Mg*", the peak current amplitude (16.10 +
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1.45 pA; n = 3) was strongly increased compared to both, the peptide-evoked amplitude under
standard conditions (5.74 + 0.81 pA; n = 3; p = 0.002) and the current evoked by removal of the
divalent cations (1.03 = 0.89 pA; n = 3; p = 0.004). According to the peptide dose-response
curves in Figure 30A, 50 uM HydraRFamide I should activate about 60 % of the maximal current
in standard bath solutions containing 1.8 mM Ca®” and 1.0 mM Mg*". In solutions free of
divalent cations activation should be almost maximal. Thus, one would expect that the peptide-
activated current amplitude in solutions nominally free of Ca®" and Mg”" should be at most twice
as large as the current amplitude under standard conditions. However, mean current amplitude
under standard conditions was only about 35% (see values above) of the mean amplitude in
solutions nominally free Ca®" and Mg*", which suggests that divalent cations block HyNaC2/3

channels in addition to lowering their apparent affinity for the Hydra peptides.

3.3.7 Peptide-activated HyNaC currents are unselective and can be blocked by amiloride

with low affinity

As Na' selectivity and block by amiloride are two major characteristics of ion channels within the
DEG/ENaC family, we next investigated these features for the HyNaC2/3 heteromer. Currents
evoked by 50 uM HydraRFamide I were blocked by amiloride with a rather low affinity.
Amiloride concentration necessary for inhibition of 50% of the maximal current (ICsp) was 508 +

70 uM (see Figure 32; n = 3-5).
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Fig. 32: Amiloride blocked peptide-activated HyNaC2/3 currents with low affinity. Currents were evoked with
50 uM HydraRFamide I and inhibited by successive application of different amiloride concentrations between 1 pM
and 3 mM; n = 5. Mean value for inhibition by 5 mM amiloride is the average of 3 single measurements done
independently from the previous mentioned measurements. Inhibited currents were normalized to maximal current.
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Thus, the affinity of wildtype HyNaC2/3 is about 50-fold lower than amiloride affinity of
HyNaC2 G429T (ICsp: 10 = 2 uM;) and still 6 times lower than amiloride affinity of HyNaC2
G429T/HyNaC3 G430T (ICsp: 80 £+ 2 uM; see Chapter 3.2.2). These results suggest an important
role for the DEG-position, as the replacement of short-chain amino acids by amino acids with
longer side chains increases the affinity of HyNaC2/3 for amiloride. Furthermore it confirms
previous observations made for the DEG-mutants that co-expression of the HyNaC3 subunit
decreases amiloride affinity.

For investigating the ion selectivity, we used ion substitution protocols and voltage ramps. For
ion substitution experiments, we applied three times 30 uM HydraRFamide I under standard
conditions on oocytes co-expressing HyNaC2 and 3, where Na" was substituted by K" or Li",
respectively. The duration of peptide application was 3 seconds and bath solutions that were
applied for 2 min between the peptide applications contained the monovalent cation that was also
present in the following peptide solution. Figure 33B shows an example trace for this protocol.
The order of application was changed between single experiments to balance the tachyphylaxis
effect. The mean current amplitude (n = 6) was nearly unaltered when Na™ (1.70 + 0.98 uM) was
replaced by either K™ (1.47 £ 0.96 uM; p = 0.65) or Li" (1.23 + 0.89 uM; p = 0.35), because of
the tachyphylaxis the SD and SEM values were rather high. The bar graph in Figure 33A
summarizes the measurements showing the results as normalized values. This result confirms the

unselective current found with HyNaC2 and 3 DEG-mutants.

A HyNaC 2/3: B e » N
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Fig. 33: Peptide-activated currents from oocytes co-expressing HyNaC?2 and 3 were unselective. (A) Bar
graph showing normalized mean current amplitudes from oocytes expressing HyNaC2/3, where Na' was
replaced by K and Li" during peptide activation. For details see text. (B) Representative current trace for
measurements summarized in (A).
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Besides the permeability for monovalent cations, we also investigated whether HyNaC2/3 is
permeable for Ca>" ions. For this purpose, we used solutions containing 40 mM CaCl, as only
cation and performed 6 seconds lasting voltage ramps from —150 mV to +50 mV with and
without 50 pM HydraRFamide I. Under these conditions, the driving force for Ca’" at voltages
more negative than —80 mV is so large that macroscopic inward currents should be detectable for
Ca*"-permeable ion channels (Kellenberger 1999). 3-5 hours before measurement, oocytes were
injected with 50 nl of 40 mM BAPTA and 10 mM Hepes (pH 7.2) containing solution to prevent
an increase of intracellular Ca®" levels and activation of endogenous Ca”"-activated CI” channels.
In Figure 34 an I-V curve representing the mean for 6 oocytes injected with HyNaC2/3 is shown.

The procedure for calculation of the curve is described in the legend of Figure 34.
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Fig. 34: Peptide-activated HyNaC2/3 showed robust inward currents in the highly negative voltage range
when Na* was replaced by Ca*". Two voltage ramps were performed from —150 mV to +50 mV for six oocytes
expressing HyNaC2/3, one before peptide application and one during application of 50 uM HydraRFamide I. Both
ramps were subtracted from each other and the blue line represents the resulting average I-V relationship for the six
measured oocytes. Solutions contained only 40 mM CaCl, and 10 mM Hepes. Oocytes were injected with 10 mM
BAPTA to prevent activation of Ca*"-activated CI” currents.

The determination of Ca*" permeability for ion channels with the TEVC method is rather difficult
and this ramp can give only an indication. Nevertheless, peptide-activated currents of HyNaC2/3
were rather large in the strongly hyperpolarized voltage range between —100 and —150 mV,
which should not be the case for Ca*"-impermeable ion channels. Furthermore the I-V-curve
shows a tendency towards inward rectification, which is another indication for a Ca®'-

permeability, since the voltage ramps of Ca*'-impermeable ion channels like ENaC display a



Results 61

horizontal course in the hyperpolarized voltage range (Kellenberger 1999).

3.3.8 Unselective currents activated by HydraRFamides are not evoked by the opening of

hemi gap junctions

The unselectivity of peptide-activated currents in oocytes co-expressing HyNaC2 and 3 and its
rather low affinity for amiloride are untypical features for members of the DEG/ENaC ion
channel family. Furthermore, the block by increasing Ca*" concentrations and by lowering the pH
are additional features that are shared with hemi gap junctional channels (Ripps 2002 and 2004;
Ebihara 2003). Recently, Pelegrin et al. have shown that activation of ATP-gated P2X5 cation
channels opened the unselective large pore hemi gap junctional channel pannexin-1 (Pelegrin
2006). Theoretically, a similar coupling with hemi gap junctions could also be the case for
HyNaC2/3.

As we knew from previous experiments, co-expression of HyNaC3 G430T altered the ion
selectivity of HyNaC2 G429T (see Fig. 20). So, we introduced a point mutation into the
selectivity filter (see Introduction) of HyNaC3 and replaced the glycine (G) at position 444 by a
serine (S). If the currents activated by HydraRFamides would flow through the HyNaC2/3
channel pore, one would expect a difference in the selectivity between HyNaC2/3 wildtype and
HyNaC2/3 G444S.

We did the same ion substitution experiments as described in Chapter 3.3.7. The concentration of
HydraRFamide I was 50 uM and application time for the peptide was 15 seconds. Since divalent
cations affected the peptide-activated currents (see Fig. 31), we removed all Ca®" and Mg®" from
the peptide containing solutions. The K permeability was robustly reduced for the mutated
heteromer in comparison to the wildtype. At =70 mV the mean current in K* containing solution
was lowered from 100% for the wildtype heteromer (7.52 + 2.16 pA; n = 12) to 54% for the
mutated HyNaC channel (6.63 + 1.92 pA) compared to the mean currents in Na™ containing
solutions (wildtype: 8.09 + 2.55 pA; mutant: 12.89 + 4.74 pA; n = 12). Nevertheless, compared
to currents in Na' containing solutions permeability for Li" was in the same range for both
wildtype (9.43 £ 3.11 pA; n = 12) and mutated heteromer (12.88 £ 3.92 pA; n = 12). The
peptide-activated mean current in Li* containing solution was not significantly increased in
comparison to the mean current in Na' containing solution for the wildtype heteromer (124%)

and the mutated HyNaC2/3 G444S (104%:; see Fig. 35A).
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In addition, we performed voltage ramps from —90mV to +95 mV within 6 seconds in solutions
where divalent cations were removed to determine the reversal potential of the current evoked by
50 uM HydraRFamide I in oocytes expressing HyNaC2/3 and HyNaC2/3 (G444S. For each
condition we measured 5 oocytes. Two ramps were performed, one before peptide application
and one during application of 50 pM HydraRFamide I. Afterwards, both ramps were subtracted
from each other and the resulting ramps for all 5 oocytes were averaged. Figure 35B shows the

resulting I-V curves representing the mean for both wildtype and mutated heteromer.
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Fig. 35: Mutation of the glycine (G) at position 444 in HyNaC3 resulted in altered ion selectivity of the
HyNaC2/3 heteromer. (A) Top: Bar graphs summarizing the ion substitution experiments for HyNaC2/3 (left)
and HyNaC2/3 G444S (right). Bottom: Example current traces showing measurements summarized in the bar
graphs at the top. Mg”" and Ca®" were removed from peptide containing solutions. (B) Mean I-V relationships (n =
5) for HyNaC2/3 wildtype heteromer and HyNaC2/3 G444S. For details see text.
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The voltage ramps indicate that the reversal potential for HyNaC2/HyNaC3 G444S was shifted
towards more positive values, from about —25 mV for the HyNaC2/3 wildtype to —5 mV (see
Figure 35B). The shift of the reversal potential confirms the lower permeability of
HyNaC2/HyNaC3 G444S for K showed in the ion substitution experiments and strongly
suggests that peptide-activated currents in HyNaC2/3 expressing oocytes flow through the
HyNaC pore.

To further verify that currents elicited by HydraRFamide application in oocytes expressing
HyNaC2/3 were not a product of activation of hemi gap junctional channels we cloned the hemi
gap junction subunit innexin-1 from Hydra magnipapillata and co-injected the cRNA together
with HyNaC2 and 3 to see whether additional expression of hemi gap junctional channels from
Hydra would influence the amplitude of peptide activated currents. After activation with 50 uM
HydraRFamide I, mean current amplitude for oocytes co-injected with innexin-1 was not
significantly altered (1.05 £ 0.40 pA; n=5; p = 0.49) compared to currents from oocytes where
only HyNac2 and 3 were expressed (1.27 + 0.56 pA; n = 5; Fig. 36A).

In addition, we injected an anti-sense oligonucleotide directed against the first 30 nucleotides at
the 5'-end of Xenopus laevis pannexin-1. Injection of this oligonucleotide should inhibit, at least
partially, the expression of the endogenous hemi gap junctional channel pannexin-1 in oocytes,
and thus clearly reduce the peptide-activated current if pannexin-1 was involved. However, the
co-injection of the pannexin-1 oligonucleotide also had no significant effect on current
amplitudes evoked by 50 uM HydraRFamide I. The mean current amplitude was only slightly
decreased (1.14 £ 0.69 uA; n=15; p=0.75; Fig. 36A).

As a negative control for these experiments we co-expressed stomatin, a completely different
protein, from which we knew that it has no effect on peptide-activated currents (data not shown),
with HyNaC2 and 3. The reduction of the mean current after co-injection of Hydra innexin-1 or
anti sense oligos against Xenopus pannexin-1 was in the same range as for co-injection of
stomatin (1.18 £ 0.61 pA; n=5; p = 0.82; see Figure 36A), which suggests that expression level
of hemi gap junctions had no influence on peptide-activated HyNaC2/3 currents.

Since the pores of hemi gap junctions are rather large and allow the transit of molecules up to 1-2
kDa, we tried to exchange the Na” by NMDG", which is a cation that is much larger than Na" and
K" and usually does not permeate through DEG/ENaC channels. The Na'-replacement by 140
mM NMDG" reduced the current activated by 30 uM HydraRFamide I dramatically. The

decrease was reversible when NMDG " was replaced by Na" again. In 5 measured oocytes,
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replacement of Na” by NMDG" for 1 minute led to a reduction of the peptide activated current to
a level that was identical with the current level reached after wash-out of the peptide in Na"
containing solutions (see Fig. 36B). Thus, the dramatic reduction of the current suggests that
NMDG" can not pass through the pore opened by Hydra peptides, which would exclude an
involvement of hemi gap junctions in peptide-activated currents in oocytes expressing HyNaC2
and 3.

In summary, the facts that the ion selectivity changes after introducing a selectivity mutation in
HyNaC3 and the current amplitude is unchanged when the expression of hemi gap channels is
altered, but also that the peptide-evoked current is dramatically reduced when Na' is replaced by
NMDG" all suggest that hemi gap junctions are not involved in the activation of peptide-evoked

currents in oocytes expressing HyNaC2/3.
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Fig. 36: Altering the expression of hemi gap channels in oocytes did not change amplitudes of peptide-
activated HyNaC2/3 currents. (A) Bar graph showing mean current amplitudes evoked by application of 50 uM
HydraRFamide I in oocytes expressing only HyNaC2/3, oocytes co-injected with cRNA for innexin-1 from Hydra
magnipapillata (INX 1) and with antisense oligonucleotide against pannexin-1 from Xenopus laevis (AS 1-1). As a
control we used HyNaC2/3 expressing oocytes co-injected with stomatin. For details see text. (B) Example trace
showing complete reduction of the peptide activated current when Na* was replaced by NMDG".

3.3.9 HyNaC2/3 heteromers form ion channels that are directly activated by the Hydra

neuropeptides

The next important question was whether the current elicited by HydraRFamides in HyNaC2/3

injected oocytes was directly gated by the peptides or indirectly by second messengers, which is
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typical for peptide effects on ion channels (see Introduction). For this purpose, we first
investigated the activation kinetics, since channel opening via second messenger cascades is
much slower compared to direct activation by ligands. So, we activated 5 oocytes expressing
HyNaC2 and 3 with 150 uM HydraRFamide II, which is a nearly maximal concentration (see
Fig. 30) and determined the activation time constant T and in addition the time elapsed between
activation of 10% to 90% of the maximal current. As a control, we injected some oocytes with
IRK-1, a voltage gated potassium channel that was activated by replacement of 70 mM Na' by
K" (see Figure 37A). IRK-1 is constantly open at —70 mV and activation should be immediate
and without any delay by ligand binding or second messenger cascades. So, we determined the
above mentioned parameters for IRK-1 and compared it with the activation kinetics of peptide-
gated HyNaC currents. For both, IRK-1 and HyNaC2/3, the activation time constant T was 0.17
sec (n = 5). Also the time that elapsed between activation of 10% and 90% of maximal current
was in a similar range for both channels. It was 475.60 + 156.62 ms for IRK-1 and 440.60 +
87.33 ms for HyNaC2/3, which suggests that activation of HyNaC2/3 channels by Hydra
peptides is direct and just limited by the speed of solution exchange.

To further verify this finding, we injected oocytes expressing HyNaC2/3 with GDP-B-S, an
unspecific inhibitor of G-proteins, prior to activation by 50 uM HydraRFamide I. GDP-B-S is a
non-hydrolyzable GDP analogue blocking the formation of G-protein heterotrimers. So, if
peptide-activated HyNaC currents were mediated by G-proteins, the pre-injection of GDP-B-S
should have strongly reduced them. We injected 23 nl of 50 mM GDP-B-S solution into
HyNaC2/3 expressing oocytes directly before activation with 50 uM HydraRFamide I and
compared the amplitudes with ooyctes expressing HyNaC2 and 3 that were not treated with
GDP-B-S. The mean peak current amplitude for 10 oocytes was not significantly reduced from
3.45 £ 2.18 pA without GDP-B-S treatment to 3.02 £ 1.25 pA (n = 10; p = 0.38) after GDP-B-S
injection (see Figure 37B). As a control, we used the same protocol for non-injected oocytes that
were stimulated by 10 pg/ml trypsin. Oocytes have an endogenous trypsin receptor that is
coupled to internal Ca®* stores via Gi-proteins. The receptor activation by external trypsin raises
internal Ca®" and thereby opens Ca®"activated CI” channels leading to transient inward currents
of several pA (Schultheiss 1997). These trypsin-activated currents in non-injected oocytes were
significantly reduced by pre-injection of GDP-B-S from 2.06 + 1.54 pA (n = 10) without GDP-3-
S treatment to 1.16 pA £ 1.08 pA (n=10; p = 0.01) after injection of the GDP analogue (see Fig.
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37B).

We also stimulated ooyctes expressing HyNaC2 and 3 with 100 pg/ml trypsin to see whether
stimulation of the Gj-protein pathway would evoke any additional currents besides the above
mentioned in non-injected oocytes. However, we could not observe any differences in trypsin-
activated currents between non-injected oocytes and oocytes expressing HyNaC2 and 3 (see Fig.
37C). Mean current amplitude for non-injected oocytes was 1.88 = 0.49 pA in comparison to
1.88 £ 0.16 pA in oocytes expressing HyNaC2 and 3 (n=5; p =0.97).

cAMP is the most important intracellular mediator in G-protein coupled second messenger
processes. It is synthesized from ATP by the plasma-membrane-bound enzyme adenylate cyclase
and is rapidly and continuously destroyed by one or more cyclic AMP phosphodiesterases, which
hydrolyze cAMP to adenosine 5’-monophosphate (5’AMP). So, we next investigated, if it is
possible to evoke currents in oocytes expressing HyNaC2/3 just by raising the intracellular
cAMP level. For this purpose, we used two different substances. One of them was forskolin,
which is a labdane diterpene that is produced by the Indian Coleus plant (Plecthranthus
barbatus). Forskolin resensitizes cell receptors by activating the enzyme adenylyl cyclase and
increasing the intracellular levels of cAMP. The other substance was IBMX (3-isobutyl-1-
methyl-xanthin), which is an unspecific inhibitor of phosphodiesterase activity. Both agents are
permeating the plasma membrane of oocytes and thus we could apply them from the extracellular
side. Application of a mixture of 50 uM forskolin and 1 mM IBMX for 3 minutes did not evoke
any currents, neither in oocytes expressing HyNaC2/3 (n = 6; data not shown) nor in non-injected
oocytes (n = 5). In summary, the fast activation kinetics, as well as the fact that altering the
activity of G-proteins did not significantly change currents both suggest that the HydraRFamides
directly activate HyNaC2/3 channels in oocytes.

Furthermore, we wanted to exclude that activation of currents in HyNaC expressing oocytes was
mediated by G-protein coupled opiate receptors, which are usually activated by opioide peptides
like morphine. One could imagine that heteromeric channels composed of HyNaC2 and 3
subunits were coupled to endogenous opiate receptors via G-protein coupled signaling cascades.
To verify whether opiate receptors were involved in the opening of HyNaC2/3 channels, we used
naloxone, which is an antagonist of opiate receptors. If such receptors would participate in
HyNaC activation, the currents evoked by HydraRFamides should be strongly reduced by the
application of naloxone. Since currents evoked by Hydra peptides in oocytes expressing HyNaC2

and 3 showed pronounced tachyphylaxis, particularly between the first and second application,
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we applied 30 uM HydraRFamide Il 3 times for 5 seconds (n = 5) adding 500 uM naloxone
before and during the third application. As a control, we performed the same protocol without
naloxone for direct comparison of the third current, in respect to the mean peak amplitude and
the degree of tachyphylaxis. The mean peak current amplitudes after the third activation by
HydraRFamide 11 were comparable in size as it can be seen from the bar graph in Figure 37D.
It was slightly reduced for the naloxone treated oocytes (2.45 + 0.79 pA) in comparison to the
control oocytes (2.83 + 0.65 pA), but the reduction was not significant (p = 0.44). Also the
course of tachyphlaxis was in a similar range for both groups (see curves Fig. 37D). The
current elicited by the third application of Hydra peptide was reduced to 60% compared to the
first activation (4.94 + 1.51 pA) for the control oocytes and to 53% (4.59 + 1.04 pA) for the

naloxone treated ooctyes .
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Fig. 37: Peptide-activated currents in oocytes injected with HyNaC2/3 were directly gated. (A) Example
current traces for activation of IRK-1 channels by replacement of 70 mM Na® with K* (left) and HyNaC2/3 by
application of 150 uM HydraRFamide 1l (right). (B) Left: Bar graph summarizing measurements (n = 10), where
Ca”'- activated CI” currents were activated by application of 10 pg/ml trypsin in uninjected oocytes and in oocytes
where GDP-B-S was injected before trypsin application. Right: Bar graph showing mean current amplitudes for
oocytes expressing HyNaC2/3 activated by 50 uM HydraRFamide | with and without prior injection of GDP-B-S.
(C) Mean Ca**-activated CI" currents for uninjected oocytes and oocytes expressing HyNaC2/3 activated by 100
pg/ml trypsin. (D) Left: Curves showing mean tachyphylaxis for oocytes expressing HyNaC2/3. In the blue curve
third peptide application was in the presence of 500 uM naloxone. n = 5 for both curves. Right: Bar graph showing
mean current amplitudes for the third peptide application. Colors correspond to the curves on the left side.
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Thus, the naloxone treatment did not influence peptide-activated current in HyNaC2/3 expressing

ooctyes, which is another indication that HyNaC2/3 channels are not gated by G-proteins.

3.4 Modulation of ASIC currents by HydraRFamides

It was already known that currents of some ASIC subunits are modulated by FMRFamide and
Neuropeptide FF (see Introduction). We investigated whether HydraRFamides could also alter
the amplitudes and desensitization kinetics of ASIC currents. For this purpose, we injected
oocytes with cRNA for ASICla, 1b, 2a and 3, and pre-applied the HydraRFamides I-IV before
we stimulated the channels with proton concentrations sufficient for maximal activation. For
ASIC 1a, 1b, and 3 pH 5.5 was used, whereas ASIC2a was activated by pH 3.5. In total, we
tested 3-7 oocytes for each ASIC subunit and activated them successively 5 times for 15 seconds:
one activation without any peptide and four activations each together with 50 uM of one of the
peptides. Between the applications we waited 40 sec. For ASIC2a homomeric currents (n = §)
amplitudes and desensitization kinetic were not significantly changed by application of the
HydraRFamides I-IV (data not shown).

For ASICla we observed a significant reduction of the mean peak amplitude by HydraRFamides.
Mean peak current amplitude was reduced from 5.36 + 2.71 pA (n=6) to 2.61 £ 0.74 pA by pre-
application HydraRFamide II (n = 6; p = 0.04; data not shown), to 3.45 £ 1.50 pA (n =6; p =
0.16) by HydraRFamide I, to 3.31 £ 0.90 pA (n = 6; p = 0.11) by HydraRFamide III and to 4.48
+ 1.77 pA (n = 6; p = 0.52) by HydraRFamide IV. However, ASICla shows pronounced
tachyphylaxis, which probably accounts for this reduction.

Furthermore, pre-application of HydraRFamide I fastened the desensitization of proton-activated
ASICIb currents significantly. Desensitization constant T was reduced from 0.73 + 0.02 seconds
(n=3) to 0.69 £ 0.01 seconds after pre-application of HydraRFamide I (n = 3; p = 0.05). Notice
the small number of measured oocytes and the rather small difference between both t values,
since T for the other peptides was in a similar range (HydraRFamide II: T = 0.72 £ 0.03 sec., n =
3, p =0.65; HydraRFamide III: T = 0.71 £ 0.03 sec., n =3, p = 0.40; HydraRFamide IV: 1 =0.74
+0.04 sec.,n=3,p=0.53).

Pre-application of HydraRFamides III and IV exerted the most dramatic effects on the

desensitization of proton-activated ASIC3 currents (see Fig. 38). Desensitization constant T was
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increased from 0.54 £ 0.09 seconds to 2.05 + 0.37 seconds by pre-application of HydraRFamide
III (n=7; p<<0.001) and even to 3.21 = 0.20 seconds by pre-application of HydraRFamide IV
(n=4; p<<0.001). Desensitization constant T was also significantly raised when HydraRFamide
IT was pre-applied (t = 0.64 £ 0.07 sec., n = 7; p = 0.03), whereas the slight increase of t after
pre-application of HydraRFamide I was not significant (t = 0.60 £ 0.07 sec., n = 9; p = 0.15).
Furthermore, we observed a tendency, although not significant, for reduced peak amplitudes of
homomeric ASIC3 currents after pre-application of HydraRFamide IIl. They were decreased
from 6.54 + 2.98 pA (n = 7) when the peptide was not pre-applied to 4.68 £ 1.88 pA (n=7;p =
0.19). The mean peak current amplitude after pre-application of the other three peptides was
similar to the control amplitude (HydraRFamide I: 6.35 £ 3.03 pA, n = 7, p = 0.91;
HydraRFamide II: 6.26 £ 2.95 pA, n=7, p = 0.86; HydraRFamide IV: 7.13 £ 2.75 uA,n=7,p =
0.70). Thus, the modulation of proton-evoked ASIC currents by HydraRFamides and other
RFamides is another indication that ASICs have a conserved interaction site for RFamides,

similar to HyNaCs and FaNaCs, which probably was already present in the precursor channel of

the DEG/ENaC family.
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Fig. 38: HydraRFamides 111 and IV alter desensitization kinetics of acid-evoked ASIC3 currents. Example
current trace showing that pre-applications of HydraRFamides III and IV slowed down desensitization of ASIC3
currents. For details see text.
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CHAPTER IV

Discussion

4.1 HyNaCs are members of the DEG/ENaC family with ASICs and
BLINaC/INaC as closest relatives

Comparison of the HyNaC sequences with DEG/ENaC proteins revealed that the newly
cloned subunits from Hydra magnipapillata are real members of this ion channel
superfamily. In HyNaC2, 3, and 4, we found all the conserved regions and residues that are
characteristic for DEG/ENaC ion channels like 2 transmembrane domains, a large cyteine-
rich extracellular loop and short N- and C-termini. The highly conserved HG-motif
preceding the first transmembrane domain that is essential for gating of DEG/ENaC
channels (Griinder 1997), is missing in HyNaC1. Moreover, cDNA coding for HyNaCl did
not contain a methionine (M) to initiate protein translation upstream of the predicted first
transmembrane domain but it did contain a stop codon there. The absence of an initiator
methionine was confirmed by ESTs from the public database. Therefore, we conclude that
hynacl is an inactive pseudogene.

Our phylogenetic analysis has shown that the newly cloned HyNaC subunits are closely
related to ASICs and BLINaC/INaC. All methods used (see Materials and Methods) have
put HyNaCs, ASICs and BLINaC/INaC together on a common branch of the phylogenetic
tree, which means that these three subgroups are forming a monophyletic assemblage
within the DEG/ENaC superfamily. We included 82 proteins into the analysis, as far as we
know, there are no other such detailed phylogenetic analysis existing for the DEG/ENaC
family. This makes it rather difficult to compare our results with the published phylogenetic
trees from other groups, since the composition of the members included into the analysis
can influence the calculated tree. We tried to find a balanced composition and included a
similar number of members of the different DEG/ENaC subgroups and also a comparable
number of vertebrate and invertebrate proteins. Another point that has to be considered
when comparing different phylogenetic trees are the alignments that serve as basis for

calculation. “...attempting to improve the alignment.....is probably the single most
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important thing you can do to ensure a high-quality alignment and make a high-quality
phylogeny possible.” (Hall 2004). Thus, we spend a lot of time to trim the aligned full
sequences to get a good fundament for the phylogenetic calculations. A third point
concerning the quality of a phylogenetic analysis is the software used for calculation. We
used 3 different approaches in combination with three different programs to calculate
phylogenetic relationships within the DEG/ENaC superfamily (see Materials and Methods).
All the applied programs and methods calculated phylogenetic trees that corresponded
almost completely. The classification of the major subgroups was identical for all
calculated trees: ASICs, BLINaC/INaC and HyNaCs were put together on a branch, as well
as ENaCs, DEGs and FaNaCs. The accordance of the different trees verifies the quality of
our alignment.

Comparison of our results with already existing phylogenetic trees in the literature shows a
general accordance concerning the classification of the major DEG/ENaC subgroups. The
work of Kellenberger and Schild from 2002 that includes more than 30 DEG/ENaC
proteins confirms our results (Kellenberger 2002). There are older works with fewer
sequences analyzed, where the emphasis was put on the invertebrate members of the
DEG/ENaC family (Mano 1999; Tavernarakis 2001). In these phylogenetic trees,
contradictory to our results, FaNaCs or ENaCs, respectively, are placed in close proximity
to the ASICs, whereas BLINaCs/INaC are not included. However, due to the low number
of sequences used for the analysis and the unbalanced choice of the proteins, one should
look rather carefully on such incomplete analyses.

In contrast to channels that appeared at an early stage of evolution such as potassium,
chloride, or water channels, DEG/ENaC genes are only present in multicellular animals
(Metazoa) (Kellenberger 2002). Thus, it is likely that the first DEG/ENaC ion channels
evolved in the course of intercellular communication. Since cnidarians, including Hydra,
are one of the simplest metazoans concerning their body plan and life style, one should
assume that also ion channels in Hydra are primitive and ancient. Unfortunately, there are
no means to proof this definitely. Assuming that HyNaCs are rather simple DEG/ENaC ion
channels that did not change very much during evolution would mean that they should
highly resemble the common ancestor of the DEG/ENaC ion channels that existed about
700 million years ago. The close relationship of ASICs and BLINaC/INaC to the Hydra

subunits would mean that these two vertebrate DEG/ENaC subgroups evolved more slowly
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than for example the invertebrate FaNaCs, DEGs or PPKs. It is indeed known that the rate
of divergence in the model invertebrates Caenorhabditis elegans and Drosophila
melanogaster is much higher than in vertebrates (Aguinaldo 1997; de Rosa 1999), which
means that the appearence of genes and proteins, respectively, changes faster in
protostomian invertebrates. This finding would also explain the diverse distribution and the
many isolated proteins from C.elegans and Drosophila in our phylogenetic trees. Many
genes expressed in mammals are not found in flies or worms and for a long time it was
believed that most of these genes are vertebrate innovations. By comparison with ESTs
from the anthozoan cnidarian Acropora millepora Kortschak and colleagues could,
however, show that many of these genes were already present in the common metazoan
ancestor (Kortschak 2003). Gene loss has thus been much more extensive in the model
invertebrate lineages than previously assumed and could mean that ASICs or BLINaC were
present in flies and worms in early evolution but had been lost during their long separate

development.

4.2 HyNaCs are directly activated by Hydra neuropeptides

We could show in our work that HydraRFamides I and II could activate heteromeric
HyNaC2/3 ion channels heterologously expressed in Xenopus oocytes. After the finding
that FaNaC was activated by FMRFamide (Lingueglia 1995), this is the second
heterologously expressed ion channel that is directly activated by peptides. The ECs, for
activation of HyNaC2/3 by HydraRFamides I and II is 25-30 uM and thus in a similar
range as FaNaC activation by FMRFamide (Lingueglia 1995; Jeziorski 2000; Furukawa
2006). The relatively low affinity of HyNaCs and FaNaCs for their activating peptides
could be explained with a relative slow removal of neuropeptides. Thus, the low affinity
prevents a constant depolarization by low concentrations of diffusing neuropeptides.

In several control experiments, we could exclude indirect activation by second messenger
cascades. First of all, the rapid activation in the sub-second range speaks against an
involvement of second messengers. Furthermore, the unspecific G-protein inhibition by
GDP-B-S and also the inhibition of opioide-receptors by naloxone did not influence
peptide-activated HyNaC2/3 currents.

HydraRFamide I and I, both arise from preprohormones A and B, whereas HydraRFamide
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I is also synthesized from preprohormone C. Recently, Hansen and colleagues did whole-
mount in situ hybridization of Hydra, using cRNA probes coding for the different
preprohormones. For preprohormone A in situ hybridization showed intensively stained,
distinct neurons in the ectoderm of the tentacles, hypostome, upper gastric region and
peduncle. In developing buds, staining was first seen in the neurons of the hypostome
region (see Appendix 6; Hansen 2000). However, staining pattern for preprohormone B
was confined to discrete neurons in the ectoderm of the hypostome and upper gastric
region, whereas in situ hybridization with a probe specific for preprohormone C stained
only neurons in the tentacles of Hydra (see Appendix 6).

In situ hybridization with cRNA probes coding for HyNaC2, 3 or 4, showed intense
staining in the hypostome region at the bases of the tentacles (see Appendix 6).
Unfortunately, HyNaC probes did not precisely stain distinct cells. Nevertheless, it is clear
that in the hypostome region cells expressing HyNaCs lie in close proximity to neurons that
express HydraRFamides.

Already in 1985, before discovery of HydraRFamides, Grimmelikhuijzen reported the
visualization of the three-dimensional structure of the ectodermal nervous system in the
hypostome, tentacles, gastric region and peduncle by whole-mount incubation of different
Hydras with antisera to RFamides (Grimmelikhuijzen 1985). He described the occurance of
“...a ganglion-like structure ...consisting of numerous sensory cells located in the region
around the mouth opening and a dense plexus of processes which project mostly radially
towards the bases of the tentacles...” This observation fits very well to the expression
pattern of HyNaCs and suggests that HydraRFamide containing neurons, which project
towards the bases of the tentacles, make synaptic junctions to epitheliomuscular cells
expressing HyNaCs. It is already known that in Cnidaria such synaptic junctions generally
have dense-cored vesicles that contain HydraRFamides among other neuropeptides. It is
therefore likely that HydraRFamides are released onto cells expressing HyNaCs.
Unfortunately, to date no data are published about the physiological function of RFamides
in Hydra. The expression pattern of HyNaCs at the bases of the tentacles would suggest a
role in the movement and control of the tentacles, but this is just speculation and thus
functional in vivo studies are necessary to uncover the physiological role of HyNaCs and

RFamides in Hydra.
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4.3 Properties of peptide-evoked HyNaC2/3 currents and their

evolutionary implications

In contrast to other DEG/ENaC channels (Kellenberger 2002), HyNaC2/3 is not selective
for Na" over K ions, and moreover, our results indicate a permeability also for Ca®".
Mutation of the glycine 444 to serine in the selectivity filter of HyNaC3 reduces
permeability for K strongly and makes the heteromeric channel more selective for Na™. A
serine is present in all the other Na" selective members of the DEG/ENaC family, which
confirms the important role of this amino acid for Na" selectivity (Kellenberger 1999;
Sheng 2000; Snyder 1999). However, Na' selectivity varies between different subgroups of
the DEG/ENaC family. The Na'/K" selectivity for native ENaC from toad bladder and frog
skin was estimated to be >500 (Benos 1996; Palmer 1982), whereas this ratio is <10 for
ASICs and FaNaC (Lingueglia 1995; Zhainazarov 1998). Moreover, ASICs show some
permeability to Ca>*, which is highest in ASICla with Na*/Ca®" permeability ratio between
2.5 (Waldmann 1997) and ~17 (Béssler 2001; Sutherland 2001). Recently, Bianchi et al.
could also show Ca*" permeability for the neurotoxic DEG-mutant of MEC-4 in Xenopus
oocytes (Bianchi 2004).

In addition to permeating through the channel, divalent cations also block peptide-activated
HyNaC2/3 currents. Amplitudes in the presence of Ca*" and Mg”" were decreased and also
the peptide affinity was reduced by higher Ca®" concentrations. Furthermore, HyNaC2/3
channels could be opened just by removal of Ca*" and Mg*". Regulation by extracellular
divalent cations is a common characteristic of DEG/ENaC channels, since a dual inhibitory
and stimulatory effect was also observed for ASICs (Babini 2002; Berdiev 2001; de Weille
2001; Paukert 2004; Sutherland 2001; Zhang 2001 and 2002). Ca*" inhibits Na' currents in
several different ASIC multimers with an apparent ICsy in the millimolar range. Also for
the peptide-gated FaNaCs sensitivity to blockade by divalent cations is described, as well
as for the UNC-105 A692V mutant from C.elegans (Furukawa 2006; Jeziorski 2000;
Hamill 1996). However, affinity for Ca®" in the above mentioned subgroups is in the
millimolar range, whereas Ca*" blocks HyNaC2/3 with an 1Csy of 800 nM. However,
Immke et al. could show an even higher Ca** affinity for ASIC3. The ICs, for Ca’" was 150
nM and thus about 5-fold higher than for HyNaC2/3 (Immke 2003).

For FaNaC cloned from Aplysia kurodai, even a potentiation of the current evoked by
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FMRFamide was observed when extracellular Mg2+ was increased (Furukawa 2006). Thus,
although there are variations in the affinity, the influence by extracellular divalent cations
and the binding site for Ca’" and Mg”" seem to be general characteristics for DEG/ENaC
channels, which were likely already present in the common ancestor of this ion channel
family.

Amiloride inhibits HyNaC2/3 currents activated by HydraRFamides with a rather low
affinity. 1Csy is about 500 puM and thus much higher than for other members of the
DEG/ENaC family, where half of the maximal current is blocked with low-micromolar
concentrations (Kellenberger 2002). However, a reason for this low amiloride affinity is not
obvious, since the amiloride binding site preceding the second transmembrane domain is a
glycine in HyNaCs, as it is the case for almost all other DEG/ENaC channel subunits.
Moreover, experiments where HyNac2/3 channels were opened by removal of extracellular
divalent cations revealed that amiloride not only has an inhibitory effect on HyNaC2/3
channels, but also stimulates the channel. This paradoxical influence of amiloride was also
described for other DEG/ENaC channels like ASIC2a (Adams 1999), ASIC3 (Yagi 2006)
and FaNaCs (Furukawa 2006; Green 2002; Jeziorski 2000) that’s why Adams and
colleagues postulated two binding sites for amiloride, one inhibiting and one stimulating
(Adams 1999). However, to date interaction of amiloride with DEG/ENaC channels is
poorly understood and depends on many different factors like extracellular pH and voltage,
but it seems rather clear that amiloride binding sites are ancient features of DEG/ENaC
channels.

HyNaC2/3 channels exhibit rapid current decrease in response to repeated HydraRFamide
application, a phenomenon called tachyphylaxis. Within the DEG/ENaC ion channel
family, ASICla (Paukert 2004; Gitterman 2005; Neaga 2005; Chen 2007) and FaNaC
(Perry 2001; Lingueglia 1995) also exhibit tachyphylaxis. However, the physiological
relevance and the precise mechanism are not well understood. Chen et al. showed that
tachyphylaxis of ASIC la is dependent on extracellular Ca’". They suggested that it is
probably linked to Ca®" permeability of the channel (Chen 2007). Since HyNaC2/3 seems
to be also permeable for Ca®*, this could be a reason for tachyphylaxis of peptide activated
HyNaC currents. On the other hand FaNaC, which is not permeable for Ca*" also exhibits
tachyphylaxis, a fact that speaks against a general involvement of permeating Ca®" ions.

However, Chen et al. also showed that the impact of tachyphylaxis on ASIC1a activity
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depends on many other parameters that we have not examined for HyNaC2/3, like extra-
and intracellular pH, duration of the open state and number of stimulations.

We could observe an inhibitory influence of protons on HyNaC2/3. Low pH decreased
HyNaC currents activated by peptides. However, high proton concentrations also
accelerated the desensitization upon washout of the peptide and prevented tachyphylaxis.
Protons also influence other members of the DEG/ENaC family. Similar to the effect on
HyNaC2/3, an inhibitory effect of low pH is also reported for FaNaCs. Acidification of the
bath solution has two effects on FMRFamide activated FaNaC currents in cultured neurons
from the snail Lymnea stagnalis: it reduces the amplitude of the currents and it prevents
tachyphylaxis (Perry 2001). ASICs are activated by a drop of extracellular pH and protons
seem to be the physiological ligand for this subgroup (Bevan 1991; Grantyn 1988; Krishtal
1981; Varming 1999; Waldmann 1998). Recently, it was shown that heterologously
expressed silent 0ENaC can be activated by lowering the pH (Yamamura 2004).
Furthermore, protons enhance the constitutive current seen in SBYENaC expressing oocytes
(Ji 2004). Thus, interaction with protons seems to be an ancient feature of DEG/ENaC
channels since FaNaC/ENaCs and ASICs/HyNaCs share a proton binding site although
both groups diverged rather early in history.

Most of the above mentioned properties of peptide-activated HyNaC2/3 currents are
characteristic for large pore hemi gap junctional channels, like unselectivity for cations or
inhibition by Ca®>" and H'. Recently, Pelegrin et al. showed that activation of the P,X;
receptor in oocytes opens linked pannexin-1, which is responsible for the unselective
current (Pelegrin 2006). Although peptide activated HyNaC2/3 current was inhibited by the
known blockers of hemi gap junctions, carbenoxolone and flufenamic acid (data not
shown), we could clearly show with the aid of a mutation in the selectivity filter of
HyNaC3 that the current flew through the heteromeric HyNaC2/3 pore.

The above mentioned properties of peptide-activated HyNaC2/3 currents, display a mixture
of new characteristics and already known features from other DEG/ENaC channels. The
unselectivity for cations is untypical. In terms of parsimony, it is likely that the Na’
selectivity got lost during the long separate evolution of HyNaCs, which diverged about
700 millions years ago from the bilaterian members. On the other hand, assuming that
HyNaCs are highly similar to the common DEG/ENaC ancestor, it is not exluded that this

unselectivity is a rather ancient characteristic and Na" selectivity derived in the bilaterian
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lineage. It is conceivable that during evolution a few rather common amino acid changes in
the pore region of DEG/ENaC channels were able to make them selective for Na™ in
bilaterians, which became necessary due to changed life-styles. Furthermore, the conserved
appearance and life-style of cnidarians make it rather unlikely that the properties of their
ion channels changed to a greater extent during evolution.

Many structural features in HyNaCs seem to be rather conserved within the DEG/ENaC
family. Although affinity varies, the binding of amiloride and its modulatory effect on
currents is a common characteristic in the DEG/ENaC ion channel family. Thus, we assume
that at least one binding site for amiloride was present in the common ancestor of
DEG/ENaC channels. However, also a binding site for divalent cations seem to be an
ancient structural characteristic within the ion channel family, since currents of distantly
related subgroups like ASICs/HyNaCs on the one side and FaNaCs/DEGs on the other side
are influenced by extracellular Ca®" and Mg*".

Furthermore, our functional results for HyNaC together with the phylogenetic analysis
implicate that a proton binding site and the modulation by protons is no unique feature of
ASICs but seems to have evolved rather early in DEG/ENaC evolution. The proton effect
on HyNaCs and FaNaCs together with the observation that protons can activate SENaC and
enhance 0ByENaC currents suggests that at least one proton binding site was present in the

precursor channel of the DEG/ENaC ion channel family.

4.4 Neuropeptides and DEG/ENaC ion channels

In the present work we could show that newly cloned DEG/ENaC subunits from Hydra are
directly gated by FMRFamide related Hydra peptides. Since we assume that HyNaCs
strongly resemble the common DEG/ENaC precursor channel, which existed about 700
million years ago, and did not change their properties during their long isolated evolution, it
is likely that the ancestral DEG/ENaC channel was already gated or at least modulated by
RFamide-like neuropeptides. FMRFamides and other peptides usually exert their action
through G-protein coupled receptors. However, in the DEG/ENaC family FaNaC is another
member that is directly activated by FMRFamide (Lingueglia 1995) and FLRFamide,
which is significantly less potent (Cottrell 1997). A look on the phylogenetic tree reveals
that HyNaCs and FaNaCs are on two different branches, which confirms the hypothesis
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that interaction with peptides is probably an ancient characteristic of DEG/ENaC channels.
We could also show that HyNaC-activating HydraRFamides modulated proton-evoked
ASIC currents. The most striking effect was seen for proton-evoked ASIC3 currents, where
co-application of HydraRFamide III and IV led to a strong deceleration of the
desensitization in the presence of protons. Similar observations were already made in the
past by co-application of FMRFamide, FLRFamide and neuropeptide FF, respectively
(Askwith 2000). These peptides are not able to activate ASICs on their own but potentiate
proton-gated currents and slow down desensitization of heterologously expressed ASIC1
and ASIC3, whereas FMRFamide is more potent than FLRFamide. The Met-enkephalin-
RF (YGGFMREF), which is structurally related to FMRFamide but lacks the amide group
did not affect ASIC currents. However, synthetic Met-enkephalin-RFamide
(YGGFMRFamide) with a C-terminal amide, is as potent as FMRFamide on ASIC3
currents (Askwith 2000), which shows that, similar to activation of FaNaCs, the effects of
RFamides are specific and the amide group seems to be important for the modulation of
ASIC currents.

Our results suggest that HyNaC2/3 channels also display a rather high specificity for
HydraRFamides I and II, since application of HydraRFamides III and IV or FMRFamide
did not evoke any current at all. In contrast to HydraRFamides III and IV, HydraRFamides
I and II have a pyro-Glu (glutamic acid) that could be crucial for activation of HyNaC2/3.
On the other hand, it is possible that such a pyro-Glu prevents interaction with ASICs, since
HydraRFamides I and II do not have any clear effect on proton-activated ASIC currents.
Nevertheless, the close relationship of mammalian ASICs and BLINaC/INaC to HyNaCs
make them strong candidates for channels directly gated by RFamides. Especially for
channels with unknown activation mechanism, like ASIC4 and BLINaC/INaC, a ligand is
likely to be found within the overwhelming number of neuropeptides. However, until today
no peptide is known that evokes currents on its own in ASICs or BLINaC/INaC expressing
cells, but it is likely that many unknown RFamide containing neuropeptides exist in the
mammalian nervous system (Espinoza 2000) and that at least one of them has the potency
to activate mammalian DEG/ENaC channels.

Since the function of ASICs and FaNaC in the nervous system remains poorly understood,
also the physiological role of the impact of RFamides on these DEG/ENaC subgroups is

just a matter of speculation. It seems clear that FMRFamide is the natural ligand of FaNaC,
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but its participation in neuronal pathways as well as their involvement in synaptic
transmission still has to be investigated.

For ASICs, protons are the only known ligands. ASICs are suggested to function as
extracellular pH sensors in processes where protons play a signaling role in the CNS and
during tissue acidification induced in pathophysiological conditions like ischemia and
inflammation. The influence of endogenous RFamide neuropeptides on mammalian ASICs
has been proposed to play a role in the response to noxious acidosis in the peripheral and
central nervous system. However, since there is a multitude of different FMRFamides and
also several ASICs forming heteromeric assemblies the modulation by neuropeptides is
likely to be rather complex.

We could show in this work that HydraRFamides are likely to be the physiological ligands
for HyNaC channels. Besides HyNaC4, which seems to be not necessary for heteromeric
HyNaC2/3 channels, there are still other HyNaC subunits that we did not clone and which
are probably also able to participate in functional ion channels that can be activated by one
of the many Hydra neuropeptides. In situ hybridizations for HydraRFamide precursor
peptides (Hansen 2000) and HyNaC2-4 suggest that HydraRFamides function as
transmitters in neuromuscular synapses since they are expressed in neurons in the

hypostome region that project to the bases of the tentacles where HyNaCs are expressed.
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5 rat ASIC1a
1 rat ASIC3
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1 H.a.FaNaC
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1 rat ENaC gamma
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% *
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22 e APTIKDLMHIY CMJITNTYE RALWITET BV § WTIRCNENP rat ENaC gamma
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101 rat ASICla

101 rat ASIC3

100 rat ASICZ2a

125 H.a.FaNaC

125 HyNaC4

126 HyNaC3

105 HyNaC2

167 RITEQTLFOLYKYNSSYTR- = mmmmmmmm e m e m e o e e m e QAGARRRS SROLLGAFPHP rat ENaC alpha
106 KLMEAVLDKTLAPKSSHTN - - =~ - == === == oo TTSTLNFT—-—IWNHTPIJ I rat ENaC beta
188 SETKQ#LLSLYGVKESRKRRE— ~AGSMPSTLEGTPPRFFKLIPAL rat ENaC gamma

120 —mmmmm e e e EAWSRF Gm = == oo e e II rat BLINaC
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119 NNR--=-=-=-===--==-ecccmmem o= = -YEIPDTQMADEKQNE I B - - - - - - == — = m e e e e e rat ASIC1a

119 rat ASIC3
118 NN~ mmmmmmmmm i mmmm e LQIPDPHLADPTY BE MR- - - - o oo rat ASIC2a
133 NN--mm e Esmnw 1 3 H.a.FaNaC
134 E HyNaC4
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117 -------A-~GR-ALPFDNNLE ----------- HyNaC2
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154 ——PVVLNLFGD HNS P csrcm\quck---- - rat ENaC beta
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130 F WD K\"LR £ OV S SO 0 SR rat BLINAC
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CRDII

P——
e e e L S e S L S KANBRSFKPKP- JRAGHL i ag--------- rat ASIC1a
e R R R R S R e PPAPPGFMPSPT \RAL YR rat ASIC3
148 -- - -KANRHYKPKQ- g rat ASIC2a
152 H.a.FaNaC
143 ) - HyNaC4
144 i @ bl (- ------—- HyNaC3
129 —_LYSTIKTSSQS---- ----IDEIFLS- @3WKSROTAKNGYPN  HyNaC2
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Appendix 1: Complete alignment of HyNaC2-4 together with selected members of the DEG/ENaC
ion channel superfamily. Identical amino acids are shown in white letters on black ground. Important
conserved regions are labeled. TM 1 and 2 stand for transmembrane domain 1 and 2, respectively. CRD
is an abbreviation for cysteine rich domain. Conserved cysteines (C) are labeled with an asterisk, for
conserved cysteine residues not present in HyNaCs the asterisk is in red color, blue asterisks indicate
conservatively substituted cysteines in HyNaCs.

(The alignment is continued on the next page.)
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Appendix 1: Continuation from previous page.
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Appendix 2: Trimmed alignment used for phylogenetic analysis. Sequences of 78 different members of the
DEG/ENaC ion channel superfamily aligned with HyNaC subunits 1-4. The histogram below the ruler line indicates
the degree of similarity. Thee colors indicate the group of amino acid to which the consensus residue belongs.

(The alignment is continued on the next two pages.)
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Appendix 2: Continuation from previous page.




Appendix

100

MEC-4
MEC-10
DEG-1
DEL-1
UNC105
UNC-8
IXR770.1
T18F4.2
T28B8.5

ADPEARNCLDARF

R

18

1pha

1pha

dalta

K
h
-~
1]
-

H.a.FaNaC

L.s.FaNaC |

H.t.FaNaC
TASICla
BASICla
TASIClb

TASICL.2
=TABICL.3
=ASICL.1
TABICIbL
hASIC2b
TASICIa
BASIC2a
EASIC2
TABIC3

:“““’i} EEEEE! :
5

FEEEE

5
1

§

=ASICA.1
EASICA .2
TASICA

TBLINaC
mBLINaC
hINaC
Hydra3
Hydrad
C24G7.2
C24G7.1
r23m2.3
T2872.7
F28A12.1
C24G7 .4

RPE
cGB546
PPK
PPR28
PPR12
Hydra2
PPR16
PPR11
T28D9.7
PPK6

FFE4
FLR-1
FFEIL

PPE20 K

PPET
PPE1S
FFE23
PPE10

PFE13 |
PFE2S5 |

CGE15553
cGlo8s8
C18B2.6
cG13278
CAEAS.2
TEishA2
ChickenAl
ChickenAl
TEishAl
L 1

§ERASE
a)lul

=5

33555

:

- - 68 G
T -~ K] QEME

|

I II

i

5

PYQ REVWED!

TEishAl.2

1k

Hydral
ruler

I HY I
1 AP | . [ L s LB

81
=X

af

EEEFERZG@

£E

eree

g

IS EXR
[BERR

ERLV

IRTLR

HELD

P4

FL

L
L

RR
#10ccccess8200anss

Appendix 2: Continuation from previous two pages.

400
400
3se
399
409
403
408
413
408
401
404
404
403
401
402
400
413
410
414
408
408
404
409
409
404
406
412
404

409
407
408
403
404
401
403
406
406
406
387
393
414
414
412
413
413
414
412
411
411
413
418
396
418
403
415
408
414
401
419
416
41s
414
416
413
408
401
(58]
411
404
377
198
418
418
(58]
417
418
418
418
415
408



Appendix 101

rASIC2b

ZASIC4.1

zZASIC4.2
rASIC4

,74 S!C"

C24G7.4 S
F28A12.1
T DEGH
C24G7.1 [P,
/ T28F2.7 \. MEC4
[\
£ F23B2.3 oL Y
C24G7.2 Lol )
& 02
& =z =
L 5 B
g O Q &
ST § 8
10 g § 5

Appendix 3: Phylogenetic tree created with PAUP4.0b10 using the neighbor joining method. The colors
represent animal groups from which the DEG/ENaC subunits were cloned (see Results Fig. 17). The
branches are drawn so that their lengths are proportional to the evolutionary distance along that branch. The
scale at the bottom relates the length of the branches to the distance, the number indicates the substitutions
per site.
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Appendix 4: Phylogenetic tree created with PAUP4.0b10 using the parsimony method. The colors
represent animal groups from which the DEG/ENaC subunits were cloned (see Results Fig. 17). The branches

are drawn so that their lengths are proportional to the evolutionary distance along that branch. The scale at the
bottom relates the length of the branches to the distance, the number indicates the substitutions per site.
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Appendix 5: Phylogenetic tree created with ClustalX 1.81 using the neighbor joining method. The colors
represent animal groups from which the DEG/ENaC subunits were cloned (see Results Fig. 17). The branches
are drawn so that their lengths are proportional to the evolutionary distance along that branch. The scale at the
bottom relates the length of the branches to the distance, the number indicates the substitutions per site.
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Appendix 6: In situ hybridizations reveal co-localization of HydraRFamides and HyNaC2-4 in the
hypostome region. Top: Whole-mount in situ hybridizations of Hydra using cRNA probes coding for
preprohormones A-C (from left to right) (Adapted from Hansen 2000.); Bottom: Whole-mount in situ
hybridizations of Hydra using cRNA probes coding for HyNaC2-4 (from left to right). (Provided by
A.KUHN and T.W. HOLSTEIN, Department of Molecular evolution and Genomics, Heidelberg.)
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Sequence Accession number
ASIC1la (human) U78180
ASICla (rat) U94403
ASIC1b (rat) AJ309926
ASICla (shark) AY956391
ASIC1b (shark) AY956392
ASIC1 (chicken) AY956393
ASIC1 (lamprey) AY956390
ASIC1 (toadfish) AY?278028
ASIC1.2 (toadfish) AY?275840
ASIC1.1 (zebrafish) AJ609615
ASIC1.2 (zebrafish) AJ609616
ASIC1.3 (zebrafish) AJ609617
ASIC2a (human) U50352
ASIC2b (human) NM_183377
ASIC2a (rat) U53211
ASIC2b (rat) AB049451
ASIC2 (chicken) NM_001040467
ASIC2 (toadfish) AY?275841
ASIC2 (zebrafish) AJ609618
ASIC3 (human) AF095897

Appendix 7: List of accession numbers for the sequences used in the phylogenetic analysis.
(Continued on the next four pages.)
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Sequence Accession number
ASIC3 (rat) AF013598
ASIC4 (human) AJ271643
ASIC4 (rat) AJ271642
ASIC4.1 (zebrafish) AJ609619
ASIC4.2 (zebrafish) AJ609620
BLINaC (mouse) NM_021370
BLINaC (rat) Y19034
C18B2.6 NM_076221
C24G7.1 NM_058895
C24G7.2 NM_058894
C24G7.4 NM_058892
C46A5.2 NM_068875
CG8546 NM_139868
CG10858 NM_139569
CG13278 NM_135965
CG15555 NM_143603
DEG-1 133414
DEL-1 U76403
oENaC (human) X76180
oENaC (rat) X70521

Appendix 7: Continuation from previous page.
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Sequence Accession number
BENaC (human) X87159
BENaC (rat) XT77932
vENaC (human) X87160
YENaC (rat) X77933
SENaC (human) U38254
F23B2.3 NM_069189
F28A12.1 NM_072829
FaNaC (Helix aspersa) X92113
FaNaC (Helisoma trivolvis) AF254118
FaNaC (Lymnea stagnalis) AF335548
FLR-1 AB012617
HyNaC1 AM393879
HyNaC2 AM393878
HyNaC3 AM393880
HyNaC4 AM393881
INaC AJ252011
MEC-4 X58982
MEC-10 L25312
PPK Y 16225
PPK4 NM_206137

Appendix 7: Continuation from the previous two pages.
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Sequence Accession number
PPK6 NM_137617
PPK7 NM_135172
PPK10 NM_001038805
PPK11 NM_001038798
PPK12 NM_137828
PPK13 NM_001014495
PPK16 NM_001038797
PPK19 AY 226547
PPK20 NM_143448
PPK21 NM_143447
PPK23 NM_001014749
PPK25 NM_206044
PPK28 NM_001014748

RPK Y 12640
T28B8.5 NM_059829
T28D9.7 NM_062901
T28F2.7 NM_058795
T28F4.2 NM_059698

UNC-8 U76402
UNC-105 NM_063301

Appendix 7: Continuation from the previous three pages.
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Sequence

Accession number

ZK770.1

u97404

Appendix 7: Continuation from the previous four pages.
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