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Abstract
Sponges are filter feeders that lack nerves and muscidubnetheless able to
respond to changes in the ambient environment to cdah&inlfeeding current.
Cellular sponges undergo coordinated contractions thatieéfgcexpel debris.
Syncytial sponges propagate action potentials throughtis&ae, causing
immediate flagellar arrest. Understanding the basikisfcoordination in sponges
is of interest for the insight it provides on meclsams of coordination in early
branching animals. However, when | began this thesismohannels had been
described from the Porifera. | adopted a multifacetedagmbrto studying the
conduction system of sponges. This included cloning and chazaaie
potassium channels as a means to understanding the underlymguoents,
and monitoring regulation of the sponge feeding currergspanse to
environmental stimuli. The latter experiments providedretional context. The
glass spongeRhabdocalyptus dawsoandAphrocallistes vastuarrest feeding in
response to mechanical disturbance and to sedimerg indlwrrent water —
suggesting a protective role. Monitoring patterns of feedingentiarrests also
revealed several features of the glass sponge condugsitems pacemaker
activity, mechanosensitivity, distinct excitabilityresholds, and tolerance to
repeated stimuli. With access to the genome of the sigomgeAmphimedon
gueenslandicd have also cloned and characterized the first spongehannels.
Inward rectifier potassium (Kir) channels were priaet for their role in
regulating excitability. Kir channels cloned frodn queenslandicahared critical

residues and a strong rectifying phenotype with Kir chantypically expressed



in excitable cells. A variety of potassium channelsnf. queenslandicandicate

great diversity and a foundation for coordination at thendaf the Metazoa.
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Chapter 1: INTRODUCTION

1.1 Comparative approaches to the origin of the nervous systems

Nervous systems mediate many characteristic traésiofal life —
including movement, the senses, and in some vertebcaigsition. Biologists
and philosophers alike have pondered the origin of theonsrsystem and its
remarkable influence on the body. Reflecting a degreeefa the complexity of
animal faculties, early attempts to describe the hzfdise nervous system took
on mystical dimensions. Galen (200 AD) for example, sawes as narrow tubes
which allowed animal spirits, the source of vitalityctculate throughout the
body (Figure 1-1) (reviewed in Ochs, 2004). These whimsidadmohave been
succeeded by modern perspectives and an appreciation ofgbgance of
electrical signals in nervous function.

Comparative approaches have provided some of our most fentam
information on the physiology of the nervous systemettebrate models have
been used as simplified correlates of signalling ineledtes. For example, the
squid giant axon was used in pioneering experiments utirgyvéie ionic basis
of the action potential (Hodgkin et al., 1949). The seaAplgsia californica
which has large visible nerve cells, is a model orgamisrthe study of learning-
related synaptic plasticity (Roberts and Glanzman, 2008nparative
approaches caaiso help us to infer the processes and selection stepledoiato
the origin of neuro-sensory systems within the Metam@hto their specialization

within different phylogenetic groups. Working backward on arugiemary



timeline this type of reasoning has been used to addressodaheefollowing
guestions. How did the chordate brain arise? How wasdh@us system
centralized? Where did nerves come from? And how dichasicoordinate
themselves before the advent of nerves? These questioi® addressed by
comparing morphology, gene expression patterns, physioludyyderlying
molecules of metazoans that diverged before and aftsetmajor transitions.
As an example, ascidian (Urochordata) larvae anagiioto closely
resemble the hypothetical ancestor of all chordatestemdnervous system is
therefore considered a close approximation of a baskelnfar chordate brain
evolution (Arbas et al., 1991; Meinertzhagen and Okamura, 2001).
Similarly, the organization of cnidarian nervous systerag provide
insight into the processes underlying centralization @i#rvous system. Diffuse
nerve nets are the most obvious feature of cnidariarmusisystems. However
hydromedusae (Hydrozoa) have oral nerve rings interfacithigcandensed
neural tracts to form the functional equivalent of am@@mervous system —
integrating multiple synaptic inputs and serving a pacemakied Mackie and
Meech, 1995a; Mackie and Meech, 1995b; Mackie and Meech, 200Rieviaw
Singla, 1975; Spencer and Arkett, 1984). There are a numpeomdsed
scenarios for obtaining a ventralized (protostomes) olatipesl (deuterostomes)
central nervous system from a radial net (Holland, 209&8)vous system
asymmetry might have arisen when dorsal ventral patigegenes took on
antineural activity. Body axis inversion would have haddour secondarily in

deuterostomes (Holland, 2003).



1.2 Selecting phylogenetically relevant animals from which to infeorigins
of nerves and coordination systems

1.2.10rigin of nerves

Before selecting taxa in which to look for insighisoi evolution of nerves
and coordination it is necessary to consider competing hgpesion the
relationships of early branching phyla. Each has differaplications for the
origins of neuro-sensory systems. For example, Duah €008) compared
expressed sequence tag (EST) data and found Ctenophores, animatsth a
nervous system and striated muscle, to be the eati@sging extant metazoans
(Figure 1-2 A). Under this scenario, nerves would eithee lewvolved twice — in
the lineages giving rise to ctenophores and to a cnidarig#ealade — or once,
but have been lost from sponges and from placozoanspPltlal. (2009) point
out that the placement of ctenophores may be araettef long-branch attraction
between ctenophores and the distantly related outgeocap They improved
resolution by more comprehensive species sampling and fostehd that
ctenophores and cnidarians form a coelenterate cladé vehioe sister group to
the Bilateria (Figure 1-2B). In this more parsimoniousiace the nervous
system evolved in the lineage giving rise to Eumetazode(ueeates and
bilaterians). It makes sense then to explore propetidsievelopmental origin of
the coelenterate nervous systems to gain insighthetproperties of ancient
nervous systems. Research on cnidarians has been eateSect findings are

summarized in sections 1.3 and 1.4.1.



4
Placozoans, small (1-4 mm in diameter) enigmatic noat@z which have
only four known cell types but display an amoeboid-likeeping behaviour,
(Grell and Ruthmann, 1991; Miller and Ball, 2005; Miller andl,B2008) may
also be instructive in inferring the origin of nervoustegss. Analyses by
Philippe et al. (2009) (Figure 1-2B) indicate that placozaarerged from the
Eumetazoa before the advent of the nervous systeme\Whaitozoans lack
nerves, homologues of genes expressed in the cnidariusesystem which are
thought to specify dorsal-ventral patterning of the neraystem are expressed
in discrete cells in the margin of the placozdaichoplax(Hayward et al., 2001,
Jakob et al., 2004; Miller and Ball, 2005). Marginal cells &spress RFamide
(Schuchert, 1993), an abundant cnidarian neuropeptide. Thésepare
indicative of a sensory role. Some authors have sughtsieplacozoans are
secondarily simple and the expression patterns arear@sof a nervous system

in their ancestors (reviewed by Miller and Ball, 2005).

1.2.20rigin of coordination systems

If we accept that the nervous system evolved in tlealie giving rise to
coelenterates and bilaterians we also acknowledge semad of a conventional
nervous system in sponges and placozoans. Sponges hawebegbed as
colonial protozoans (Haeckel, 1874) or “long-lasting experingn
multicellularity far-removed from the main line of tagoan animals.” (Hille,
2001). Counter to these views, phylogenetic analyses plakbesbohges and

placozoans within the metazoan phylogenetic tree, andibetiges display



simple forms of behaviour (Leys and Meech, 2006; Pearse, 1988jcating
that coordination systems predated the nervous systdma Mdtazoa. We cannot
be sure of how the earliest multicellular animalssselrand responded to their
environments. However we can formulate hypotheses bawstt anechanisms
and underlying molecular toolkits of the earliest branclexignt metazoans.
Tree topologies based on mtDNA suggest that placozaahsponges,
are the most basal metazoans (Dellaporta et al., 20@6}. phylogenies,
including comparison of slowly evolving nuclear genes supgperplacement of
placozoans as the sister group to the Eumetazoa (Gnitl&ilateria) (Srivastava
et al., 2008), with sponges branching off earlier as thersisoup to the
Placozoa-Cnidaria-Bilateria clade. While Srivastaval.€2008) did not include
sequences from ctenophores to test the singular findiDgian et al. (2008) that
ctenophores are the most basal, their analysimsistent with the order of
metazoan evolution deduced from numerous molecular phylog&odms,
1998; Lavrov et al., 2005; Medina et al., 2001; Muller et al., 1988iitze et al.,
1999); with sponges the most ancient lineage. The comprgbegtsilogenomic
data set assembled by Philippe et al. (2009) enriched in seguemntebasal
metazoans (placozoans, all four sponge lineages, cteraspéioed cnidarians)
drew the same conclusion (Philippe et al., 2009) (Figure 1ir analysis
also contradicted previous 18S rRNA data which indicataddéepite a
common sponge body form, homoscleromorph sponges (FieR@ ar
calcareous sponges (Calcarea) are more closely rétageninetazoans than to

siliceous sponges (Demospongiae and Hexactinellida). iNsr&ue it would



suggest that a sponge-like animal gave rise to the Me({@adlins, 1998;
Borchiellini et al, 2001; Sperling and Peterson, 2007). AnalipgePhilippe et al.
(2009) suggests the sponge body plan, including an aquiferoesnsyst
choanocyte chambers, evolved solely in the sponge lindbgetheless, critical
metazoan innovations, including mechanisms of coordinatidhlikely be

reflected in extant sponges.

1.3 Historical approaches to studying the origin of nerves

1.3.1Cnidarian neuroanatomy and the origin of nerves

A number of authors have looked to cnidarians to try torchéte how
nerves, the functional units of the nervous systeoseain the first place.
Grundfest (1965) and Lentz (1968) proposed that neurons aooseélls that
functioned in nutrient dispersal, either concurrent witlpreceding sensory and
conductive properties. Westfall believed primitive protonesrad receptive,
conductive and neurosecretory properties. In support ofstiesdescribeHydra
nerve cells with a sensory cilium at the receptoe palconducting segment and
basal neurites that both synapse with effectors angicomeurosecretory
material (Westfall, 1973). Others proposed an electrogeige of neurons.
Parker (1919) proposed that the nervous system aroseaasgiers to
coordinate independent effectors, such as groups of primitixgele cells, while
Pantin (1956) suggested that these pacemaking cells indralye to coordinate
existing diffuse networks. Mackie and Passano (1968) dised\that epithelial

cells connected by low resistance pathways in hydromeadvesaealso excitable,



and Mackie (1970) went on to suggest that nerves aroseafamilar tissue
arrangement where cells are already connected for oletaschange and
electrical current flow. Nerves with elongated conducsagments would have
evolved out of the need to selectively excite subgroups .

1.4 Cataloguing “nervous molecules” to gain insight into the origin of
coordination systems

1.4.1Cnidarians

The discovery of excitable epithelia coexisting withveetells, as well as
the repeated occurrence of excitable epithelia througheudrtimal kingdom
(Mackie, 1970) highlights an important facet of evolutioménvous systems: that
excitability can arise in different tissues, everhinita single organism. Rather
than attempt a gradual reconstruction of cellular m@rémand specializations
underlying evolution of the nervous system, it seems pernent then to
consider not which cell types gave rise to nerves lbbéravhat neuronal
molecules enable an electrically excitable phenotypenvelpressed under
appropriate conditions (Mackie, 1990).

Interestingly, analyses of the finer details of th&larian nervous system
show that although the nervous system is anatomisafigle, cnidarian
neurophysiology does not differ considerably from higher alimlematostella
andHydragenomes contain genes for axon targeting, synapse fonnaésicle
transport and synaptic transmission (summarized in \&htaat al., 2009).

Peptidergic transmitter molecules have been localzegurons and there is



evidence of cholinergic, serotinergic, dopaminergic, glutarga, taurinergic,
nitrergic and monoaminergic transmitter pathways (Arater2004; Arbas et al.,
1991; Bouchard, 2004; Gillis and Anctil, 2001) and nitric oxide has beewn

to modulate peristaltic contractions in the sea p&wylla (Anctil et al., 2005).
lonic currents and the structure of underlying ion channéte so called
“quintessential nervous molecules” (Kung, 1989) - are lalggely conserved
between cnidarians and higher metazoans. For exampdiergon and Greenberg
(2001) compared cnidarian and mammalian L-type and non Lvblpege gated
calcium (Cg@) channels and found that the two cnidarian channels hattgrea
identity with their mammalian counterparts than wilcle other, indicating that
Ca, channels diverged into the two subtypes prior to theroagcnidarians. The
Shaker family of voltage-gated potassium channels, whelréical to
excitability throughout the Metazoa, are also diversiintd subtypes in
cnidarians (Jegla et al., 1995). Thus, it appears that nfahg building blocks of
higher metazoan nervous systems are already wellllissiad in cnidarians and
thus were likely present in the ancestral eumetazoaneometazoan. As Bullock
and Horridge (1965) put it, cnidarians "give evidence of beingaioalbng in

evolution [of the nervous system] to aid directlyhistquestion.”

1.4.2Many molecules involved in active signalling predate the ners@ystem



1.4.2.1Neurotransmitters, neuropeptides and ion channels may mediate
signalling in plants and unicellular eukaryotes

A brief survey of non-metazoan eukaryotes shows ti@bgues of many
of the molecules which mediate active signalling inrtees/ous system pre-date
the acquisition of a nervous system. Neurotransmitt@vhich in their simplest
form are produced as a by product of cellular metabolisne playlogenetically
dispersed (Arbas et al., 1991). Neuropeptides and GABAangiglutamatergic
signalling pathways - which were thought until recentlpeéanetazoan
innovations (Prosser, 1989) — have now been identifigdhints (Bouché et al.,
2003; Davenport, 2002), and unicellular eukaryotes (Ramoing €0al;
Ramoino et al., 2010). These so called nervous molecatebe assembled into
signalling systems reminiscent of the nervous system.

In plants electrical impulses are propagated over lostgmtes at 2-20
cm-s'through long chains of phloem cells electrically linked splodesmata
(Fromm and Lautner, 2007). Action potentials trigger intobitof photosynthesis
(Koziolek et al., 2004), changes in gene expression (Stan&odi®avies, 1996;
Wildon et al., 1992), upregulation of respiration followinglipakion (Fromm et
al., 1995; Sinyukhin and Britikov, 1967) and downregulation foltmagold
shock (Fromm and Lautner, 2007). In their most animal-lik@ifastation, plant
action potentials trigger instant trap closure in thaogefly trap (Sibaoka, 1969)
and folding of leaflets iMimosa(Fromm and Eschrich, 1988; Sibaoka, 1966;

Sibaoka, 1969).
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Homology with metazoan nervous systems has also bgdied by the
naming schemes used for plant ion channels. Pilot é2G)3] borrowed the term
Shaker from metazoan potassium channels that goveraleiktrt and applied it
to a group of plant 6 transmembrane potassium channdgnits pHowever, the
authors’ phylogenetic analyses show that metazoan Sbha&anels are one of
the least related groups of metazoan 6 transmembrahariels. Plant Shaker
channels instead group more closely with metazoan KCNgirgdated), HCN
(inward rectifier) and metazoan and plant CNG (cyelicleotide gated)
channels.

Moreover, although plant action potentials are alhone with absolute
and relative refractory periods like animals, the underlyingciourrents are
fundamentally different with Cefflux rather than Naor C&” influx depolarizing
the membrane (Wacke and Thiel, 2001). Thus, although plantsehaked rapid
conduction systems the underlying mechanisms differ, presurimabi hundreds
of millions of years of modification of molecular itiling blocks present in their
unicellular ancestors.

Unicellular eukaryotes, despite their apparent simplisiyse and
respond to a variety of environmental stimuli — mechanibalmal, chemical,
photic and ionic — and have been variously described as ‘ioosswells”
(Margulis, 2001) and free-swimming sensory cells (Mackie, 1980)
Blepharismaa transmitter molecule resembling serotonin is emplagea mating
pheromone (Miyake, 1984) and changes in membrane curredtdat®

contractile and ciliary systems as in metazoans (aer, 2007; Saimi and
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Kung, 1987). lonic currents iBarameciunmare surprisingly well characterized
owing to the use of genetic dissection approaches. Musatécted by swimming
assays are easily cultured providing large amounts aingtanaterial for
electrophysiological and molecular characterizatioanfiessey, 1989). A
diversity of calcium and potassium currents contrilbatealcium-based action
potentials as seen in many invertebrates (Jan and Jan, Jea@fski et al., 2000).
Comparison of protozoan and metazoan sequences, howeNeaiie that ion
channels are not homologous. For example the Shakdy fahwioltage-gated
potassium channels, which are critical to excitabilitptighout the Metazoa, had
fully diversified in cnidarians (Jegla et al., 1995) is piasent irParamecium
(Jegla and Salkoff, 1995).

1.4.3What were the mechanisms of coordination and underlying molacul
mechanisms in ancestral metazoans?

The previous section emphasized that many moleculegpically
associate with mediating signalling in nervous systemejding
neurotransmitters and ion channels can be organizedigrtalling systems in
non-metazoan eukaryotes. However, phylogenetic compaiisthoate that ion
channels in metazoans are distinct. The conservati8haker and voltage gated
calcium channels between cnidarians and higher metamdanates that the
complement of ion channels in the nervous system wablistied early in animal
evolution and has changed very little. In asking how #rgous system arose
then it makes sense to focus on understanding how thenagialding blocks,

including ion channels, were modified over time to yiefjgidaconduction
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systems within the Metazoa. Understanding the basis@fination in the
most basal metazoans both helps in identifying the coemgsrenabling an
excitable phenotype in the absence of nerves, and pravidaseline against
which modified building blocks in more derived metazoamshmEgauged.

1.5Sponges as model organisms to study the origin of Metazoan coordiiat
systems

| have already argued that sponges (Porifera) are thestdranching
extant metazoans and that they are therefore a phg@oggly relevant lineage
from which to infer properties of the earliest anim&lgonges are sessile filter
feeders. They have a unique body plan that is perfobgtedvater-filled canal
system. Water currents are generated by flagella inadeyte chambers at the
interface between incurrent and excurrent systems (giegk, 2005). Food
entrained in water currents is processed by the tisfaeebgater is expelled
through a central osculum or oscula.

Sponges lack conventional nerves and muscle but displaglinated
responses (reviewed by Leys and Meech, 2006), the baséschf mvay provide
insight into the mechanisms and functional context ofdimation systems in
ancestral animals. Elliott and Leys (2007) and Nickel (20042804d) have
described coordinated full-body contractions in cellsfaynges (Porifera:
Demospongiae), which are thought to function in cleafegaigquiferous system
of particulate material. The mechanisms underlying spoagg&actions have not
been fully deciphered. Loewenstein (1967) recorded electupling between

mechanically opposed sponge cellvitro, however gap junctions or other low
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resistance pathways for electric current flow havebeen observed in intact
tissues (Garrone et al., 1980; Green and Bergquist, 1979; 4 ethad, 1983). A
second messenger pathway is implicated by the preségtgamate/GABA-like
metabotropic receptors and demonstration of glutamédte@d contractions in
demosponges (Elliott and Leys, 2010; Ellwanger et al., 2006yfeest al., 1999;
Ramoino et al., 2007External calcium was required for contractiorin
muellerito propagate, suggesting involvement of a calcium wave. GitBibits
contractions (Elliott and Leys, 2010), consistent whrole as an inhibitory
neurotransmitter mediating muscle relaxation in othetazoans (Fagg and
Foster, 1983). It thus appears that sponges coordinate behasilogichemical
messenger systems common to other animals.

Even more reminiscent of coordination in higher animalthe presence
of electrical signalling in glass sponges (Hexactide)li These animals are
unique in that the bulk of their tissue is a giant symeytof fine strands draped
over the skeleton (Leys, 1999; Mackie and Singla, 1983).tiEsise
conformation allows electric signals to propagate througtiee entire sponge,
unimpeded by cell membranes, triggering flagellar arrests baeg Mackie
(1997) confirmed the presence of all-or-none action potenti&habdocalyptus
dawsoniby recording from aggregates grafted to the body wall. Ealitdar
recordings indicate a €apotential with potassium repolarization (Leys et al.,
1999). Intracellular recordings have not been obtained &oy sponge due to the
difficulty of penetrating the extremely thin cellstenuous syncytial strands

lining the surface. Patch recordings of isolated cedisifa demosponge show
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cation currents that are gated by arachadonic acid, s@tdbmcrease in
temperature (Carpaneto et al., 2003; Zocchi et al., 2003; Zetehij 2001) but
due to the lack of electrical activity in that spongessues, channel
characteristics have not been further explored. Irpaath clamp recordings of
aggregates of glass sponge tis®Rleabdocalyptus dawsgdrshow K channels
(Leys and Meech, unpublished). However, progress in rewpfhm glass
sponges is encumbered by the extreme difficulty of coiig and maintaining
these deep water animals, along with the absence of aoriten channel

information (Hille, 2001) on which to base pharmacololgiveestigations.

1.6 Thesis outline

Understanding the functional context and mechanisms ymuigpr|
coordination in sponges can help us to infer the natureatination in the
earliest animals and can provide insight into the molsatd@ferring an excitable
phenotype. As mentioned above, however, use of patcipdamtracellular
recordings to identify ionic currents regulating membraneipliygy is
complicated by the nature of sponge tissues. Moreovess gionges, the only
sponges from which electrical signals are known, aratém at great depth, are
difficult to obtain on an ongoing basis (shallow popuolagiat 30 m are sparse)
and can only be maintained in good health in the Bathi&rine Sciences
Center seawater system.

The difficulty of the system necessitates a mulefad approach wherein

information on the functional context of sponge coaatlon systems is gleaned
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from hexactinellidsRhabdocalyptus dawsoand Aphrocallistes vastysand
information on the molecules underlying membrane physyodpeaned by
searching the genome of the demospohgghimedon queenslandif@ ion
channels sequences and basing cloning efforts on these sexyudnsapproach
minimizes dependence on live animals while providing theiérschannel
characterization for the Porifera.

Initial work included in tankexperiments to test the arrest responses of the
hexactinellid spongeRhabdocalyptus dawsoandAphrocallistes vastu®
natural stimuli including sediment. Since feeding curremrgsss coincide with the
arrival of action potentials, recording arrests providesraszenient means of
monitoring electrical activity and provides a functionahtext for the conduction
system. This work forms the basis of Chapter 2, doeis which has been
published (Tompkins-MacDonald and Leys, 2008).

| subsequently turned to the molecular basis of spongelioadon. |
attempted degenerate cloning of ion channels from hexHictierioritizing
potassium channels. Potassium channels can be identifieddmg@nsus
“signature sequence” forming the selectivity filter ie ffrore domain —thr-X-X-
thr-X-gly-tyr-gly-glu- (Heginbotham et al., 1992; Heginbotham et al., 1994) but
are otherwise architecturally diverse. Generally spegldhannel families
correlate to the stimuli that gate them, includingagdt, cyclic nucleotides, ATP
and G-proteins (Coetzee et al., 1999). Typically subuaie two, four or six
transmembrane (TM) domains and functional channels &srdimers (4TM) or

tetramers (2TM and 6TM), bringing together four pore-forntoaps to line a
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central ion conduction pathway. In metazoan nervougm\sstoltage gated
potassium (Kv) channels from the Shaker family reguletiera potential shape,
duration and firing frequency (Hille, 2001). | had hoped to evelgtaatrelate
cloned Kv channels with ionic currents in the glass gpatction potential;
however cloning efforts were unsuccessful. A survey ofjr@me of the
demospongé@. queenslandicandicates the presence in sponges of a number of
molecules typically associated with synapses. How&laker voltage-gated
potassium channels, which were the target of my cloningtefio hexactinellids,
were not found (Sakarya et al. 2007).

Cloning efforts progressed however with the help of potassiiannel
sequences assembled from genome trace filas gfieenslandicay Onur
Sakarya and myselUsing gene specific primers | have cloned several fatjtle
potassium channels, including inward rectifier potassium alaifKir) and two
pore potassium channels (K2P) and present the electrojoiysal
characterization of Kir channels in Chapter 3. Electrsiygical experiments
were completed in collaboration with Linda M. Bolandreg University of
Richmond, Richmond Virginia. A paper on the functional ctistézation of
sponge inward rectifier potassium channels has been publiSbenpkins-
MacDonald et al., 2009).

Chapter 4 summarizes sequence datédfaueenslandicK2P channels,
which were cloned but for which electrophysiological reamys were not
possible. Additionally | present putative partial potassadhannel sequences

collected either through cloning or assembly of contiguoggesges from tha.
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gueenslandicgenome. Together with Chapter 3 this information provides th
first insight into the potassium channel complemera sjponge with insights into
the molecular toolkit of ancestral metazoans.

Chapter 5 presents overall conclusions and suggestiohgudoe research
on coordination systems in the Porifera. My thesis ples/functional insight into
the conditions under which early metazoan coordinatistems arose, and a
view of the potassium channels available to mediateabibily within the

Metazoa.
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Figure 1-1: Galen’s views on human physiology, adapted from Och2004.

Galen believed that nerves were hollow tubes thaivalll the source of vitality,

animal spirits, to circulate throughout the body.
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Figure 1-2: Multiple proposed phylogenies for early branching retazoans.

Phylogenetic trees adapted from (A) Dunn et al., 2008, (Bipphikt al., 2009
and (C) Sperling et al., 2007; showing a basal position&idgthora (A) or
Porifera (B and C). (A) RaxML maximum likelihood analyseith 77 taxa and
1000 bootstrap replicates. Leaf stabilities (blue) are shdaweaeach branch. (B)
Bayesian analysis of 128 nuclear-encoded proteins using 100rapatgplicates.
Bootstrap supports (BS) are indicated for analyses usiag thfferent outgroups:
outgroup 1, pink; outgroup 2, blue; unrooted analysis, blacktrébeobtained
with outgroup 1 is shown. (Bayesian analysis of 30 eumetazoan taxa and 12
sponges rooted with the plafstabidopsisand yeasSaccaromyceslhe Porifera
(dark grey box) are paraphyletic with the homosclerom@gtarellamore
closely related to eumetazoans than to other spongé&ssg@bnges are more

closely related to the epitheliozoans than to demaggsn
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Chapter Two: ELECTRICAL CONDUCTION IN GLASS

SPONGES: ENVIRONMENTAL REGULATION OF FEEDING
CURRENT ARRESTS!

2.1 Introduction

In its simplest manifestation the coordination systémnimals facilitates
food capture, allowing for continued survival. To Albert (199@) nervous
system arose in a sessile hypothetical ‘animat’ sinla nerve-freélydra, with
electrically coupled epithelia serving as anchoring pantsconductive links to
primitive muscle cells. In computer simulations, acguisiind increase in
number of nerves, producing a cnidarian-like nerve net imprswevival by
increasing the effective range of food capture fromntater column (Albert,
1999).

Sponges (Porifera) differ in that they draw food towtheimselves by
virtue of water currents generated by constant beatinggslfa within the body
wall. Food particles enter narrowing canals and aregssed by tissue on the
incurrent surface of flagellated chambers (Turon et al., 199&;, 1999; Wyeth,
1999). Sponges, therefore, do not require a neuromusculansics facilitate
reaching for food; however continual perfusion of the &yais system can leave
specimens susceptible to clogging in the presence ofteteparticulates. In

Verongia lacunospumping was depressed in the presence of clay (Gerrodette

1
A version of this chapter has been published. Tompkins-MacDonald and Leys 2008. Marine Biology

154: 973-984.
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and Flechsig, 1979). Whether depression was a consequesioggihg or a
mechanism to restrict sediment uptake is unclear. Rgcéotivever, Elliott and
Leys (Elliott and Leys, 2007) described coordinated comragttriggered in the
freshwater spongéphydatia muellerby particulates in the incurrent water. The
response commences with constriction of the oscuhdrfiaishes with a spastic
expulsion of water and particulates, (as in a sneézappears then, that at least
in part, coordination systems in the Porifera will havelved to sense and
respond to the presence of excessive particulates.

Many suspension-feeding animals avoid being clogged with setdbyen
temporarily stopping or reducing feeding (e.g., Mackie etl8l74; Bock and
Miller, 1996; Ellis et al., 2002). Sensory systems, coorduhaly the nervous
system, allow quick responses to changes in water quality as ciliary arrest
and constriction of incurrent siphons in the ascidiarella (Mackie et al., 1974).
Sponges lack neurons, yet they too selectively remowkffoon the water
column (Leys and Eerkes-Medrano, 2006; Yahel et al., 2006egdiave
evolved other ways of dealing with excessive particalateheir feeding current.
Some cellular sponges (Demospongiae and Calcarea)jos@ntibe openings to
their incurrent canals (ostia), constrict the siztheir intake canals, and even
carry out a series of slow contractions that expalanted material (Nickel,
2004; Ellwanger et al., 2006; Leys and Meech, 2006; Elliott agpd, 2007).

Syncytial sponges (Porifera, Hexactinellida), knowglass sponges for their
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vitreous skeleton, have a different solution. Althougly teek contractile
tissues that would permit closure of ostia and canalseteept the intake of
suspended particulates (Mackie et al., 1983; Mackie andaSih@83), their
syncytial tissues allow action potentials initiatediagle or multiple sites to
propagate through the entire animal, arresting the feedimgnt (Leys and
Mackie, 1997). The impulses travel at 0.27 ¢h{iseys and Mackie, 1997; Leys
et al., 1999) - one order of magnitude slower than eletiwanduction in
cnidarian epithelia (Mackie, 1979).

The feeding current arrest in hexactinellids is sintaciliary arrest in
some suspension feeders, including the arrest of latkaahcdamellibranch gills
of bivalves and the branchial cilia of ascidians (Mackial.e 1974; Walter and
Satir, 1978; Bergles and Tamm, 1992). In these cases paticnatter may
trigger membrane depolarization; ensuing calcium inflta ailiated cells causes
cilia to arrest. Extracellular recordings from thexdetinellid Rhabdocalyptus
dawsonisuggest the glass sponge action potential 7 kzesed (Leys et al.,
1999). Arrests are thought to result from calcium inflho ibranched
choanocytes (Mackie et al., 1983; Leys et al., 1999).

The initial observations of arrests are credited toil#eiSwvho noticed
that pumping stopped in the presence of diversirbsitu observations suggest
that natural stimuli are fish that disturb or resusp&utihsent (Yahel et al., 2007).
The physiology of feeding arrests has only been descfubbd?l dawsonbecause
this species can be collected by SCUBA with some popuativing as shallow

as 20 m (Leys and Lauzon, 1998; Leys et al., 2004). Otherespzidiexactinellid



38

are found in deeper water and are difficult to collegand condition (Bett
and Rice, 1992; Barthel, 1995; Beaulieu, 2001), but all hexdadsbave
syncytial tissues (Leys et al., 2007) and all are thezgdogsumed to propagate
electrical signals that arrest the feeding current.

The relationship between hexactinellid sponges and setlismeomplex.
Few species are known to settle on soft substratest; nguire something hard to
attach to, but nevertheless the deep environment of glasgas is sediment rich
from the slow accumulation of marine snow (Bett amteR1992; Conway et al.,
2004; Leys et al., 2004). Specimendnfdawsonwere found to arrest pumping
in the presence of sediment (Leys et al., 1999), yéieatdme time it has been
implied that this species may extract organic mattenfsediment resuspended in
bottom currents and along fjord walls (Bett and Rice, 1982gl et al., 2007).
Furthermore, observations of 9000-year old reefs suggesdtimbent is an
important factor in cementing the reef structure togetiver time (Conway et al.,
2001; Whitney et al., 2005). Thus there appears to be a conubdtueen the
sensitivity to and tolerance of the stimuli produced lareent. Presumably this
has shaped the properties of the glass sponge condugtems

| examined the ubiquity of the arrest response in halldls by testing
whether the cloud sponde vastugOrder Hexactinosida) also arrests its feeding
current in response to experimental and natural stirmgliiding sediment. IR.
dawsoni(Order Lyssacinosida) arrests are elicited immediatebn arrival of
action potentials and therefore provide a convenient snemonitoring

electrical activity (Leys, Mackie et al., 1999). Herexhmine the effect of short
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term sediment exposure on pumping sensitivity, and testfdetsof long-
term exposure to sediment to determine whether hexadmeNentually tolerate
repeated sediment stimuli and pump continuously. My findirege implications
for the physiology of the hexactinellid conduction systas well as for the

sensitivity of hexactinellids and suspension feedegereral, to sediment.

2.2 Materials and Methods

2.2.1In situ observations

The boot spongRhabdocalyptus dawsofiiambe, 1892] (Order
Lyssacinosida) and the cloud sporgehrocallistes vastugschultz, 1886] (Order
Hexactinosida) were observedsituon vertical or near vertical walls at San Jose
Islets and Hosie Islands, Barkley Sound, British Colianiging the remote
operated vehicle ROPOS (Canadian Scientific Submersdadity, Sidney,
British Columbia). During a field study of feeding, fluscein dye was squirted
onto specimens to test for pumping. Specimens that were putopk the dye
and exhaled it through the osculum (Figure 2-1A, B). Flu@iaseas also
squirted on dead sponges. Dye was not drawn through theseeps. Small
(<20 cm)R. dawsonivere collected by SCUBA from 30 m at San Jose Istds a
small (<30 cm)A. vastusvere collected by ROPOS at 160M.vastudas a
fused siliceous skeleton that is fragile, but small spees were detached from
the wall intact by applying gentle pressure from below aithanipulator arm
(Figure 2-1C). Specimens were brought to the surface in Wwatardepth and

transferred to darkened flow-through seawater tanks &ahdield Marine
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Sciences Centre, British Columbia, Canada, whererwapeimped directly
from 30 m depth. Water temperature waSClbut reached £Z on several
occasions in early August, reflecting warming of inletexstfrom 9 to 1%C.
While Leys and Meech (2006) found that specimens often digumap below
7°C and were less responsive to experimental stimtdnagperatures >12°C,
subsequent experiments have shown that many specimens fadt icontinue to
respond even at temperatures as high as 19°C. Thus tardcatmnes (10 to12°C)
were well within the range of tolerance of the animals.

Loose sediment that had settled on rock shelves ahwalls was
collected with specimens and kept in holding tanks for lage in experiments.
Sediment was in part settled marine snow, a mixtucegdnic detritus,
microorganisms and clay minerals (Alldredge and Silver, 198B)this
sediment that would be resuspended by passing fish, or hgisaral tidal
currents, which reach 1nt-slong the fiord walls where resuspension loops are
thought to contribute the bulk of suspended material (vethe., 2007). A core
of sediment from the Hecate Strait BC sponge reetfshiéd been maintained at
4°C was obtained from K. Conway of the Pacific GeatagBurvey, Sidney BC,
to test the difference of responsiveness of the efihg spongé\. vastudo

this kind of sediment.

2.2.2EXx situ experiments

Because of the fragility o&. vastuonly three specimens of eight

collected were completely undamaged and could be used faololgysal work.
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Others lacked portions of the osculum or body wall. TETenens oR.
dawsoniwere used in sediment trials. Specimens were place® ito 2.5 | flow-
through plexiglass chambers and attached with stainledsrstect pins to the
underlying Sylgard coating (Dow-Corning, Midland, MI, USA) (Fig@-1D).
Unfiltered seawater was passed over bioballs (plastiersg with high surface
area for degassing) and passed through a cooling system thtgineal the
temperature at 9 to 30. Flow through the chamber was approximately 250
ml-min™.

Excurrent flow from each specimen’s osculum was recbuséng a
thermistor flow meter (see Mackie et al., 1983 for d@sighich provides a
convenient means of recording small changes in flowfeaarce thermistor
compensated for temperature change in the chamber. Renelsaptured with
a digital amplifier (Powerlab 8/SP, ADInstruments|d@@ado Springs, CO, USA)
using Chart 5. Arrests appeared as downward deflectidhe iifow record over
15 s — 2 min. The thermistor’s response at very low flelocities was linear (see
Reiswig, 1971; Mackie et al., 1983). Previous use of this prodigrdevith
experiments oR. dawsoniillustrated that after a stimulus to the sponge, flow
takes at least 20 s to completely stop; the arrestfeem approximates slowing
of water after sudden cessation of a pump driving flow thr@ugimooth-walled
pipe (Mackie et al., 1983). The lag, due to inertia of theewmass, is consistent
with large Reynold’s number flowr( 100-500 in the sponge oscula 1-5 cm
diameter and approximate velocity at the osculum I&mihe duration of

arrest-recovery events for each specimen was ctdcutsy measuring the time
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from the start of one arrest (the first downwardetfbn of the trace) until the
same level of pumping was recovered. The duration of tkstgshase only was
considered the time from start of arrest until thedstapoint in the flow record.
Pumping was confirmed with fluorescein dye.

Specimens also arrested spontaneously. Because ofijpasineental
stimuli were applied after a minimum of 10 min, and usu@@l min, of
uninterrupted pumping. The responséo¥astusandR. dawsonto mechanical
stimulation was tested by touch with a pipette and bytingea metal probe into
the body wall. Responsiveness to sediment stimuli ested in three ways: 1)
Fjord sediment collected together with the sponges d@sdadirectly into the
chamber over specimens, similar to resuspension. ) Bgatiment was added
gradually to the incurrent water via peristaltic pump at-3nin™ until the first
arrest of feeding current was observed. Sediment ctratiens that trigger
arrests. Large aggregates — which settle out and cloggigsigpump tubing —
were excluded by filtering sediment through 2B Nitex mesh. In these
experiments, because it is a reef-forming specids, vastusas also treated
with filtrate from a reef sediment core. 3) In a fisat of experiments, long-term
effect of sediment on pumping was tested by adding ther2fitrate of fjord
sediment continuously (at 3 ml-rifinfor 2 to 4 h after the first arrest of feeding
current had occurred. Filtered sediment was added to theent water of tanks
containing each species. For each experiment only onedicord from each
individual was analyzed, however up to 20 runs were cartiedibh each

individual, and all records showed consistent results.
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To determine the concentration of sediment in the blearwhen the
specimens first arrested, 20 to 60 ml water samples codleeted by syringe.
Small volumes were taken so as to avoid altering flothe chamber, but as the
amount of sediment in these samples was in facttttotlh weigh (<0.001g), the
concentration of sediment in the chamber was detethingirectly by comparing
percent transmittance (660 nm on a Spectronic 20) of watgulss taken at the
time of arrest to that of a dilution series of steekliment suspension of known
concentration. Stock sediment concentration wagm&ted by suction filtering
samples through pre-combusted glass fibre filters (WhatatF). Filters were
rinsed with distilled water, dried to constant masa WOC oven and weighed
prior to use. Concentrations and numerical trends in pugwere expressed as
mean + standard error.

Sediment from the fjords and the reef camass also fixed in 2%
glutaraldehyde in seawater for microscopy. Fixed sedimastsuction filtered
onto 0.45 m Millipore filters and rinsed with 70% ethanol. Piecésio-dried
filters were mounted on aluminum stubs, coated with galdveewed in a JOEL
JSM-6301FXV scanning electron microscope (SEM). Compositieseadiment in
randomly selected regions was determined by Energy DispetsResy (EDX)
analysis. Reef sediment was found to be finer with >76p@adicles smaller than

3 m; <50% of fjord sediment particles were smaller tham3n diameter.
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2.2.3Scanning electron microscopy

To look for evidence of possible clogging of the aquiferossesy,
specimens were fixed after 20, 40 and > 60 min in tanks madgepath fjord
sediment (<50% transmittance). Before fixing tissues,irment had caused
repeated arrests and a gradual decline in overall pumping Rageés of tissue (5
to 10 pieces, each <1 &nwere cut from different portions of the body waibla
fixed in 1% OsQ, 2% glutaraldehyde, 0.45 M sodium acetate buffer pH 6.4, with
10% sucrose, overnight (Leys, 1995). Samples were dehydraié&a@thanol,
desilicified with 4% hydrofluoric acid in 70% ethanol for 2/sladehydrated
further to 100% ethanol and fractured in liquid nitrogen. tarac pieces were
critical point dried, mounted on aluminum stubs, coated gatd and examined
by SEM. Control tissue was from specimens not treatddseiiment. Tissue
was desilicified because the glass skeleton does rbtfea for comparison, non-
desilicified tissue was cut open with a razor blade and prdes above for
SEM, and EDX to determine the presence, location and csitiggoof sediment
inside specimens. To see where inert particles would lodde aquiferous
system, a 10% solution of 0.1, 0.5 anam latex beads (Molecular Probes,
Eugene, OR, USA) in seawater (approximately 1¥,10x 10 and 1x16 beads
respectively) was poured into the chamber with both spe€issue became pink
(the colour of the beads) within 5 min, and at that fmeees of the specimens
were fixed and prepared for SEM as above.

To determine if any canals bypass the flagellated chamblkeese the

narrowest channels occur, liquid plastic (Batson’s NoPlastic Replica
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Corrosion Kit, Polysciences, Warrington, PA, USA)swajected in to either
incurrent or excurrent sides of live and Bouins-fixed tisBlgstic was injected
gently until it was just visible under the tissue atgli® opposite injection;
despite great care not to force the plastic into thaggan some instances the
polymer traversed the entire body wall. After the s&std hardened, the sponge
skeleton was dissolved in 4% hydrofluoric acid overnighd, taasue digested
with sodium hydroxide. Hardened replicas were fractureld avitazor blade,
mounted on stubs, coated with gold, and examined by SEMsasibed

previously (Leys, 1999; Bavestrello et al., 2003).

2.3Results

2.3.1In situ observations

Pumping of bottAphrocallistes vastusndRhabdocalyptus dawsowas
tested with fluorescein dye at 160 m depth at San Jede &id Hosie Islands
(Figure 2-1A, B). Here, both species grow on almost \ar{&0 to 90),
brachiopod-covered walls. Suspended sediment largely fotimeof ‘marine
snow’ falls onto sponges, settles on abundant shelderd walls and can
reduce visibility to a few meters. On several occasibaesapid movements of
fish attracted by lights of the ROV resuspended sedithahthad settled on the
wall.

Despite the continual fallout of sediment, the surtzs=sie of all
specimens oA. vastusvas largely clear of debris. In contrast, the ospécule

coat ofR. dawsonivas invariably cloaked with brown debris. Crabs andvishe
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usually in the oscula of both species, but despite thessible mechanical
disturbances, all specimensAfvastughat weresquirted with fluorescein dyie
situ drew the dye in and pumped it out of the osculum wiBkirs. In contrast, 4
of 9 individuals ofR. dawsontested with fluorescein did not take up dye. One
specimen was repeatedly tested and only took up dye 30 teurtlad arrival of
the ROV. Dye flow from the osculum of one speciméRodawsonceased
abruptly when it was purposefully tapped with the manipulator. Similar
knocks toA. vastuglid notaffect dye flow. Dye did not flow from the osculum of

dead specimens.

2.3.2Ex situ (tank) experiments

2.3.2.1Spontaneous arrests

Thermistor records showed that béthvastusandR. dawsoncould pump
continuously for several hours; however, both speciesalested periodically in
the absence of experimental stimuli (Figure 2-2). Becatidas, sediment and
mechanical stimuli were delivered only after a periodrohterrupted pumping
(typically 30 min). As previously reported fB. dawson{Leys et al., 1999),
neither species showed diurnal rhythmicity in pumping, neneveither sensitive
to changes in ambient light. In the interval 30 — 60 rfter goutting a new
specimen in the chamber, arrests occurred at meandigef6.4 + 2.0 min
(n=3) inA. vastusand 10.3 £ 3.6 min (n=8) iR. dawsoniDespite the lower
frequency of arrests RR. dawsoniarrests were longer and therefore these

sponges were arrested a greater percentage of thdrianadual arrest-recovery
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events — from start of arrest until return to full pungplevel — typically lasted
1 to 4 min (2.7 = 0.3 min, n=3) A. vastugFigure 2-2A, B) and 1 to 10 min (4.1
+ 0.5 min, n=7) irR. dawsoni(Figure 2-2C-E). HoweveR. dawsoncould
remain arrested up to 6 fihe arrest phase of each event (from start of aiwest
base of arrest-recovery curve) was usually 0.5 to 1.5 min (Alst n=3 and 57 *
12 s, n=7 forA. vastusandR. dawsonrespectively).

The two species differed in the way arrests occurrddleVfor both
species the shape of the arrest-recovery record cowehbaped (i.e. flow
arrested and began immediately again) (Figure 2-2A, Bn®, dawsoni
pumping normally resumed very gradually after an arrestessribed previously
by Mackie et al., (1983) (Figure 2-2C, E). Given that theuta through which
flow was recorded were 1- 5cm in diameter, the Reynalaisber in the atrium
and osculum would be large and the thermistor would nbrmecord a small lag
in the time between the arrest of the chambers andrtbst of flow through the
osculum. V-shaped records were more typic#.ivastussuggesting that either
pumping resumed before flow from the osculum had comdut lzalt, or that

not all of the chambers in the sponge arrest pumping.

2.3.2.2Responses to mechanical and sediment stimuli

Mechanical and sediment stimuli both triggered arrests vastusandR.
dawsoni(Figure 2-3) Sponges stopped pumping when a metal probe was inserted
into the body wall. However, consistent withsitu observations, light touches or

knocks to the outer body wall caused arres®.idawsonbut not inA. vastus
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Arrest-recovery events in response to mechanical btmewe of similar
duration in both species: 1.7 £ 0.6 mirAinvastusand 1.8 £ 0.2 min iR.
dawsoni(n=3) with arrest phases of 26 £ 7 s and 21 + 3 s respgctinane
specimen of. vastusn particular the recovery phase of the record wianpbut
not always, marked by a temporary plateau, which couldatefariations in the
internal morphology of the sponge, or perhaps a seawest éhat occurred
during the recovery phase (Figure 2-3A).

Sediment stimuli induced arrest-recovery events weghtsl longer for
both species: 2.4 £ 0.1 min, n=3Anvastusand 2.4 £ 0.5, n=5 iR. dawsoni
with arrest phases of 47 + 10 s, n=3 and 36 £ 5 s, n=5 regec8mall and
large additions of sediment (i.e. 10 ml to 1000ml of 0.5 gel'}) applied to the
body wall caused one or more arresté.irvastugFigure 2-3E) andR. dawsoni

(Figure 2-3F). Seawater alone poured onto the sponges didus# arrests.

2.3.2.3Acclimation to small amounts of sediment

Addition of gradually greater amounts of sediment produceazpparent
reduction in sensitivity of the arrest response (Fi@u#@. The first small
additions of sediment (2 to 10 ml) triggered arrests, suggestat even a few
particles may be a sufficient stimulus; however sgbeat additions of 10 to 100
ml for A. vastusand 2 to 20 ml foR. dawsonhad no effect on pumping. Larger
sediment doses (50 to 200 ml fer dawsonand 200 to 500 ml foh. vastuy
triggered arrests and repeated 500 ml doses applied over 10nia 2Gcaused a

series of arrest-recovery events of 2 to 4 min dunatiat lasted several hours.
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Many of these events had a marked periodicity (e.g. FRpd inset).
Periodicities of these long trains of repeated arestvery events were 3.4 + 0.9

min (n=3) InA. vastusand 3.3 = 0.3 min (n=5) iR. dawsoni

2.3.2.4Response to continuous sediment

Fjord sediment added by peristaltic pump to the incurrew db
experimental chambers caused both species to arredirsklarests occurred at
sediment concentrations of 15 + 5 rifg =9 forR. dawsonand 36 + 12 mg?}
n=3 forA. vastuslinitial arrest responses were distinct in the twaecEse INR.
dawsonithe arrest phase was consistently abrupt: 25 to 60+ 3} n=6; Figure
2-5A). InA. vastupumping declined over 50 s to 4.5 min (143 + 66 s, n=3), often
in steps (Figure 2-5B, C). Fine sediment from reef chageka similar effect on
pumping inA. vastudut reduction in flow rate took even longer (7.7 min = 4.8
min, n=3); in one instance flow took 17 min to completetest (Figure 2-5D). If
sediment was only added until the first arrest, pumpingmesd within minutes;
however sequential arrest-recovery events persistagpftoy an hour afterwards
in both species (Figure 2-5D, E). Arrest-recovery evesgi® 1 to 3 min in
duration (2.2 + 0.3 min, n=3) at 1 to 4 min intervals (3.06:0in between
arrests, n=3) i\. vastusaand 1 to 7 min in duration (2.7 £ 0.3 min, n=5) at 1 to 10
min intervals (3.9 £ 0.8 min between arrests, n=%.idawsoni

Addition of fjord sediment (<25um) continuously for 2 tt 4educed
pumping to 50 to 80% of original pumping levelsfinvastugn=3) and 5 to 70%

in R. dawson{n=7) (Figure 2-6). In all runs witA. vastusand 5 of 7 trials with
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R. dawsonipumping levels recovered only after sediment additioppstd.
Responses biR. dawsonivere variable. Some animals arrested less than once an
hour (Figure 2-6A), others arrested every 2 to 3 min (&-afrests-fi, n=7). In
R. dawsonarrests became less frequent with ongoing sedimentadditi
Figure 2-6A a single arrest was triggered at the stagdiment addition, but
after recovering from the initial arrest the spongetiooed pumping for some
hours at a much-reduced level. Return to normal pumping easarut (3 to 25
h); pumping was minimal for hours after sediment addi(féigure 2-6A, B), and
often arrest-recovery events interrupted return to abpumping.

In A. vastuscontinued addition of sediment triggered either a seffies
arrest-recovery events 1 to 3 min in duration or gradwua@llagons in flow over 8
to 12 min. Arrests were never prolonged as they welRe sawsoniPumping
resumed immediately following each arrest, and the spangsted every 2 to 3
min until original pumping levels were reached 6 or marers later (Figure 2-

6C).

2.3.3Composition of sediment and fine structure of the aquifer@aystem

SEM analysis showed fjord sediment consisted of cligsom fragments
and calcareous and siliceous sponge spicules, often boandirganic matrix
(Figure 2-7). Large aggregates were over 100n diameter (Figure 2-7A);
however, more than 75% of the sediment pieces wea#lesrthan 20 m (Figure

2-7B), and most pieces of sediment were smaller thamiGmall enough to fit
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through the pores in the dermal membrane of the sponges 20iin in
diameter).

Clay (sediment containing aluminum and silica) was fourithe
aquiferous system of specimens of both species fixed mftre than 40 min
exposure to sediment, but chambers were not clogged byf olaly exposed to
sediment for less than 40 min. In these specimens (n#8gnecurrent nor
excurrent surfaces of the flagellated chambers appeabeddbscured by debris
(i.e. Figure 2-8A to E). Individual pieces of clay weoerid on the excurrent
surface of fewer than 10% of flagellated chambers exantengdFigure 2-8C to
D); only bacteria — no clays — were lodged against thecudbthe collar
microvilli (Figure 2-8E). Latex microspheres were fegponges for 5 min to
determine where in the aquiferous system particles opacable size would
lodge. Examination of fixed specimens showed these attaslibd incurrent
side of the microvilli collars; 1 m spheres and most 0.5n spheres did not pass
through the collar microvilli to the excurrent stredfig(ire 2-8F).

In contrast, in specimens subjected to long-term expdewediment, the
excurrent surfaces of flagellated chambers were covereldys. Clay was found
in 20% of chambers dR. dawsoniand in some areas of the tissue 10 or more

chambers were completely clogged with clays and otlhiemsats (Figure 2-8G).

2.4 Discussion

| have confirmed that the hexactinellid spongesrocallistes vastuand

Rhabdocalyptus dawsoarrest pumping in response to sediment. Small discrete
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doses of sediment from the natural habitat, added as tlesgspended by
ambient currents or fish, caused immediate feedingtarnreboth species,
although sponges appeared to arrest less frequently iftatsalbsequent small
doses. However prolonged perfusion of sediment causedecguenping in all
specimens of both species, as though the canal systeamb clogged. Recovery
was marked by repeated on-off events similar to thoseideddy Mackie et al.,
(1983) and considered indicative of pacemaker activity triggleye
“unsatisfactory” conditions.

Concentrations of sediment that caused instantanest a@re similar
in the two species and were comparable to levels thiaedareduced pumping in
the demospong€erongia lacunoséGerrodette and Flechsig 1979). This
concentration was only slightly higher than the rangauspended particulate
concentrations found during the summer months in the fishgs the specimens

were collected (7 mg?) (Yahel et al., 2007).

2.4.1Physiological significance of feeding current arrests

The arrest of pumping IR. dawsonis due to spreading of an action
potential (AP) throughout the animal at 0.27 ¢h{lseys and Mackie, 1997). The
AP is thought to be calcium-based, and its arrival ategipn would cause entry
of calcium into the branched choanocytes, causingriast of flagella (Leys et
al., 1999). Thus a point stimulus would generate an APabald spread the
length of a 20 cm long animal in approximately 1minute, angsitl

choanocytes in that time.
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The immediate nature of the arrest responge wvastusboth to
mechanical stimuli and to sediment applied topically, thedsimilarity in
duration of the arrest and recovery phases in both spEagass sponge, suggest
that arrests i\. vastusare responses to electrical events &.idawsoni
However, arrest-recovery responses were distinttanwo species, which can be
taken to reflect underlying differences in the physiolofythe action potential.
Presumably this ultimately reflects different straedor coping with sediment.

In situ observations showed thHat dawsonivas most often arrested (not
pumping) after the arrival of the ROV which stirred upis@oht; ex situ
experiments showed thRt dawsonarrested readily in response to light touch,
small amounts of sediment added both topically and g seawater, and to
vibrations transmitted through the seawater from knockise@quaria.
Furthermore, arrests were usually long. In contrast, jugrip A. vastusvas
more robustlin sity, all specimens took up dye and pumped it immediately fout o
the osculum; none were arrestedeknsituexperiments\. vastusarrested only in
response to very strong mechanical stimuli, but not vitheched with a pipette
or when the aquarium was tapped. Mechanical stimuli fioen(<25 m)
sediment from the reef core also failed to elicimediate arrests — instead
pumping levels slowly diminished as sponges became cloggedawsonand
A. vastusalso responded differently to long periods of exposusediment.
Although this treatment caused reduced pumping in both spBcidawsoni

spent longer off or barely pumping both during and aftemsexa addition — that
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is, arrests could last up to several hours. In conspstimens oA. vastus
began to pump immediately after each arrest, during andsaffénent addition.

The fused skeleton &. vastusould account in part for differences in
sensitivity. Whereas the spiculesRfdawsonare loosely held together by tissue
and vibration of a long spicule can cause an arreatkM et al., 1983), IA.
vastus all but very small spicules in the skeleton areduséo a rigid scaffold. It
is likely however, that properties of the conductionesysdiffer. In earlier work
Mackie et al. (1983) suggested that slow recovery froestginR. dawsoni
could be either because flagella beat weakly to stdrecause some beat earlier
than others. The fact that vastudegan to pump immediately after each arrest
may indicate that flagella all begin to beat stigrand in unison. This difference
between the two species could reflect differencekerability to resequester €a

after an arrest.

2.4.2The function of the arrest response

Rapid arrests coordinated by electrical signalling presunmbtect
hexactinellids from taking in noxious or excessive paldies (Lawn, 1981;
Mackie et al., 1983). It has been suggested that arregésasean early warning
system to enable distant parts of the specimens tgataping before noxious
water reaches them (Leys et al., 1999). Since uptakeliheet is slow
(fluorescein-dyed water traverses the body wall in 300®— considerably slower
than for most demosponges) an arrest spreading throudjectiggue in 30 to 60s

could prevent sediment reaching pristine flagellated chambepeden the body
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wall. However, records showed that even when sponges w continually
murky water, after initial arrests they kept on pumpiradbeit at a weaker level.
Thus, although hexactinellids can arrest their feedingeotim response to small

irritations, large amounts of sediment clearly clog teeding apparatus.

Clogging may be a wide-spread problem among sponges. Inrtiespenges
Petrosia ficiformis(Bavestrello et al., 1988) afdethya wilhelmgNickel et al.,
2006) and in another hexactinelli@qolymastra joubiniBavestrello et al., 2003)
it has been suggested that water and sediment may byggeitatied chambers by
special canals. In the hexactinellidsdawson{Leys, 1999) an&ericolophus
hawaiicus(Reiswig, pers. comm.) prosopyles (entrances to dgeliated
chambers) can line up directly opposite perforations irséleendary reticulum,
providing a direct 5 m diameter passage into the flagellated chamber, but it is
unlikely that enough sediment would pass through these to ddbociaar the
sponge. No direct connections between incurrent and ertwarals could be
found in any of 15 plastic replicas of the aquiferousesysofA. vastugdata not

shown).

Alternatively, if sediment is ingested, the inorgatwenponent of
sediment could be expelled into the excurrent streagn pifocessing by the
tissue. In support of this our SEM-EDX studies have shawagpcytic vacuoles
containing lithic material within the trabecular tisslies even possible that
arrests could facilitate processing of sediment! @dlux into the trabecular

tissue could trigger endocytosis as in adrenal chromadfla (Chan et al., 2003).
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Feeding experiments on the hexactineBichawaiicushow relatively
low retention of bacteria (47%) and autotrophic eukary(f4%o) (Pile and
Young, 2006). Similar experiments énvastusandR. dawsonihowever, show
that small heterotrophic protists and up to 99% of the atmshdant bacterial
cells were retained, and inorganic sediment was excf¥tdel et al., 2006). The
high retention of bacteria By. vastusandR. dawsonis inconsistent with bypass
routes; without a bypass system how do hexactinedbge with clogging?

One possibility is the use of repeated on/off events.vEny regular
arrests that occur after prolonged exposure to sedimenémuiniscent of the
rhythmic contractions seen in demosponges that flushrialatet of the
aquiferous system ihethya wilhelmandEphydatia mueller{(Nickel, 2004;
Elliott and Leys, 2007). The on/off events in the glgssnges occurred during a
gradual increase in pumping level during prolonged sedimeniicaddihich
suggests they may be effective in clearing sediment fhenanimal, but exactly
how stopping and starting flow in the sponge would aidearohg sediment is

still unclear.

2.4.3Ecological implications of sensitivity to sediment

Several demosponges have special adaptations fortisakita high
sediment loadBiemna ehrenberdives buried in coarse sand through which it
draws in nutrient rich water (llan and Abelson, 1995); osp®nges grow on
shells of mobile invertebrates, which periodically dislodgdiment (van Soest,

1993; Burns and Bingham, 2002). Corals and bivalves have eveslo@en to
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adopt more efficient particle feeding in a high sedinmegtme (Urrutia et al.,
1997; Anthony, 2000). The distinct pumping patterns shown fomibe t

hexactinellid species may reflect specializations f@irgp with sediment.

A. vastuds one of the three sponges that form reefs at 100-25pthsle
on the Pacific Coast of North America. Sponge reefsaposed to chronic low
levels of sediment and the reefs are thought to duffles trapping suspended
sediment, which then cements the reef framework tegé@onway et al., 2004;
Whitney et al., 2005). Immediate attempts to pump aftdr agest could allow
this species to continue pumping in the presence of ongettignent, making it
well adapted for reef habitats such as the Fraser Ridfe/neee sedimentation
from the Fraser River plume exceeds 2 cth{@onway et al., 2004R. dawsoni
is notably absent at Fraser Ridge. In contrast, thehosshold of arrests and their
prolonged nature iR. dawsonmay be suitable for preventing clogging during
temporary sediment loads, such as by resuspension evamjstia fjord walls.

Nevertheless, the progressive decline in overall pumpigj,|
presumably due to clogging, indicates that sustained exptwsaegliment is
likely to be detrimental to both species. While shomatadaptation, a
phenomenon known from many species including cnidariasghson, 1985;
Grigoriev and Spencer, 1995), could explain the sustained pgrapder
continued sediment exposure, under these conditions puitepelg are so low
(and thus ineffective for feeding) that glass spongesdiunder higher sediment
conditions might be expected to be energetically sftesscomparison to those

areas less affected by sediment. It has been notespitiages in sediment-rich
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habitats have narrower oscula (Conway et al., 2004). &studies should
investigate the relative health of sponges at sedimdnand poor habitats, in
relation to sediment, ambient current and biotic fadtarsiding competition and

predation.

2.5Concluding remarks

The response of different species of glass sponge towates in the
natural environment can tell us much about the unique elgotnaduction
system that these animals have evolved for contralfieg feeding current. This
work provides a number of insights into the function @fgagated electric
signals in the Porifera. Sediment triggers arresteeglass sponge feeding
current, presumably by mechanically irritating the tcalter tissue. The ionic
basis of this reaction is unknown. However graded depations, also known as
receptor potentials, are triggered mechanically in bothkmd animals (Corey
and Hudspeth, 1979; Shimmen, 2001). Presumably a sufficient meadhanic
stimulus depolarizes the membrane beyond threshold faf*sb@sed action
potential which in turn triggers flagellar arrest. Thpansive nature of the
syncytial tissues allows the electrical impulse to gpigabally, arresting
flagella. This diffuse mode of propagation is appropriatihe® is a need to slow
uptake of particulates through the thousands of ostia spamarigpty wall.
Similarly in cellular sponges a diffuse non-electrsigihal leads to coordinated

ostia closure and contractions that effectively expdihsent.



59
In conclusion, although glass sponges lack nerves they

functional conduction system that senses environmetimallg and exacts a
response; in this case a flagellar arrest. Further ii nervous systems the
conduction system of hexactinellids appears to have paesraakvity and
adaptability to repeated stimuli, indicating that mechasisnderlying these
properties predated origin of the nervous system. Amsabfshe molecules
underlying the hexactinellid conduction system is neededtevrdme the basis
of electrical conduction in sponges, and how these mi@s@re modified in the

nervous systems of early branching eumetazoans.
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10 cm

Figure 2-1: Set up for in situ experiments, specimen dettion and in tank
experiments.

Hexactinellid spongeis situ (A to C) and in flow-through experimental chambers
(D). Fluorescein dye squirted onto (Aphrocallistes vastuand (B)
Rhabdocalyptus dawsowias pumped out through the osculum (arrows). (C)
Specimens oA. vastusvere collected with the Kraft Raptor manipulator arm
(left). (D) In chambers a thermistor probe (T) resat flow from sponges.

Reference probe, R.



61

C d e
2 min Mﬂn 2 min

—

Figure 2-2: Spontaneous arrests of pumping.

Single or intermittent arrests appear as downwardaeffes in pumping records.
(A, B) Arrest-recovery events . vastusvere brief and V-shaped. (C, D)
Arrests could be brief iR. dawson{C) but were often longer (D, E) and the

initial phase of the recovery (D, bracketed) was ngpaelual than i\. vastus
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Figure 2-3: Arrest responses to mechanical and sediment rsiili.

Probes advanced into the body wall (arrowshofastugA, B) andR. dawsoni
(C, D) induced arrest3 opical applications of sediment caused bdthastugE)

andR. dawson(F) to arrest.
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Figure 2-4 :Incremental addition of 0.5 to 1 g-f sediment toR. dawsoni(A)
and A. vastus(B).

Initial applications were more likely to trigger arrefitan subsequent doses of the
same or larger volumes. Much larger doses (here, repdases of 500ml)
caused prolonged arrest-recovery cycles with marked peitp@.g., inset in B).

Small arrowheads indicate repeated additions of the salume.



64

a%j dl

2 min . {}
i *—J‘Mx 1f SW
. X

Figure 2-5: Gradual addition of sediment.

Gradual addition of (3 ml-mif) of 10 g-I* filtered (<25 m) fjord sediment
(black arrows) tdR. dawson{A, E) andA. vastugB, C) and reef sediment fa
vastug(D). (A) The arrest phase (time from start of artedull arrest) oRR.
dawsoniwas 25 to 60 s, whereasAn vastugB, C) similar ‘abrupt’ arrests were
not obvious; rather pumping level gradually declined overt6s5 min in fjord
sediment and over up to 17 min in reef sediment. Reg@fter sediment
addition stopped (white arrows) was marked by repeated-ages/ery events in

A. vastugD) andR. dawson(E).



65

>
Wl T N
SR |l

.

......
gl

an'*“"“"’WWH[wukﬁm{m“w“ww*““"": h

\
WflﬂW‘”"“Wu,,MWWM%M”

Figure 2-6: Long-term (2 to 4 h) addition of filtered (<25 m) fjord sediment.

Sediment (10 g) added at 3 ml-mih (black arrow start, white arrow stop)Ro
dawsoni(A, B) andA. vastugC) triggered a gradual decline in pumpi(#y. B)
Arrests InR. dawsonivere less frequent with ongoing sediment addition. Ina(A)
single arrest was triggered at the onset of sedinughti@n; thereafter pumping
level fluctuated and reached negligible levels within 105 $tart of sediment
addition. Return to normal pumping was delayed by prolongedgseof
negligible pumping (A, B) or repeated arrests lastingsshhours (B). (C) IA\.
vastuspumping resumed immediately after each arrest during dsatiment
addition and return to normal pumping. Pumping levels ne@talow in both

sponges as long as sediment was added.
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Figure 2-7: Particles of fjord sediment from sponge colldmn sites viewed by
SEM.

(A) Aggregates of organic and inorganic material. (B) Simaliganic particles.
EDX traces show the elemental composition of regibtes 4. Gold (Au) peaks
are due to a gold coating applied in preparation for SE&mi@m (Os) (applied
during fixation) indicates organic material. Aluminum (Ahd silica (Si) indicate

clays; (Si) could indicate sponge spicules (Sp) oodifragments (Di).
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Figure 2-8: SEM of A. vastus(A to F) and R. dawsontitissue (G).

Tisse is shown after either exposure to a heavy sadlisaspension (Ato E, G)
or a mixture of 0.1 m, 0.5 mand 1 m latex beads diluted in seawater (F). (A)
A fracture through the body wall shows incurrent deriDah) and excurrent
atrial (At) surfaces, peripheral trabecular spacedfd)juxtaposed incurrent (In)
and excurrent (Ex) canals spanning the choanosome (@CkebraB) Inside of
several flagellated chambers (Fch) containing organic dabdislay (Cl). (C)
Incurrent surface of a flagellated chamber showing prdssggores) in the
primary trabecular reticulum (R1). The secondary uétim (R2) can be seen
arising from the primary reticulum. (D) Clay partickow) on the trabecular
tissue (R1) at the incurrent surface of a flagellatednties.. (E) Single collar
body (Cb) of the branched choanocyte with a centageflum (FI) and rod-
shaped bacteria (Ba) on the inner surface of the colaowili. (F) Branched
choanocytes within the primary reticulum. Collar bodiase from stolons (St)
and collar microvilli are surrounded and supported by thenskzay reticulum
(R2). Latex beads (Lb, Im and 0.5 m) were found on the primary reticulum
(R1) but were excluded from the inside of chambers by tbeowilli mesh. (G)
Clogged (1) and clean (2) flagellated chambers (FcR). aflawsoniHigh
aluminum content (Al) in EDX scan 1 indicates cloggingclays. Si indicates

silica from clay or the glass skeleton.
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Chapter Three: CLONING AND CHARACTERIZATION OF INWARD

RECTIFIER POTASSIUM CHANNELS FROM THE DEMOSPONGE
AMPHIMEDON QUEENSLANDICA?

3.1 Introduction

Progress in understanding the ionic currents of spongdsekadimited.
Block of Rhabdocalyptus dawsofPorifera: Hexactinellida) action potentials by
the calcium channel blockers €pMn?* and nimodipine suggests that
propagation depends on calcium influx (Leys et al., 1999¢hRaamp
recordings fronXenopusocytes injected with total RNA froR. dawsoni
indicate the presence of depolarization activated potassiurent (Leys,
personal communication); but without intracellular otichaecordings from
sponge tissues the contribution of specific ionic cusrémthe action potential or
resting membrane potential remains unknown.

The complex glycocalyx on sponge cells (Mller, 1982) haddred
formation of tight seals between the membrane anddigpelectrodes. Recently
Carpaneto et al. (2003) surmounted these difficulties aradnaat a high
percentage of gigaohm seals (65-100%), suitable for patch-c&oopings, by
bathingAxinella polypoideg¢Porifera: Demospongiae) cells in solution containing
trivalent cations (100M - 1 mM L& and 10 M - 300 M Gd®"). Their

recordings reveal an outward rectifying cation currerttithgated by heat,

2

A version of this chapter has been published. Tompkins-MacDonald et al. 2009. Journal of

Experimental Biology 212: 761-767.
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negative mechanical pressure and arachadonic acid (Za@ihi2001). The
profile is similar to the S-type channel in the sea #lplysia californicaand
TREK-1 in mammals (J.Patel et al., 1998; Maingret eR8D0; Patel et al., 1998)
but without clones of the channel sequence a definitiveblatkween ionic
currents and particular ion channels cannot be made.dviergvithout cloned
channels we cannot determine how the molecules underlyingdomients have
been modified over evolutionary time during acquisitibnervous and rapid
conduction systems.

The absence of ion channel clones from the Porifanatable considering
their key position at the base of the Metazoa. Relatips among the earliest
diverging animal groups are still unstable with recent mdé evidence
supporting one of placozoans, ctenophores or sponges sistiér group to all
other metazoans (Dellaporta et al., 2006; Dunn et al., 2008 g&het al., 2009;
Srivastava et al., 2008). Most phylogenies however, placegepa@s the most
ancient multicellular metazoans. Analyses based om[1/8# suggest that
sponges arose first, but are paraphyletic; that is, agsplike animal gave rise to
other metazoans (Borchiellini et al., 2001; Medina e2801; Sperling et al.,
2007).

The need for direct analysis of sponge ion channelbd®@s highlighted
by Hille (2001), in his compendium on ion channels. Clonimgcleannels from

sponges however is challenging due to the absence of sequanwhich to base
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cloning efforts, the difficulty of designing degenerate prsrfer an organism
which as undergone 600 million years of independent evolwiwhihe presence
of contaminating symbionts in most sponge tissue. Boyd (€8 ylocumented a
diverse fauna inhabiting the outer spicule codlodbdocalyptus dawsqrand |
have observed colonial hydroids intertwined with the spoisgae. Degenerate
primers may conceivably amplify symbiont cDNAs if intaponge tissues are
used. To confirm whether sequences are of sponge origiensrmust be tested
against genomic DNA of sponge aggregates — tissue prepardmsay not
express the full cDNA complement but which are purifiedymnbionts. As a
testament to the challenging nature of this work, | ledeeed fragments of
Shaker-like voltage gated channels from cDNA extractmoh flices oR.
dawsoni.However Shaker clones were not detected in aggregates —tsugges
that initial clones were from a contaminant. A soitelegenerate primers for
Shaker channels were tested against demosponge and redhkddigsue. These
experiments are summarized in Appendix A.1.

Sequencing the genome of the spoAgghimedon queenslandica
(formerly Reniera sp.has allowed ion channel cloning to progrédss
demosponge is native to the southern Great Barrier, Rggbductive year round
(Hooper and Soest, 2006) and has large brood chambers up to dizimeter
each containing 20-150 larvae (Leys and Degnan, 2001). Larvesrconly
bacterial symbionts, compared to adult sponges which magiaa variety of
invertebrate symbionts. As such, larvae are considereldtasely clean source of

starting material suitable for molecular biology. $bas of the genome trace
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files by Sakarya et al. (2007), and by me indicate thenabsaf Shaker like
channels, further supporting the notion that at least spmege ion channels are
sufficiently different from other metazoan channelslsat approaches using
degenerate primers are less effective. Genome sedratehowever revealed
the presence of many homologues typically associatédsytapses. Among
these are a number of potassium channels including dnegatifier potassium
(Kir) channels.

Architecturally, Kir channels are the simplest potassalnannels, with
only two transmembrane domains but also the most fundah@mthey stabilize
the membrane potential. Individual Kir channels subunitsygrieally 372-501
amino acids long with two transmembrane domains (M1 a2gflsinking a
central pore-forming loop that is highly conserved amongssaten channels and
forms the filter for K selectivity (Doupnik et al., 1995). Functional channels form
as tetramers of four identical (homomers) or distfheteromers) subunits
surrounding a central pore that is lined by M2 and P loopgléDet al., 1998;
Jiang et al., 2002; Kuo et al., 2003; Nishida et al., 2007). We kimgvirom X-
ray crystallographic studies on prokaryotit ¢ghannels and a mouse G-protein
gated Kir channel. These studies have also provided signifiesight into the
permeation properties of other K channels as two pmt@spium channels (4TM),
calcium activated, cyclic nucleotide-gated and voltageegpdeassium channels
(6TM) are elaborations of the 2TM architecture (Gall &pencer, 2001).
Despite these conserved pore properties Kir channelsayee in that they

preferentially conduct potassium into the cell as dbedrbelow.
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As expected for a Kselective channel, when the inside of the cell is
more negative than the equilibrium potential for potamgibx), large amounts of
potassium enter the cell, moving down the electrochergrealient — thus
returning the resting membrane potential ko Excitatory stimuli that depolarize
the membrane just positive to the potassium equilibriuterial are offset by
outward current through Kir channels, however at mopoldeized potentials
outward current through Kir channels is blocked, allowirggrtiembrane to
further depolarize and electric signals to propagate. Bibckitward current is
attributed to intracellular cations including Kigand polyamines which block the
cytoplasmic portion of the pore, preventing efflux of gstam. Inward potassium
flow is favoured as potassium entering the cell can atgpblocking ions.
Further, conductance is higher at more hyperpolarized jalsedtie to weaker
internal block (Doupnik et al., 1995; Nichols and Lopatin, 199#%,eDkt al.,
2000a).

In summary, Kir channels stabilize the membrane poténtipassing
inward K" current at potentials hyperpolarized tpdhd outward current at
slightly depolarized potentials. Block of outward ¢urrent at potentials
significantly depolarized to &allows the membrane to depolarize past the
excitation threshold in response to excitatory stinAisharp excitation
threshold, beyond which outward current through Kir chanmzlenger offsets
depolarizing currents, is most effectively established tongtinward rectifier
channels (i.e. vertebrate Kir2 and Kir3). Almost no arvcurrent passes

through these channels at potentials 50 mV positive toeEause they are
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additionally blocked by polyvalent amines (polyamines),udtlg intracellular
spermine (+3) and spermidine (+4), conferring steep voltagendence. These
channels are typically expressed in cells of the heletetal muscle, nervous
system and other tissues which conduct electric sigBdilgef et al., 2000).

Weak rectifiers (i.e. vertebrate Kirl channels) by casttare blocked by
Mg** but not higher valence polyamines. The weaker and lessmyeolependent
block allows outward current to pass even at 80 mV more alepad than &
(Oliver et al., 2000a). Passage of a higher portion of autwurrent through
apical Kirl.1 channels in renal epithelia is advantagesusmediates export of
K" into the nephron distal tubule — a necessary proces#ia formation (Lu and
MacKinnon, 1994a). Strong and weak rectifiers are regulatédthyexternal
signals and by indicators of the metabolic state otéie including G-proteins,
pH, ATP, and transmitters (Baukrowitz, 2000; Doupnik et al., 199ppBrsberg,
2000).

Characterization of Kir channels has to date focused debrate Kir
channels; revealing 7 Kir subfamilies, Kirl through Kir7tthaderlie the
diversity of inward rectifier current. Knowledge of hamembrane conduction
properties changed during the evolution of multicellulaniyvever would be
aided by comparative analysis of Kir channels from pbyglaupying early
branching positions within the Metazoa. This evolutiong@graach to
understanding ion channels moreover can help clarify stesftaction
relationships. As pointed out by Anderson and Greenberg (2@#dr)g

advantage of the phylogenetic distance between mamnthlsasal metazoans



82
allows us to improve the signal-to-noise ratio, sinmeserved function can be
attributed to residues conserved over evolutionary time.

| report the cloning and functional characterization efftrst ion
channels isolated from a sponder(phimedon queenslandjdaemospongiae,
Porifera). Two clones, AmgKirA and AmgKirB, were oiotad using sequences
predicted by Onur Sakarya and Ken Kosik (University of Galifh at Santa
Barbara) as bases for primer design. Cloned channelsewearessed iXenopus
oocytes and their functional properties investigated ilalofation with Linda
Boland (University of Richmond). Sponge Kir channels weumnd to share the
phenotype and critical residues that regulate strong inveatdication with
vertebrate Kir2 channels, which are typically expressexkcitable cells
(Doupnik et al., 1995). Phylogenetic analysis was compleggetiier with
Warren Gallin and Sally Leys and suggests that Kir channelponges,
cnidarians, and triploblastic metazoans each arosedrsimgle channel and that
duplications arose independently in the different groupgerBification into the

channel subfamilies Kirl through Kir7 occurred independenttirfenchordates.

3.2 Materials and Methods

3.2.1Isolation of cDNAs and DNA sequencing

3.2.1.1RNA extraction

Larvae of mixed developmental stages\aiphimedon queenslandica

preserved in RNAlater® (Ambion, Inc.) were kindly providedBiy Degnan
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from Heron Island, Queensland. Total RNA was extraatgn TRIZOL®
according to Invitrogen specifications. After removaRdfAlater® 50-100
larvae were homogenized in 1 mL of TRIzol using a plasg&tle. Cellular debris
was removed by centrifugation at 12000 x g for 10 minutesr Afeeminute
room temperature incubation the supernatant was addedrd €#roform,
mixed vigorously, incubated 3 minutes then centrifuged at 12000 x1pf
minutes at 2C. The RNA in the upper aqueous phase was transferreceiw a
tube and precipitated with 0.5 ml isopropyl alcohol, incetat room
temperature for 10 minutes, then centrifuged at 12000 x g foririutes at AC.
After removal of the supernatant the pellet was wash#égdmL 75% ethanol,
vortexed and centrifuged at 7500 x g for 5 minutes. The pedistthen air dried
and RNA dissolved in 20l RNase-free water. A Novapec Il was used to quantify
RNA — a total of 10 g was obtained.

Full-length cDNAwas prepared in two ways: with the GeneRacer Kit

(Invitrogen) and by rolling circle amplification (RCA) ¢idoros et al., 2006).

3.2.1.2cDNA synthesis

3.2.1.2.1Rolling Circle Amplified cDNA

RCA cDNA was synthesized from % total RNA using the Superscript
lIl Reverse Transcriptase Module (Invitrogen) with a 5’ gptworylated
OligodT(18) primer. RNA was mixed with 1 primer, 1 1 10mM dNTP mix to
a final volume of 10 |, incubated at 6% for 5 minutes to remove RNA

secondary structure, chilled on ice for 1 min and centrifugecollect liquid. To
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this, 4 15X First Strand Buffer, 110.1 M dithiothreitol (DTT), 1 |
RNaseOut (40 UM), 1 | SuperScript Il RT (200 UN) were added. This was
mixed by pipetting, briefly centrifuged and incubated at 5@f®&0 minutes to
allow transcription of cDNA to proceed. The reactiorswaactivated at 7C for
15 minutes, chilled on ice for 2 minutes and centrifuged toatdlled. RNA was
removed by adding 11 RNase H (2 U) and incubating at°€7for 20 minutes.

The reaction was purified with the QIAquick PCR purifioatkit. Full

length transcripts were circularized with 150 units Cirelsig enzyme (Epicentre)
in 1x Circligase Buffer with 50M ATP. The reaction was incubated for 1 hour at
60°C, inactivated at 80°C for 10 minutes and purified as abnailarized
templates were amplified using 10 units of Phi29 DNA polymeras& Phi29
Reaction Buffer (New England Biolabs). The reactiaswupplemented with
200 g-mf* bovine serum albumin, 200M dNTPs and 10 M random heptamers
made resistant to Phi29 exonuclease activity by additi@pbbsphothiote
linkages. Amplification proceeded for 20 hours at 30 C andinadivated by

incubation at 70 C for 10 min.

3.2.1.2.2GeneRACE cDNA

GeneRace ready cDNA was prepared according to Invitrogen ki
specifications. Generation of full length cDNA from @ RNA was ensured by
adding Calf Intestinal Phosphatase (CIP) to remove Sspittes which are
exposed on truncated mRNA. The reaction, including 8.BNA (5 1), 1 |

10X CIP Buffer, 1 | RNaseOut (40 Uf), 1 | CIP (10U/I) and 2 | DEPC
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water, was incubated at 50°C for 1 hour. This remowesated messages from
the amplification pool.

RNA was precipitated by adding 90DEPC and 1001
phenol:.chloroform, vortexing for 30 seconds then centmig@t maximum speed
for 5 minutes. The upper aqueous phase, containing RNA, wesamad to a
new tube, to which 2| 10 mg/ml mussel glycogen and 103 M sodium acetate,
pH 5.2 was added and mixed; 2205% ethanol was added, the sample vortexed
and then frozen on dry ice for 10 minutes. RNA was pellbtecentrifugation at
maximum speed for 20 minutes at 4°C. After removal of tbemmatant the pellet
was washed by adding 50070% ethanol, vortexing briefly, then centrifuging at
maximum speed for two minutes at 4°C. The supernatantenas/ed, the pellet
was air dried and then resuspended ih BEPC water.

The 5’ cap structure on full length mRNA was then rerdovéh tobacco
acid pyrophosphatase (TAP), exposing a 5’ phosphate to alsch
oligonucleotide of known sequence could be ligated. The R mixed with 1

| 10X TAP Buffer, 1 | RNaseOut (40U/l) and 1 | TAP (0.5U/ I). Following
incubation at 37°C for 1 hour the RNA was precipitatedbas/e. The decapped
RNA was resuspended in TDEPC water and the GeneRacer 5 RNA Oligo was
ligated to the 5’ end. RNA was mixed with 0.25 pg GeneRabkXx Rligo,
incubated at 65°C for 5 min to relax the RNA second@aiugctire, mixed with 1

| 10X Ligase Buffer, 1 110 mM ATP, 1 | RNaseOut (40UN) and 1 |1 T4

RNA ligase (5U/1) and incubated at 37°C for 1 hour.
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Following precipitation first strand cDNA was synthesiaising the
Superscript Il module as outlined above for preparatidR@A cDNA. However
instead of priming reverse transcription with a 5’ phosplatey OligodT(18)
primer, the reaction was primed with the GeneRaceoQlil Primer which is
preceded by an oligonucleotide sequence with known primingfsitesibsequent

amplification reactions.

3.2.2Amplification of ion channel sequences

lon channel sequences, including two putative potassium imeetifier channel
sequences, “AmgKirA” and “AmgKirB” assembled from unaratetl trace files
of the Amphimedomueenslandicdformerly Reniera sp.genome, were
generously shared by Onur Sakarya and Kenneth S. Kosik (diyvef
California, Santa Barbara). Initial fragments werebified using specific
primers designed against the 5’ and 3’ ends of these sexpudhamer sequences
are listed in Appendix A.2 The forward, 5’, primers fath AmgKirA (KirlF)

and AmgKirB (Kir2F) started with the sequerG&CTCGAGCCACC. This
included a 5’ clamp (GG), an Xhol1 restriction site (CTCGA&d a Kozak
consensus sequence (GCCACC) which is recognized by psytdinesis
machinery in th&Xenopugocytes. The 3, reverse, primer for AmgKirA (KirlR)
included a 5’ clamp (GG), and an Spel restriction site (AGT). Because
AmgKirB contained internal Spel cut sites the revensmer (Kir2R2) was
instead designed with a Bglll restriction site (AGATCREstriction sites were

included so that cloned sequences could be cut out olathieg vector PCR4-
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TOPO (Figure 3-1) used in my experiments and ligated intpxt¥evector
(Figure 3-2) for expression.

Amplification reactions included 5 ul GoTaqg Buffer (Promedab ul 25
mM MgClh, 0.2 pl 25 mM dNTPs, 0.4 pl each 50 uM forward and revergeepyi
0.125 pl GoTa§ Flexi, 13.175 pl dH20 and 1 ul GeneRace-ready cDNA.
Cycling parameters were 94°C 2 min, 34x (94°C 30 s, 56°C720G,10 min)
72°C 30 min for AmgKirA and 94°C 2 min, 34x (94°C 30 s, 53.5°C 3Q°€; 10
min) 72°C 30 min for AmgKirB. Products were separated bstphoresis on
1% agarose gels in 1x TAE (50x stock contains 242 g Tris baseml glacial
acetic acid, 100 ml 50 mM EDTA, pH 8, in 1 L) supplemented Gishpg- mi
ethidium bromide. 20 pl samples mixed with 4 pl 6x loadwlges run
simultaneous with a 1 pg 2-Log DNA ladder (New Englanddis). Gels bathed
in TAE were run at 125 V for 30 minutes to 1 hour. Ethidknomide stained
DNA bands were visualized on a transilluminator and imagptured with a
digital camera. Bands of the expected size (1071 for Andg&nd 1095 for
AmgKirB) were cut from the gel and purified with the QlAckiiGel Extraction
Kit.

Products were cloned using the TOPO TA Cloning Kit for segjuogn
(Invitrogen). The products were first ligated into a clonregtor: 4ul purified
PCR product was mixed with 1 pcr4-TOPO vector and 1l salt solution, and
then incubated at room temperature for 5 minutes and onematigl°C. The
vector, containing the PCR product was then transformedl@P10 chemically

competenEscherichia colcells Cells thawed on ice were mixed with P
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ligation reaction. After 10 minutes the cells were Istmicked at 42°C for 30
seconds, returned to ice, mixed with 23@varm SOC medium, then incubated at
37°C for 1 hour while shaking at 200 rpm. Cells were plateldBoplates
supplemented with 100g/ml ampicillin, in volumes of 101, 50 | and “the rest”
(~200 ).

After 18 hours incubation at 37°C, plates were analyzedgrowth. Since
ligation of a PCR product into pcr4-TOPO disrupts the legealkeccdB, only
transformed cells containing the recombinant vector g&monies were
screened for the presence of the desired insert byrggesatiew streak of each
colony for future use, mixing the remainder of the colong0 | sterile water
and adding 1l of this mixture to a PCR reaction containing 201.1x PCR
buffer (50 mM Tris-HCI pH 9.2, 1.5 mM Mgg10.4 mM -Mercaptoethanol, 0.1

g/ I BSA, 10 mM NHSQO; 0.2 mM dNTPs), 0.5leach50 M T3 and T7
which prime against pcr4-TOPO sequence flanking the inSigiire 3-1) and 0.5

| Tag 9 (Department of Biological Sciences, Universitlberta). The PCR
cycling parameters were 94°C 2 min, 30x (94°C 30s / 58°C 30s/172%Gin),
72°C 2 min. Products were analyzed by runningl2th agarose gels. Products
of the expected size, 1175 (AmgKirA) and 1199 (AmgKirB) inahgdi04 bp of
flanking pcr4-TOPO sequence, were identified. Correspondilogies were then
cultured to provide sufficient starting material for segtieg. 5 mL LB broth
supplemented with 100g/mL ampicillin was inoculated with a streak
corresponding to each positive colony and incubated’& &7 18 hours while

shaking at 250 rpm.
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Plasmid DNA containing the PCR product was purified from ®iml
bacterial culture using the QIAprep Spin Miniprep Kit. Red plasmid DNA
was subsequently sequenced by mixing 4 pl v3.1 5x Sequencing BAbiplied
Biosystems), 3 ul 1. 6 uM forward or reverse sequencing pr4d@ ng plasmid
template, 1 ul Big Dye premix (Applied Biosystems) andew& 20 pl. Samples
were then placed in a thermal cycler for 25 cycle8&€E for 30s, 56C for 15s
and 60C for 2min. Reactions were stopped by mixing samples with 2
NaOACcC/EDTA. DNA was precipitated on ice for 15 minutagwg80 pl ethanol
and by centrifuging for 15 minutes &4 After discarding the supernatant DNA
pellets were washed with 500 ul cold 70% ethanol centrifugeBirhinutes at
4°C. Supernatants were removed, pellets dried and sampleghibto the
Molecular Biology Service Unit (University of Albertt) run on a sequencing
gel. Sequence data were downloaded as ABI files and adalgreg sequence

analyses software, Staden Package 1.7.0.

3.2.3Inverse and RACE-PCR

Complete cDNA sequences were determined using a combirdtion
inverse PCR on RCA cDNA template (Polidoros et al., 2@@d) RACE-PCR on
GeneRACE ready cDNA, which has known priming sitehatX and 3’ ends.

For inverse PCR primer sets includes Kirlinvs' with Kikd' (AmgKirA) and
Kir2inv5' with Kir2inv3' (AmgKirB). Reactions included 5ul Gkaq Buffer, 1.5
pul 25 mM MgCh, 0.2 pl 25 mM dNTPs, 0.4 ul each 50 uM primer, 0.125 ul Taq

Flexi, 1 ul RCA cDNA and water to 25 pl with cycling condiits 94°C 2 min,
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34x (94°C 30 s, annealing 30 s, 72°C 10 min) 72°C 30 min. Annealing
temperatures were 46°C for AmgKirA and 55°C for AmgKirB.obtain the 5’
ends by RACE the cDNA was amplified using the GeneR&igatimer and
reverse gene specific primer, KirlRevGR (AmgKirA) and2RievGR
(AmgKirB). Nested PCR involved a GeneRacer 5’ nested prand nested
reverse gene specific primers KirlRevNGR (AmgKirA) &uw2RevNGR
(AmgKirB). Sequences were amplified, cloned and sequencaoag. The 5’
PCR the reaction included 3 pl 10 uM GeneRacer 5’ primpf,10 uM reverse
primer, 5 ul GoTagq buffer, 1.5 pl 25 mM Mg£0.2 ul 25 mM dNTPs, 0.125 ul
TagFlexi and 0.5 ul GeneRACE ready cDNA and water to 26ydling
parameters were 95°C 2 min, 35x (95°C 30 s, anneal 30 s, 72%Q) 32AC 10
min. Annealing temperatures were 56 and 52°C for AmgKirAAmdKirB
respectively. Serial dilutions of 5° RACE product were ahgal with
GeneRACE nested 5’ primer and nested reverse primersedcpl10 puM primer
and 54.8 or 53.6°C annealing).

Amplified sequences were analyzed by electrophoresisedland
sequenced as above. The 5’ ends was determined by identifsiag aodon
downstream of the GeneRACE 5’ Oligo and in frame withihward rectifier
sequence. The stop codons predicted by sequences assbynbledr Sakarya
were found to be in frame with the start site and werdirmed by PCR. RACE
PCR was therefore unnecessary for the 3’ end of theptuative Kir channels.
Since the primer sets used to originally amplify AmgfKand AmgKirB

encompassed the 5’ and 3’ ends, clones produced from owgnpaification



91
already contained the full open reading frame. ThHes@duence was confirmed
from uncloned PCR products from at least two independ€mR reactions.
Clones free of PCR errors, judged by comparison with nedIPCR products,
were selected for expression and archived by adding 0.65yoérgl mix (65%
glycerol, 100 mM MgSQ and 25 mM Tris-HCI pH 8, 0.2 uM filtered) to 1.3 mL

overnight culture and freezing at -80°C in Corning® 2 ml geyoc vials.

3.2.4Amino acid sequence and phylogenetic analysis

Sponge inward rectifier sequences, AmgKirA and AmgKirBengubject
to Kyte-Doolittle hydropathy analysis by entering aminaagquences in the

online entry form at http://gcat.davidson.edu/rakarnik/kyteitd@htmwith a

window size of 9. Predicted transmembrane domains wsoechbcked at

http://www.cbs.dtu.dk/services/ TMHMMAMgKirA and AmqgKirB were aligned

and compared with amino acid sequences of both inveréchnat vertebrate
inward rectifier sequences compiled from NCBI, Joint @&ee Institute

(http://www.jgi.doe.gov/sequencing/why/3161.htrmhd Ensemble databases. To

determine pairwise identity values, AmgKirA and AmgKirBiamacid
sequences were each in turn aligned using LALIGN onlinsvaod
(http://www.ch.embnet.org/software/LALIGN_form.htmRadefault parameters
for global alignments. Multiple alignments were getealausing MUSCLE
(Edgar, 2004). Alignments used for phylogenetic analysis weneiatigt adjusted
in MacClade (Maddison and Maddison, 2003) and a PERL scaiptused to

remove characters with more than 2% gaps to produce@éd alignment of
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122 sequences and 280 positions. Sequences included in phylogeslgtsan
are given in Appendix A.3. All data sets are availablesgjuest. The optimal tree
topology and Bayesian posterior values were obtained) hdrBayes v3.1.2
(Ronquist and Huelsenbeck, 2003) with the default parameteasrino acid
sequences. The same dataset was also analyzed witH_R8xnatakis, 2006),
as implemented on the CIPRES server (http://www.phsgdd) ®o obtain

maximum likelihood bootstrap values.

3.2.5Functional Expression in Oocytes

3.2.5.1Ligation into expression vector

Open reading frames of the two putative inward recsfid9mqgKirA and
AmgKirB were digested out of the pcr4-TOPO cloning vectothail and Spel
cut sites for AmgKirA and Xhol and Bglll cut sites fdBmgKirB and ligated into
pxt7 vectors which were digested with the same restn@nzymes. Restriction
digest of AmgKirA from pcr4-TOPO using New England Bidabagents
included 3-6 g AmgKirA plasmid template, 41 Buffer 2, 0.4 1BSA, 1 |
Xhol, 1 | Spel and water to 40. The digest reaction for AmgKirB included 3-6

g template, 4| Buffer 3, 1 | Xhol, 1.5 |Bglll, 0.4 | BSA and water to 40l.
The same digests were completed witlg3oxt7. All digests were incubated at
37°C for 3 hours then separated on 1% agarose gels. Banesponding to
AmgKir and digested pxt7 sequences were purified with thegQik Gel

Extraction Kit. In order to ensure sufficient yield Bubsequent ligation
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reactions, 30 | water applied to elute DNA was allowed to sit on th&qiick
column membrane for 30 minutes before spinning through.

Ligation reactions included 2 Ligase 10X Buffer, 0.51 T4 DNA
Ligase (Promega), digested pxt7 vector and insert in 3:;3ntt1:3 ratios, and
nuclease free water to a volume of 20Reactions were incubated at 15°C for
12-18 hours and heat inactivated at 65°C for 10 minutes.eRgtéssion plasmid
containing the Kir inserts were subsequently cloned by wamaig TOP10
chemically competent cells as above.

Clones were screened for the presence of insert prépeer orientation
using reverse gene specific primers (KirlR and Kir2R2 fogKimA and
AmgKirB respectively) and a forward pxt7 specific primeattbinds 53 bp
upstream of Kir start sites. Reactions included 20 pl Tluffeh 0.5 pl each 50
UM forward and reverse primer, 0.4 ul Tagl6 (in house Tado@ical Sciences
Department, University of Alberta) and 1 ul templateclityg parameters were
94°C 2 min, 30x (94°C 30s / 58°C 30s/ 72°C 1.5 min), 72°C 2 minpidps of

positive clones were prepared as before and eluted ihr8ftlease free water.

3.2.5.2cRNA synthesis

To prepare RNA 25-30I plasmid containing Kir cDNA was digested for
1 hour at 37C with 1 | Xbal in 5 |10x buffer 2 (both New England Biolabs)
and RNase-free water to 50 The linearized plasmid-vector construct was
isolated by electrophoresis, purified with a QIAquick Getir&ction Kit, or

purified directly from the linearization using the Gene@ldurbo Kit, and used
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as a template for synthesis of complementary RNRAK capped with an
analog of the 5’ 7-methyl guanosine cap of eukaryotic mMRNA wyméhesizedn
vitro using Ambion (Austin, TX) mMessage mMachine RNA polymeass.
Briefly 6 | linearized plasmid was mixed with 1I0NTP/CAP, 2 | Reaction
Buffer and 2 | T7 polymerase and incubated at°@7for 2 hours. DNA was
removed by incubating with 5 Turbo DNase for 15 min at 3. RNA was
purified by lithium chloride precipitation (mMessage, mMactkiteAmbion) or
with the RNAId kit (Bio 101, Vista, CA) and concentraisowere determined by
spectrophotometry. RNA quality was further confirmed by runningdh an

agarose gel.

3.2.5.300cyte preparation

Oocytes were surgically harvested from femé&mopus laeviéXenopus
|, Dexter, Ml or Biological Sciences Animal Servicé&®)gs on ice after 5 minutes
anaesthesia in buffered 0.1-0.17% 3-aminobenzoic acid ested (MS-222)
(Sigma Chemical). The ovarian lobe was separatechaifacentimetre sections
with forceps and oocytes were released and defolliailayeyentle agitation for 1
hour or less in 0.5 mg/ml collagenase A (Sigma-Aldraikyolved in either a
C&*-free solution (in mM: 96 NaCl, 2 KCI, 1 Mg&15 HEPES, pH 7.4 with
NaOH), or MBM (in mM: NaCl 88, KCI 1, Ca(Ng§p 0.33, CaGl0.41, MgSQ
0.82, NaHCQ 2.4, HEPES 10, sodium pyruvate 2.5, penicillin G 0.1 g/L and
gentamycin sulphate 0.05 g/L, pHed to 7.5 with Tris base}yt@s were then

washed three times and maintained at 19°C in MBM or fiageR's solution (in
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mM: 96 NaCl, 1 KCI, 1 CaG| 2 MgCb, 10 HEPES, 5 sucrose, and 2 Na
pyruvate, pH 7.4 with NaOH with 50 U/ml penicillin G).a8e V/VI oocytes
were injected with 2.3-50.6 nl of cRNA dissolved in DEPGied water (5-45 ng
cRNA/oocyte). Storage medium was refreshed daily asctrelphysiological

recordings were done 1-6 days post-injection.

3.2.5.4Electrophysiology

Potassium currents were recorded fidemopusoocytes. The benefits of
recording from oocytes include large cell size for edsaanipulation during
injection and electrode insertion, macroscopic curremigsg to the extensive
surface area, and minimal endogenous current (Kusang £982). Recordings
were performed using standard methods of two-electrodegeotfamp (Boland
et al., 2003). Voltage clamp is a technique used to measuaenthant of current
that crosses the membrane while holding the membranetjadeg a set level, the
command voltage. This approach gives an idea of the @moedgurrent passing
through the complement of expressed channels in theeoo®mbrane at a given
membrane potential. In the two electrode configuratioa,elactrode records the
membrane voltage (Vm). Current proportional to théed#ince between Vm and
the command voltage (Vcmd; voltage set by experimeigéhen forced through
the second electrode, bringing Vm closer to Vemd (Figugg.

Glass microelectrodes were pulled from borosilicateggl&oltage
measuring and current passing electrodes were backfilted3vwi KCI and had

resistances between 0.2 and 1.7 MOhm. We used a Geneclamprap0ier
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(Axon Instruments, Foster City, CA) and an OC-725C ldimp(Warner
Instruments, Hamden, CT). Currents were sampled atid4z@nd filtered at 1-2
kHz. Recordings were done at room temperature (about 28%€)ypocytes were
perfused continuously during recordings. Solution composiaoed by
experiment.

Like other authors (Dibb et al., 2003; Krapivinsky et H98; Silverman
et al., 1998) we could not use P/N leak subtraction to suil@ralogenous
currents as Kir channels are known to pass currenttbgaange of command
potentials used. P/N subtraction might therefore inadviytsubtract Kir
current. Overall endogenous currentXanopusocytes are known to be low
(Kusano et al., 1982). Endogenous chloride currents were inédrby using low
chloride solutions in which chloride salts are replaced éyetjuivalent
methanesulfonate salt. The standard, low chloride, madteolution contained (in
mM): 5 K methane sulfonate (MES), 95 NMDG-MES, 2 Ga€2IMgCl, 10
HEPES, pH 7.3 with methanesulfonic acid.doncentrations were adjusted by
changing the ratios of Kand NMDG containing solutions using either the
methanesulfonate or chloride salt of Ikor selectivity experiments permeability
to K*, Na" and RB were compared. Since Rb-MES salts were unavailable 10mM
CI" salts were used for K, Na and Rb. Chloride currentisisnexperiment were
minimized by adding the blocker niflumic acid. Other solutiaresnoted in
figure legends. Data were recorded on Pentium compujaigped with Digidata
1320A (Axon Instruments) A/D hardware. Axon’s Clampex aaggjarsand

Clampfit analysis software (version 9) were used. Dagie also transferred to
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Microsoft Excel and Microcal Origin (Northampton, MASA) for additional
analysis, curve-fitting, and the production of figures.uResvere calculated from
cells with negligible background currents and only for staels with membrane
potentials not more depolarized than =50 mV in 5 mM exté¢hal\ portion of
recordings were completed on a separate electrophygis&igp with the same
components. With this set up, traces displayed in Clamge& consistently
offset from the current displayed on the amplifier.cborect for this artefact, the
difference between the current displayed in Clampexaamthe amplifier display
at the holding potential was determined and then added tdreaeh Adjusted

traces were consistent with those obtained on the elactrophysiology set up.

3.3 Results and Discussion

3.3.1Cloning and sequencing AmgKirA and AmgKirB

Two inward rectifier potassium channels, AmqgKirA and Anr@ were
cloned from the demospondenphimedon queenslandidaitial sequences were
amplified with gene specific primers and separated byrelgiabresis (Figure 3-
4A). Products were gel purified and cloned. Clones positiveh®insert were
identified by colony PCR and sequenced. 5’ends of AmgKird\AamgKirB were
confirmed by RACE PCR (Figure 3-4B). RACE results confirried the initial
cloned Kir sequences were the full cDNA sequences. 3'RAG&Not necessary
as a stop codon in frame with the 5’ start site waglified in the original open
reading frame. Inverse PCR on rolling circle amplifi@Né&\ was also attempted

to determining sequence of 5’ and 3’ ends, however sequensutsrmdicated
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that there was some crossover or concatamerizitibe template cDNA. This
was thought to be the case because identical regidhe &imgKirB sequence
were linked in duplicate. Inverse PCR products were ndtdudnalyzed.

The AmgKir cDNAs had open reading frames of 1047 and 1071 bp
respectively (Appendix A.4), corresponding to predicted araod sequences of
349 and 357 residues with 68% shared identity (Figure 3-5). Asalf/sine

genome assembly indicated that these are single exmiendy-duplicated genes.

3.3.2Phylogenetic Analysis and Primary Structure

As in other Kir channels, AmgKirA and AmgKirB each tain two
transmembrane helices M1 and M2 flanking a conserved poictlse containing
the TXGYG signature sequence fof éhannels. These domains were inferred by
Kyte-Doolittle hydrophathy plots (Figure 3-6) and were cstesit with mapped
domains of vertebrate Kir channels. | identified 5 anddsensus protein kinase
A (PKA) phosphorylation sites in the cytoplasmic damsaof AmgKirA and
AmgKirB, respectively (Figure 3-5). Additionally, in Amqgtd, there are 2
consensus protein kinase C (PKC) phosphorylation Sexguence identity for
the full length clones was 29-35% wltematostella vectendi€nidaria) and 23-
30% with mammalian Kirs, well below the identity levédsind across known Kir
subfamilies (50-60% with the exception of Kir7 which shamely 38% identity
with other mammalian subfamilies) (Doupnik et al., 1995; Krapky et al.,

1998). The channel core (M1, P, and M2) had higher amino cgemditly with
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mammalian (38-51%) and cnidarian (48-54%) inward rectifieablél 3-1 and
Figure 3-7.

The phylogenetic relationships between sponge and otheraaataz
inward rectifiers are shown in Figure 3-8. The overakttopology based on the
alignment of the full channel sequences shows thatit@rsification occurred
independently in sponges, cnidarians, invertebrates, and ok atat indicates
that a single ancestral gene gave rise to inward iezstih the Metazoa.

We rooted the tree between Poriferan and Cnidarian seggibased on
current knowledge of relationships among metazoan phylaligdiini et al.,
2001; Collins, 1998; Sperling et al., 2007). Computer-predicted inveatidier
sequences from the choanoflagellistenosiga brevicoligil67515450 and
0i167522960) were highly divergent and their inclusion in theyaisal
destabilized all branches suggesting that protozoan andoaet&ir sequences
are distinct. The bacterial Kir sequence Kirbacl.1 wasnotuded. Lack of
available sequences for ctenophores prevented a té& addent hypothesis that
this group is the sister to other metazoans (Dunn €0418).

The order of branching of vertebrate Kir subfamiliesossistent with
previous analyses (Okamura et al., 2005; Tanaka-Kunishima 20@r) — with
the exception of Kiré which in Bayesian analysis brascbefore triploblastic
invertebrates, but with very low support. Also, as shpvaviously, we find that
diversification of Kir channel subfamilies occurredvertebrates, and

urochordate Kirs lie at the base of this diversification
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3.3.3Expression in oocytes

To study the functional characteristics of AmgKirA akugKirB
channels, we cloned full-length cDNAs into the pxt7 egpian plasmid,
prepared cRNASs bin vitro transcription, and injected purified cRNAs into frog
oocytes. AmgKirA and AmgKirB were digested from the p€ERAPO vector
with the same pair of restriction enzymes used toriinedhe pxt7 expression
vector (Figure 3-9A). Digested Kir and pxt7 were ligated togreand the
recombinant vector cloned. Clones positive for the Kierihs the proper
orientation were identified by colony PCR (Figure 3-9B) s@guencing. Positive
clones were miniprepped, linearized (Figure 3-9C) and cRNA prdpkigure 3-

9D shows purified cRNA which was subsequently used for injeatkm oocytes.

3.3.3.1Electrophysiological properties

From a holding potential of -50 or 0 mV, voltage stepa camp protocol
were used to change the membrane potential. Oocytesemjedh either
AmgKirA or AmgKirB cRNAs demonstrated prominent inwara @nts
(negative current) which did not inactivate during 2 setagel pulses (Figure 3-
10). Outward (positive) currents were minimal. Becausenjected oocytes with
only a single cRNA species, it is clear that AmgKiaonels can exist as homo-
multimers. Whether they naturally co-assemble witleoKir subunits is not yet
known.

Sponge channels were constitutively active without titbt@an of

activators such as G-proteins or ATP, although we canf®but a requirement
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for an activator that is endogenous to the oocytes. A stiggdor an as yet
unknown modulatory mechanism was found for AmgKirB aotisevhich
demonstrated an unusual phenomenon of run-up of currentwshepdiuring
recordings. The example (Figure 3-10B) shows 5-fold growtheoinward
current without a significant change in the reversalm@kand without an
increase in the outward current over nearly 2 hoursil&@iresults were obtained
from all cells injected with AmgKirB although the raitincrease of inward
current varied from cell to cell. Run-up has been redddevertebrate Kir2.1
and Kir2.2 currents and may be explained by PKA activityrede these currents
were down-regulated by activation of PKC (Fakler etl&l94; Scherer et al.,
2007; Zitron et al., 2004).

The current-voltage relationship for AmgKirA and AmgKiis strongly
rectifying with large inward currents at membrane potentigferpolarized to the
equilibrium potential for potassium gEand very small currents positive t@ E
(Figure 3-10). In mammalian cells, this phenotype is atarstic of Kir3
channels which are activated by G proteins, and Kir2 chawtd$ are
constitutively active. Strong rectification is detemsil by pore-lining residues
which facilitate voltage-dependent block by internafiand polyamines. In the
M2 region of Kir2.1 S165 binds M§and D172 binds Mg and polyamines
(Lopatin et al., 1994; Lu and MacKinnon, 1994b; Stanfield efl&b4; Wible et
al., 1994). The C-terminus forms the cytoplasmic portioth@ pore. Negatively
charged C-terminal residues including E224, D255, D259 and E293 Atgac

and polyamines to the transmembrane plugging (Bichet, &0fl3; Kubo and
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Murata, 2001; Lu, 2004; Taglialatela et al., 1995). Interestidgbpite the
phylogenetic distance between sponge and vertebrate Karmsilies these
residues were conserved in AmgKirA and AmgKirB - with g#xception of S165,
which maps to a cysteine (C157), another polar residue, oK&# (Figure 3-

7).

3.3.3.2Selectivity for K

Consistent with other inward rectifiers, when extépmassium
concentration, [K],, was altered, either from low to high or high to low
concentration, AmqgKir reversal potentials, definedh&szero current membrane
potential, shifted in accordance with the equilibrium pbééfor potassium, E,
and current amplitude increased in as][Kncreased (Fig 3-10C). Theoretical
values for i were calculated at various Tl using the Nernst equation:
Ex=(RT/F)In([K']/[K™];), where R is the gas constant, T is the temperature
Kelvin and F is the Faraday constant. Assuming interhaldfcentrations, [K;
of 140 mM, Kk values at 2, 5, 10, 25 and 50mM would be -100.0, -78,4, -62.1, -
40,6 and -24.2. These are in close agreement with thedeztgalues for reversal
potential: -117+ 3.10 (n=13), -94.46 + 2.59 (n=13), -77.75 £ 2.75 (n<2P0 +
3.30 (n=10) and -38 = 1.5 (n=5) for AmgKirA; and -112.91 £ 4.36 (n=8-1),/3
+ 3.62 (n=15), -78.8 + 3.28 (n=3.28), -59 + 3.06 (n=3) and -47.5 ©i17F {or
AmgKirB. The relationship between reversal potential §K'], was linear; the
reversal potential for AmgKirA, for example, was degaed by 49 mV for each

10x increase in external K (i.e. Figure 3-10C, inset). Bhadase to the
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theoretical value of 58 for a perfectly K selective cl@niResults were
calculated from cells with negligible background curremd only for stable cells
with membrane potentials not more depolarized than =50 mBvmiM external
K.

We further tested selectivity of AmgKirA and AmgKirB bgmparing
inward current amplitude in'KNa’, Rb"and NMDG  containing solutions, and
found both channels to be highly Kelective (Figure 3-11). NMDQradius 4.5
A) was used as an impermeable counter ion (i.e. 10 M 80 mM NMDG)),
and as expected currents in NMD&one were negligible. Currents were also
negligible in 10 or 100 mM NaThis is consistent with almost all other K
channels (Hille, 1992) and the close-fit model in whi¢h(tédius 2.66 A) is
coordinated through the pore by snug interactions with ogtlside chains,
replacing the shell of water molecules arouridBoyle et al., 1998). Naradius
1.90 A) is too small to be coordinated by these side clBemanilla and
Armstrong, 1972; Hille, 1973; Mullins, 1959).

Unlike most potassium channels which have similar ortgrgeermeability to
Rb" than to K (Doyle et al., 1998), current through AmgKirB in 10mM*Rib -
140mV was only 14.6 + 1.6% (n=5) the current in 10 mMKgure 3-11B). We
cannot confirm that the observed AmgKir currents asenfpassage of Rias
RbCI solution applied to AmgKirA contained 2.25 mM ffom pHing with
KOH. Nonetheless the low permeability to Rb highlights selectivity of both
AmgKir channels. Permeability of AmgKirA to Riwas tested by Linda Boland

and also found to be minimal (<20% Kurrent). In vertebrate Kir2.1, a threonine
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in the selectivity filter (T141) is linked to low Ripermeability. This residue
is thought to narrow the selectivity filter such thandoctance of smaller’K
(radius 2.66 A) is favored over larger ‘Rbadius 2.96 A) (Choe et al., 2000). In
AmgKirA and AmgKirB however, this is a valine, a residimked to high Rb
permeability in Kirl.1 (Figure 3-11C). This suggests that o#&dues

contribute to high selectivity in AmgKir channels.

3.3.3.3Block by external Cs and B&" and N&

To further characterize the electrophysiology of Amagifiannels we tested
the effect of Csand B4", monovalent and divalent cations which block K current
in other inward rectifiers. Both AmgKirA and AmgKirB aents were blocked by
Cs" and B&" but we analyzed data for AmgKirA only because continuakcur
run-up (Figure 3-10B) precluded accurate measurement of the plelmehin
AmgKirB. Oocytes expressing AmgKirA were perfused witluson containing
0.03 — 3mM C5and 0.01 — 1mM B4 (Figure 3-12A and B), and current
inhibition was assessed using voltage step and ramp protésolgth other
cloned and native Kir channels, block by @sd B&" was time and voltage
dependent and was largely reversible upon washout (Figure 3-B®Ck by C3
showed prominent voltage-dependence in that hyperpolanziatiensified the
block and depolarization relieved it. This was first natit@r Cs block of Kir
currents in starfish eggs (Hagiwara et al., 1976). Raal®n et al. (1994) found

that C$ produced rapid interruption of K current which became rrequent at
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more negative membrane potentials - a pattern conswi#nopen channel

block.

Block of AmgKirA currents in 5mM Kwas concentration dependent with an
ICs0 of 37uM for B&" and 173 puM for Cs High affinity B&€* block in vertebrate
Kir2.1 (IC50 2.7 £0.1 M at -80 mV) is linked to two residues: E125 and T141
(Alagem et al., 2001). The negatively charged residue E125 outee channel
vestibule is thought to mediate Bantry into the pore either by electrostatic
attraction or facilitating dehydration of entering iom441 is just two positions N
terminal of GYG and is thought to stabilize’Bainding within the selectivity
filter. This is supported by x-ray crystallography of KcefMacterial 2TM K
channel, equilibrated with Bag$olution. The crystal structure shows & Han
bound to the intracellular end of the selectivity filtelose to residue

corresponding to T141 in Kir2.1 (Jiang and MacKinnon, 2000).

In AmgKirA the residues corresponding to E125 and T141 are Had7
V133 respectively. Other channels with N and V at thes&ipos were still
blocked by B4 but with lower affinity than Kir2.1 — comparable to AmagKi
channels. The mutation V121T in Kirl.2 at the site correspgrd Kir2.1 T141
increased BH sensitivity (Zhou et al., 1996) as did the mutating N125 in chick
Kir2.1 to E, the corresponding residue in human and mou2elKNavaratnam

et al., 1995).

T141 in vertebrate Kir2.1 has also been linked tolsck. Mutation of T141

to valine, the residue in AmgKir channels reduced but dicabolish C% block
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(Thompson et al. 2000). The residue S165, corresponding fotar residue,
C157, in AmgKirA, also confers Csensitivity to Kir2.1 (Thompson et al.,

2000).

The inset in Figure 3-11A also shows results of AmgKirécklby addition

of 0.03-1mM N4& (NaCl) to oocytes bathed in 5 mM K

3.3.3.4Block by tertiapin-Q

Tertiapin-Q, a nonoxidizable form of honey bee toxin lbesn shown to
selectively inhibit a subset of Kir channels and is oihenly a few blockers
available to discriminate between the contributionsiftérnt Kir channelsn
situ (Ramu et al., 2004). In the hopes that this might belaappicable to
studying Kir in sponge tissues we tested the ability of TPtd-block AmgKirA,
relative to toxin sensitive rat Kirl.1lb and toxin insemsitmouse Kir2.1 (Figure
3-12 D to F). Because the block of Kirl.1b by TPN-Q was pHiges, as
reported by Ramu et al. (2004), we performed these experiateamsexternal pH
of 7.6. In our experiments rat Kirl.1 b currents werekddcas expected in a
concentration dependent manner with 80% block at 100 nM (By2)ontrast,
AmgKirA, like mKir2.1, was insensitive to 100 nM TPN-Q. TRNwill therefore
not be useful for deciphering situthe contributions of AmqgKirA to the
membrane potential. The structural basis of TPN-Q 8elyds a variable region
in the N-terminal part of the linker region betweeth &hd M2. It has been
suggested that the variable region in Kirl.1 (11 residueskKa8d! (10 residues)

forms an alpha helix which interacts with the hdlpartion of TPN-Q.
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Insensitivity of Kir2.1 channels may be explained by a shasriable region

(8 residues) as a complete helical turn may not fdimet al., 1999; Ramu et al.,
2004). As with KirBacl.1 which lacks this region and is ingamsto TPN-Q
(Ramu et al. 2004), the corresponding region in AmgKir chaneelnly four
residues and not likely long enough to confer sensitivitguié 3-12G). The
variable region is similarly short or absent in peteliiNematostella vectendiar
channels indicating that the variable region may noé leeen present in Kir

channels of early branching metazoans.

3.4 Concluding remarks and directions for future research

| have cloned and functionally expressed the first lmanaels from the
Phylum Porifera, prioritizing inward rectifier potassiunanhels for their simple
architecture and fundamental role in setting the memlpatential. The
electrophysiological properties of sponge Kir channelsidinp the absence of
substantial outward current at membrane potentials pes$aik, the high
selectivity for K and the voltage-dependent block by Band C$ indicate that
these key features of strong inwardly rectifyingdkannels are conserved

throughout evolution.

3.4.1Functional significance and mechanism of strong inward rectiéition

In vertebrates strongly rectifying channels are typydaltalized to
excitable cells including neurons, cardiac muscle and skaetetscle (Kubo et al.,
2005). Strong block of these channels by internal polyanaineésvig* prevents

passage of significant outward current at potentials iposéive than equilibrium
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for potassium, allowing the cell to depolarize furttzer for electrical signals
to propagate (Oliver et al., 2000). The presence of straaglifying sponge Kir
channels is consistent with the idea that some spongaeelbranes are
specialized for active signalling. | attempted to confih@ mechanism of
rectification by excising oocyte macropatches in ingideconformation and
varying bath (intracellular) concentrations of Mgnd polyamines. Potassium-
selective currents were not detected, however, suggestidgquate density of
channels. Given sufficient current (15 pA whole oocyteent should give
detectable 15 pA currents in 4 um patches) the followingldhme attempted.
Presence of inward rectification should be confirmedumning voltage ramps or
steps in cell-attached mode. The patch should thendiseeito Mg and
polyamine-free solution (pipette: 85mM KCI, 0.3 mM Ca@l mM MgCh, 5mM
KoHPQ,, 5mM KH,PQ,, 10 mM NaCl, KOH to pH 7.4 and 100mM K total; and
bath: 85mM KCI, 5mM NgEDTA, 5mM K;HPO,, 5mM KH2PO4, KOH to pH
7.2 and 100 mM total K). Voltage ramps or steps shouldgeated at 60 s
intervals. If block of outward current is due to an intidar blocking molecule
then the ratio of outward current to inward current &hincrease as cytosolic
components are washed away — that is the inward ratkifitcshould disappear.
To test whether Mg and polyamines may be involved in intracellular block each
can in turn be added to the bath (intracellular) salutiosee if inward
rectification returns. Suggested test concentrationsdame10.1, 0.5, 1, 2, 5 and
10mM M¢f* by adding from a 1 M MgCI2 stock and readjusting the pH;land

10, 100 and 1000 uM spermine or spermidine added directly from 16tod{s
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adjusted to pH 7.2 with HCI. Because 5mM EDTA is presetite medium
to chelate divalent cations some of the’Madded will be chelated. Additional
Mg?* must therefore be added to get the desired concentrAtioarding to the

maxchelator site http://www.stanford.edu/~cpatton/mard. MgCl,

concentrations of 4.9, 5.5, 6, 7, 10 and 15 mM would be requirgettthe

desired free Mg concentrations. After experiments with a given paieh
completed, Mg should be added in excess (20 mM) to cause complete block of
outward current. Residual current should be consider&digaent and

subtracted offline to give leak corrected records.

Intracellular block by M§' is responsible for inward rectification in the
vertebrate Kir subfamilies, excepting Kir7 which has unique pooperties
(Krapivinsky et al. 1998). If Mg block is confirmed in AmgKir channels this
would suggest that this mechanism of gating was present @athest metazoan
channels. As there is no electrophysiological data olpoan inward rectifiers
and no Md" or polyamine data for prokaryote Kirs we cannot say baulier Kir
channels were gated. The two putative choanoflagefiatard rectifiers
channels, however, had only a portion of residues assdaidth Md"* and
polyamine block: residues mapping to Kir2.1 D172 and E299 but not S165, E224,
D255 or D259 irM. brevicolisgi|167515450; and D172 and E224 but not S165,
D255, D259 or E299 iM. brevicolisgil67522960. Inward rectifier K channels in
plants have a different architecture, with 6 transmamdgidomains and are not
gated by Md" (Hedrich et al., 1995; Zimmermann et al., 1998). Inwardly

rectifying currents in plant guard cells are inhibited by pwoiyees, however it is
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unclear if the polyamines act directly on the channeh@mugh a second

messenger pathway (Liu et al., 2000).

3.4.2Future directions

Recordings from sponge cell membranes are still redjuidetermining
contributions of individual Kir channels by knocking dowraanel activity
remains a challenge in vertebrates. Few specific irdnare available to
distinguish Kir channel subtypes. As a result genetackouts (Kofuji et al.,
2000) and RNA interference (Kucheryavykh et al., 2007) have éemployed to
study physiological roles of Kir4.1 channels in glial selertiapin-Q, which
blocks vertebrate Kirl.1 and Kir3.1/3.4 (Ramu et al., 2004)imeftective as a
blocker for AmgKirA. Kir current may, however, be ngpesifically inhibited by
bathing cells in Csor B&€* containing solutions (Yamoah et al., 1998).

Native inward rectifier currents should be monitored gngolarized
potentials to determine if channel activities fluctuate @refonged periods. We
have already seen evidence of current modulation inkArBachannels which
display a phenomenon of run-up of current amplitudesuPnablyin situsuch
modulation would lead to gradual changes in membrane pdtentidnence
excitability over time. Long term changes in membranemdt| could underlie,
for example, changes in frequencies of rhythmic catitnas in demosponges
(Nickel, 2004)and of repeated feeding current arrests in hexactinellids

(Tompkins-MacDonald and Leys, 2008).
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Future work should investigate the types of modulat@atsatt on

AmgKir channels to understand the environmental stimuliraethbolic
indicators that alter excitability. Understanding thatcibution of Kir channels to
the resting potential will set the groundwork for futunedy of ionic currents that
depolarize the membrane as part of active signalling. ifdation of modulators
that alter AmgKir current amplitude will also help to paint residues that
mediate regulation of Kir channels. Homology modelling mbsp help in
identifying conserved functional domains. ldentifying domainstianally
conserved with sponge ion channels may give insight intaoisnpresent in Kir
channels in ancestral animals prior to diversificati®mylogenetic analyses
indicate that the functionally distinct Kir familieglirough 7 diversified in the
deuterostome lineage. However the origins of functidonatains with these
channels remain unknown. Alignments show conservafioestdues which
confer a strong rectifier phenotype consistent witl2 kind Kir3 channels.
Whether regulatory domains including ATP binding (Kir6), pH senéKirl),
and GTP binding (Kir3) domains were also present in bastdaoan Kir
channels should be investigated to gain further insight iet@¥blution of
metazoan potassium channels. This approach has given imsggtiversification
of metazoan receptor molecules. Domains mapping todghathimate receptors
and GABA receptors for example were cloned in a siGA8A/glutamate
receptor hinting at a common origin for the two recefamilies and indicating
that many of the functional domains were already praseht earliest

metazoans (Perovic et al., 1999).
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Overall this work has provided unique insight into the fumaigroperties of
a potassium channel cloned from the earliest branchirgextetazoans and sets

the groundwork for understanding membrane potential in a batakoan.
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Figure 3-1: Simplified map of PCR4®-TOPO® cloning vector adapté from
www.invitrogen.com.

Taq amplified PCR products are ligated into the vectorabverhangs where
indicated. PCR products are amplified and sequenced by addingr ptimat
anneal to either M13 Forward/M13 Reverse or T3/T7 priming ditesrtion of a
PCR product interrupts the lethal lacZcdB fusion gene, allowing only

positively transformed cells to grow.
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Figure 3-2: Simplified map of the pXT7 expression vector.

Shown are restriction sites compatible with inserabAmgKirA (Xhol/Spel)
and AmgKirB (Xhol/Bglll) open reading frames and lineation of the AmqKir-
pXT7 construct (Xbal). The promoter for tkenopus laeviglobin enhances

expression irX. laevisoocytes.
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Figure 3-3: Simplified circuit for Two-Electrode Voltage Clamp of oocytes.

Membrane potential (Vm) is recorded by an amplifier (édjnected to the
voltage recording microelectrode (MEI). The differenc¥) between Vm and
command potential (Vcmd; set by user) is recorded iniien® (A2). A current
proportional to the difference between Vcmd and Vm ia theced through the
current-passing microelectrode (MEZ2), bringing the membgotential closer to

Vemd.
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Figure 3-4: Ethidium bromide stained agarose gels (1%) showingmgKir
products.

(A) Amplified open reading frame of AmgKirA and AmgKirBroducts were
amplified from 10" through 1d dilutions of cDNA. Circled bands were cloned
and sequenced. (B) The 5’ ends were confirmed by nested 5SERACLO"
through 1¢ dilutions of 5° RACE products. The highlighted bands were
sequenced and found to have a start site in frame vetrethaining Kir
sequence. Samples were run against a 100 bp ladder (Prdiegap-log DNA
ladder (New England Biolabs). Samples were mixed witlo&a dye and wells

were loaded with 20 pl samples. No template controds)(are shown for each.
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M1

M2

Figure 3-5: LALIGN global alignment of predicted AmgKirA and AmgKirB
amino acid sequences.

Putative membrane spanning regions (M1, M2) and pore formim(i®)
deduced from hydropathy analysis and comparison with veréenathannels
are noted by bars. Putative protein kinase A (PKA)and protein kinase C
(PKC) ( ) phosphorylation sites were predicted by two out afelprediction
programs used (KinasePhos, PredPhospho and Group-based Pylasphor

Scoring).
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8109s AyredoipAH

Amino acid position

Figure 3-6: Kyte-Doolittle hydropathy plots for AmgKirA and Am gKirB.

Hydropathy scores at each position were produced by averthgirsgores of 9
amino acids around that position. The hydrophobic domslimsyn above the
cutoff (red line) are consistent with the two transmeame domains of other

inward rectifier potassium channels.
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Table 3-1: Percentage amino acid identity of AmgKirA and AmgKrB
with Nematostella vectensi®Nv) and vertebrate Kir channels.

Percent identity was calculated from global alignmevits LALIGN online
software (http://www.ch.embnet.org/software/LALIGN_fohtml) for the
overall channel sequence and the channel core (transmemboaons M1 and

M2 and pore region)
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Figure 3-7: Multiple alignment of AmgKir with cnidarian and vertebrate Kir
sequences.

AmgKirA and AmgKirB were aligned with predicted cnidari@hematostella
vectensisNv) and selected rat (r), human (h) and mouse (m) Kir ailann
sequences. Sequences were aligned with ClustalX and etalyth
BOXSHADE. Lines indicate the likely M1 and M2 transmeare domains and
the pore-forming region (P) and variable region (V). B&s$ mapping to the
Kir2.1 residues that determine fgand polyamine block are marked with an

asterisk.
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Figure 3-8: Phylogenetic relationships between AmgKir chanrie and other
metazoan inward-rectifier potassium (Kir) channels.

The phylogenetic relationship was derived as described in idllatand methods.
The best Maximum Likelihood tree is shown with Bagessupport values above
and RaxML maximum likelihood bootstrap support values belavh @ode.
Relationships not recovered in the RaxML analysis atieated by nf. The tree
was simplified by collapsing vertebrate Kir subfamilieam one through to seven
and urochordate, arthropod and nematode clades of inwdifiererepresented

by open triangles).
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Figure 3-9: Ethidium bromide stained agarose gels (1%) showingr@pcedure
to obtain AmgKir cRNA.

(A) AmgKirB digested out of pcr4-TOPO; pxt7 digested wite Hame sets of
restriction enzymes to give compatible ends. As a peditontrol the digest was
also run on pxt7 containing jShak, a jellyfish Shaker patasshannel of known
size. (B) Colony PCR to confirm the presence of AmBksequences in the pxt7
expression vector. Colonies were screened with a forpdT 7 primer and
reverse AmgKirB primer. (C) Linearization of the AKigB/pxt7 construct with

Xbal. (D) Sample gel showing cRNA quality
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Figure 3-10: Heterologous expression of sponge inward-rectifigrotassium
(Kir) channels.

Strongly rectifying currents in 5 mM external KMES) recorded from (A)
AmgKirA using 2 s voltage steps from —150 to +100 mV in +20mVeiments
from a holding potential -50 mV and (B) AmgKirB using a agk ramp from a
holding potential of -50 mV. Current—voltage plots for AmgKiBre taken at
10 (#1), 30 (#2), 60 (#3) and 90 (#4) mins. The inset showsg isatime cell, the
time-dependent change in the normalized current at —140mVthentecording
ended). (C) Effect of increasing externdl&h AmgKirA currents. Solutions of 2,
5, 10, 25 and 50 mM KMES were used. The inset is a semilddo@fxhe reversal
potential versus external’ Kconcentration for AmgKirA (N = 6-28 per

concentration, means * s.e.m.). The fitted line hels@e of 49 mV.
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Figure 3-11: Test of selectivity for K over other monovalent cations.

Representative AmgKirA (A) and AmgKirB (B) current—\agdie relationships
recorded in the presence of, IMDG" and N4 (all used as MES salts), showing
no permeability to Naor NMDG'. The inset shows results of the test of Na
(0.03-1 mM NacCl) block of 5 mM KMES currents (N=5, meansets.). (B)

also shows limited Rpermeability. The highlighted residue (T) in Kir2.1 is
typically associated with low Rb permeability (C).t\e corresponding residue
in AmgKir channels is associated with high Rb permeaghii Kirl.1, indicating

that other AmgKir residues are responsible for high selgc
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Figure 3-12: Test of channel block of AmgKirA.

Representative current—voltage relationships in 5mM KMEB wcreasing
concentrations of (A) CsCl or (B) BaC(C) The normalized Kir current at —140
mV is plotted versus blocking ion concentration. The dadee fit by a logistic
equation with an 1§ of 37 M for Ba®* (N=5-8) and 173 mol I} for Cs (N=8,
means * s.e.m.). Test for tertiapin-Q (TPN-Q) toxocklof (D) AmgKirA, (E)
mKir2.1 (mouse Kir) and (F) rKirl.1b (rat Kir) in the @pse (0 nmol ) or
presence of 10 and 100 nmdi TPN-Q. Recordings were done in 5mitiol
KMES, pH 7.6. Currents were measured using 500 ms voltage feonpsa
holding potential of -50 mV. The block of rKirl.1b was reva@esi(G)
Alignment showing that TPN-Q insensitive channels, inclgdAmgKirA and
AmgKirB have a shorter variable region. Outward curren{®) were larger

than normal as a result of using a leaky cell for sphiscific experiment.
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Chapter Four: AMPHIMEDON QUEENSLANDICA POTASSIUM

CHANNELS: EVIDENCE FROM CLONING AND ASSEMBLY FROM
THE GENOME TRACE FILES

4.1 Introduction

The first potassium channels were cloned almost 25 yagr (Kamb et
al., 1987; Papazian et al., 1987; Stuhmer et al., 1988; Takuainj £988; Tempel
et al., 1987). Since then, cloning and genome sequencing haadecd an
impressive diversity of channels in both prokaryoteseaarndryotes (Jan and Jan,
1997; Rudy, 1988). Potassium channels are present in all seqgemoedes and
they form the largest contingent of channels. GenorhBsasophilg C. elegans
and humans, for example, contain 30-100 potassium chamed.ge

Potassium channels can most simply be delineated into gbgupe
predicted membrane topology of the principledr “pore-forming” subunits
(Coetzee et al., 1999; Jan and Jan, 1997; Rudy, 1988; Shigh2€04l).
Typically subunits have either 2, 4 or 6 transmembraneadts (TMD) (Figure
4-2). Two transmembrane (2TM) domain potassium chanrelhardominant
topology in prokaryotes. In metazoans, 2TM subunits fiomard rectifier
potassium channels. The two transmembrane domains M1 anceM2parated
by a pore-forming loop with a selectivity filter (GYG oFG) that is conserved
among all potassium channels. A potassium-selectiveaaduction pathway is
formed by assembly of four pore-forming loops (one from edidbur subunits)
lining a central pore. Six TM channels (domains S1-S6)adsemble as

tetramers. These include voltage gated potassium cha@a€lsctivated
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potassium channels and KCNQ channels. The S5-pore-S6 pertion
homologous to M1-pore-M2 of inward rectifier (2TM) channé&sur TM
channels are like two 2TM subunits arranged end to endathstiehaving one
pore lining-loop per subunit, 4TM subunits have two pores iteiam
Presumably each channel is formed by two subunits, eathlzding two out of
four pore-forming loops. Further diversity in each chanrg tg introduced by
alternative splicing (Miller, 2000) or heteromeric assinalb subunits (Isacoff et
al., 1990).

Gating stimuli are similarly diverse and allow potassithannels to
respond to voltage and to the metabolic state of theBreladly speaking, K
channel subfamilies correspond to the mechanisms by whiegtare gated — for
example, voltage, calcium, sodium, G-proteins and paoiyas (Coetzee et al.,
1999; Miller, 2000) . Together the ensemble channel complennaséy control
of physiological signals, regulates membrane potentigidmeostasis, cell
volume regulation, cell proliferation and electricginslling.

Most potassium channel physiology is understood from sgfe work
in heterologous systems. For example, expression ékefkaltage gated
potassium channels Kenopusocytes confirmed that channel subunits assemble
as tetramers and that distinct subunits can coassembi&eromultimers (Isacoff
et al., 1990). The heterogeneous nature of channel assantbiyultiplicity of K
channels, however, make it difficult to distinguish cimittions of individual

channelsn situ. Moreover, in vertebrates many redundancies in chaanetibn
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exist as a result of full genome duplication in a diabe ancestor (Okamura et
al., 2005).

A phylogenetic approach can help to decipher the chapnnglements
necessary for regulation of membrane potential. AndeasdrGreenberg (2001)
(2001) have advocated comparing ion channels from phylogehetietbnt
groups as a means of improving the signal to noise ratioenhs sequencing
information. Those residues that remain conserved exautionary time are
likely to be critical to channel function. The samaoradle may apply to
deciphering the channel complement critical for regulatibthe membrane
potential. Representatives of the Shaker superfamily talsgmum channels, for
example, have been identified in mammals, and in cnigg(izegla et al., 1995;
Wei et al., 1990).

Potassium channel diversity is certainly not restrictetthé Metazoa. A
random genome sequencing projectRaramecium tetraureliguggests that
upwards of 1% of the genome may encode potassium charma|saied to
0.25% in humans (Haynes et al., 2003). All of these charnmaigever, formed
one closely related group of proteins witRlarameciumdistinct from Metazoan
channels. In plants, a genome wide survey of (@yZa sativy, revealed 3 genes
for 2 pore 4 transmembrane (TM) domain K channels andrlll fore 6
transmembrane K channels (Amrutha et al., 2007). The la&eisubdivided into
5 voltage sensitive groups based on sequence similarityiantional properties
(Adams et al., 1982), however, again, these groups were folsl

phylogenetically distinct from Metazoan channels. Moegpalthough tissues of
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certain plants can conduct electrical impulses like alsirthe mechanisms
appear to be distinct. For example plant cells are depetl by Clefflux rather
than N& or C&" influx (Wacke and Thiel, 2001). These phylogenetically distin
aspects of membrane physiology intimate that excitglaihid its molecular
underpinnings arose separately in Metazoans and other eti&dineages. In
contrast, conservation of ion channel families througiiee animal kingdom
indicates that there may be a Metazoan specific hammel complement.
Consistent with this idea, the genome of the sea aneNematostella vectensis
(Anthozoa, Cnidaria) contains a diversity of potassilnannels homologous to
those of higher animals. These include inward rectifieh&nnels (personal
observation), voltage gated khannels and slowpoke and large conductance
calcium activated potassium channels (Putnam et al., 2868@jches of trace
files from theAmphimedon queenslandiganome suggest a comparable diversity
of K channels in the Porifera, supporting the idea theabthlding blocks of
metazoan excitability preceded evolution of the nervostesy. A void in the
literature remains to characterize the ion channel plogy of the Porifera, and
from this to infer the complement of channels and mengbpaysiology of the
first animals. The cloning and characterization of spomgard rectifier
potassium channels (Chapter 3) and patch clamp recordingé\kioela
polypoideqCarpaneto et al., 200&ye major inroads to this end goal. Further ion
channel characterization depends on the availabilitg@dasnces on which to

base cloning efforts.
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In this chapter | present partial sequences for a numhrtafive
potassium channels frof queenslandicas well as putative full length clones
for two pore potassium channels. For each sequencedgea@ffiliations with
known channel families and give suggestions for obtainindeindjth sequences
and characterizing channels. 1 finish with speculationpaassium channel

complements of Porifera and ancestral metazoans.

4.2 Materials and methods

4.2.1Searching the Amphimedon queenslandica genome férckannel
sequences

Amphimedon queenslandiganomic DNA sequences stored at the
National Centre for Biotechnology Information (NCBNere searched with the
tblastn sequence alignment program using metazoan Slaakdy (Kv1l, Kv2,
Kv3 and Kv4) protein sequences from the voltage-gated potassianmel (Kv)
database (VKCDB) (Li and Gallin, 2004). Sequences used isedneh were
from Polyorchis penicillatugCnidaria),Schistosoma mansoandNotoplana
atomata(Platyhelminthes)Caenorhabditis elegan®Nematoda)Hirudo
medicinalisandHaemopis marmorat@Annelida),Loligo Pealej Aplysia
californicaandAplysia sp(Mollusca),Drosophila melanogastePanulirus
interruptusandLimulus polyphemu@Arthropoda) Halocynthia roretzi
(Urochordata), an®attus norvegicuéVertebrata) (Appendix B.1A.

gueenslandicdlast hits were saved as a list of non-redundant accassmbers
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and Batch Entrez was used to retrieve trace filegjdied) raw sequence data,
from the trace archive database at NCBI.

Staden Package 1.7 was used to assemble overlappiugeenslandica
sequences into longer contiguous sequences. Sequence strengtiecked by
translating the nucleotide sequences in 6 frames and dogerse search
against the VKCDB database using the VKCBLAST tdolqueenslandica
nucleotide sequences which matched Kv channels at expedted Vess than
0.05 were then used to re-searchAhgueenslandicrace archives at NCBI
using the nucleotide blast program. Notably, whileAhgueenslandica
sequences were initially retrieved by blasting with sequeot&v channels, the
initial intended target of our search, the majorityre retrieved sequences had
greater identity with other K channel families. A mesdhaustive search using
sequences from additional potassium channel familiesdnowloubtedly recover
many additional potassium channel hits.

A. queenslandicaredicted K channel sequences were also generously
shared by Onur Sakarya and Ken Kosik at the Universityatifdtnia at Santa
Barbara (Appendix B.2). These sequences were generapadt ad a large scale
search of the sponge genome for putative post-synapticohede(Sakarya et al.,
2007). Portions of some of these sequences are highlighstwiv fragments that
were independently recovered through my search and asseffuntg.

Some of the sequences were cloned fully or partialg methods for
cloning inward rectifier potassium (Kir) channels were aetliin Chapter 3.

Methods for cloning or partial cloning are given belowgdatative two pore
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potassium channels, potassium tetramerization domain nogigiroteins
and tetrameric potassium selective cyclic nucleotidecgehannels. Attempts at
cloning the putative potassium channel from the Slo faméyasso summarized
though they were unsuccessful. Sequences of GeneRa@ and sequencing
primers T3 and T7 can be found in Appendix A.2 where theinasereported for
cloning Kir channels. Remaining primer sequences are listagpendix B.3.
Detailed methods for standard procedures including electreppsynthesis of
cDNA, preparation of circularized cDNA and GeneRACE cDNAl and plasmid
purification, cloning and sequencing, cCRNA synthesis, expregsioocytes, and

electrophysiology were provided in Chapter 3 and are not texpéeare.

4.2.2Two pore potassium (K2P) channels

4.2.2.1Cloning K2P channels

Putative two pore potassium channel sequences were igahpising
primers K2P1F and K2P1R designed to amplify the open readimg fpaedicted
by the Kosik lab, assuming that the predicted sequenceimehtde correct start
and stop sites. As with primers for amplification of &hannels (Chapter 3),
forward and reverse primers were preceded by a 5’ clampeatrittion sites
compatible with insertion into the pxt7 expression vediothe forward primer
this is followed by a Kozak consensus sequence. PCRaescbntained 5 pl
GoTagq buffer, 1.5 pul 25 mM Mgg;10.2 pl 25 mM dNTPs, 0.4 ul each 50 uM
primer, 0.125 pl Taq flexi, 13.175 pl water and 1 pul cDNA. Gyglparameters

were 94°C 2 min, 34x (94°C 30 s, 53.5°C 30 s, 72°C 10 min) 72°C 30 midsBan
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of the expected size, 1083 bp including primer sequence, veanged with
the QIAGEN Gel Extraction Kit, ligated into the pcr®®PO vector and
transformed into TOP10 chemically competent cells.tRedransformants were
detected by colony PCR with 20 pl T1.1x buffer, 0.5 pl 50 uMam@ 77, 0.5 pl
Taql6 (house Taq, University of Alberta) and 1ul templatecycling
parameters of 94°C 2 min, 34x (94°C 30s, 58°C 30s, 72°C 1.5min) 729 2 m
Positive colonies were minicultured, miniprepped and seqdeiiceconfirm that
we had amplified the true 5’ end, RACE PCR was perfornmegemeRACE
ready cDNA. Each reaction included 3 pl 10 puM GeneRACEi®igoy 1l 10uM
K2PReVvGR, 5 ul HiFi buffer, 2 ul 50mM MgS04, 0.4 pl 25mM dNTB.5 pl
Platinum HiFi Taq, 1 pl template and water to 50 pklidg conditions were
94°C 2 min, 30x (94°C 30s, 58°C 30s, 68°C 7 min) 68°C 20 min. Amplified
sequences were analyzed by electrophoresis, cloned ancheediu€he start site
was found to be the same as that predicted by Onurygakad amplified in my
initial PCR reaction. The stop codon (3’ end) predidig Onur Sakarya was
found to be in frame with the start site and was icoefd by PCR. We had
already cloned the full open reading frame using prird@R1F and K2P1R.
Clones free of PCR errors were identified by comparsih uncloned PCR
products. These clones were used for expression workrelmged as glycerol

stocks at -80°C.
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4.2.2.2Preparation of K2P complementary RNA

The open reading frame was digested out of pcr4-TOPMatand Spel
cut sites and ligated into pxt7 vectors which were digestédthe same
restriction enzymes. Digests included 3gK2P or pxt7 plasmid template, 4
Buffer 2, 0.4 IBSA, 1 | Xhol, 1 |Spel (New England Biolabs) and water to
40 |. These were incubated at 37°C for 3 hours and separat&® agarose gels.
Purified products corresponding to K2P and digested pxt7 vgated in 3:1, 1:1
and 1:3 ratios in reactions containingld.igase 10X Buffer, 0.51 T4 DNA
Ligase (Promega) and nuclease free water to.ZReactions were incubated at
15°C for 12-18 hours and heat inactivated at 65°C for 10 minteducts were
transformed into TOP10 chemically competent cells.

Clones were screened for the presence of insert prépeer orientation
using the reverse gene specific primer K2P1R and the foqwrdspecific
primer as described in Chapter 3. Minipreps (25-30 ul) otipesilones were
then linearized with Xbal. The linearized plasmid-veconstruct was isolated
by electrophoresis, purified and used as a template ftinessin of
complementary RNA (cRNA) using the Ambion (Austin, TidMessage
mMachine RNA polymerase kit. Concentrations were detedriye
spectrophotometry and RNA quality was confirmed by runningah an agarose
gel.

| attempted to increase the concentration of lineaplai® in the cRNA
synthesis reaction as a means of improving cRNA yielde &P currents were

not observed in oocytes injected with 30 ng cRNA. Stepctease template
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concentration included pooling and precipitating product frontipteligel
extractions or minipreps, allowing DNA to sit on gelragtion or miniprep
column membranes for 20 minutes before eluting, and reicgvVBNA in
concentrated form with QIAGEN MinElute Gel Extractikit.

4.2.2.3K2P functional expression in oocytes

Oocytes surgically harvested from anaesthetized feketepus laevis
(Xenopus I, Dexter, Ml or University of Alberta Biolagil Sciences Animal
Services) and prepared as indicated in Chapter 3. StageoW¢yles maintained
in MBM or frog Ringer’s solution were injected with 50.60MmlcRNA dissolved
in DEPC-treated water (55-70 ng cRNA/oocyte). Negativerots were injected
with DEPC-treated water. For positive controls oosytere injected with 2-30
ng mouse two-pore potassium channel cRNA including TREKRELTRAAK;
both generously shared by Doug Bayliss (University of Wiiegi Oocytes were
maintained at 19°C and storage medium was refreshed Bbtrophysiological
recordings were done 1-6 days post-injection.

Currents were recorded from oocytes using standard methoae-of
electrode voltage clamp as outlined in Chapter 3 (Bolaadl,2003). Recordings
were completed at the University of Richmond in collabion with Linda M.
Boland with the exception of pH experiments which wen@gleted at the
University of Alberta. Membrane voltage was altered byhapg voltage ramps
between -100 and +100 mV or steps at 10 mV increments. Wetapply P/N
leak subtraction since K2P channels are known to passitoner a broad range

of potentials (Lotshaw, 2007; O'Connell et al., 2002; PattHonore, 2001).
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Endogenous chloride currents (Kusano et al., 1982) were mguhiiy using
low chloride solutions in which chloride salts are repthby the equivalent
methanesulfonate salt. The standard, low chloride, madteolution contained (in
mM): 5 K methane sulfonate (MES), 95 NMDG-MES, 2 Gae2IMgC}, 10
HEPES, pH 7.3 with methanesulfonic acid. In an unrdlaet of experiments
with the same batch of uninjected oocytes we did not ebsedifference in
currents in low chloride solution, versus 10mM chloridéhwie chloride channel
blocker niflumic acid. K concentrations were adjusted by changing the ratios of
K* and NMDG containing solutions. Other solutions variedxpeement.
Effects of polyunsaturated fatty acids were tested B Boland. Oocytes were
perfused with recording solution supplemented with 100 uMhadonic acid
(AA) or docosahexaenoic acid (DHA), both of which teemechanical tension
by altering membrane curvature. Positive controls fatah effects introduced
by AA, DHA or swelling (below) were mouse TREK1 and moUBAAK.

To determine the effect of tonicity, oocytes were pedusigh 110, 160,
210, 260 and 310 mOsM solutions. Standard recording solution heshaotarity
of 210 mOsM and contained (in mM): 2 KMES, 98 NMDG, 2 GaZMgCl,
and 10 HEPES. Osmolarity was reduced by adjusting the NMIES-bbntent to
48 and 23 mM. To increase osmolarity to 260 and 310 mOsM, 50 andV100
sucrose was added.

Finally, to determine if channel activity was pH depende@® kjected
oocytes were perfused with standard recording solutions H&®, 6.9, 7.3, 7.7

and 8.1 with methanesulfonic acid. For pH 6.5-7.3 10 mM HER&Sreplaced
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with PIPES, while 10mM HEPES was used from pH 7.3-8.1.0Meelap at
pH 7.3 was employed to test whether differences in cuarenintroduced by
using two different buffers.

Data were visualized with Axon’s Clampex acquisition atehpfit
analysis software (version 9). Qualitative evaluatbthe cells showed that of
stable cells there was no difference in current phenatypgared to uninjected
or water injected cells. It is unknown whether theklaf current phenotype is due
to lack of expression or trafficking channels to the memdbia inappropriate

conditions for current activation. Data were not gred further.

4.2.3Cloning of potassium tetramerization domain containing genes

Two distinct sequence fragments which returned BLAST lisnat
‘potassium tetramerization domain containing” (KCTDJteins were assembled
from the trace files oA. queenslandicand are listed in Appendix B.4 along with
other sequence fragments showing similarity to potasshannels. Inverse
primers designed to amplify the 5’ and 3’ end were resgaygtKinv7-5’ and
Kinv7-3'. Initial PCR products were generated by inverse PCRIBn10?, 10°
and 10 dilutions ofA. queenslandiceolling circle amplified (RCA) circularized
cDNA (Polidoros et al., 2006). Reactions included 5 pl GoTfgh 1.5 pl 25
mM MgCl, 0.2 pl 25 mM dNTPs, 0.5 pl each 50 uM 5’ and 3’ primer, 0.125 pl
Tag Flexi, 1 pul template and water to 25 pl. Cycling patans were 94°C 2 min,
34x (94°C 30 s, 50.1°C 30 s, 72°C 10 min) 72°C 30 min. Products wereethalyz

by gel electrophoresis, cloned and sequenced as describvemlphe Two
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partial sequences were obtained — 232 and 354 bp respectivetgllOve
identity between the two sequences was 36.5%
(http://www.ch.embnet.org/software/LALIGN_form.htmBowever, both
contained
GGGCATACCTCATTGACAGGAGTCCTGAATATTTTGAGCCACTTCTCA
ACTTC corresponding to the putative amino acid sequence
AYLIDRSPEYFEPLLNF. While part of this sequence matches grimer
sequence used to amplify it, the sequence was considergchdggias it matched
sequences in th&. queenslandictrace files. Primers for 5’ and 3' RACE were
designed against the sequence above. 5’RACE reactions id@udel0 puM
GeneRacer 5’ primer, 1 pl 10 uM KtetRevGR primer, 5 ul @pbuffer, 1.5 pl
25 mM MgCph, 0.2 ul 25 mM dNTPs, 0.125 pl TagFlexi and 0.5 pul GeneRACE
ready cDNA and water to 25 pl. Cycling parameters were 25%h, 35x (95°C
30's, 58°C 30 s, 72°C 3 min) 72°C 10 min. A%Milution of 5’ RACE product
was amplified with GeneRACE nested 5’ primer and Ktetib® (1 ul each 10
UM primer and 53°C annealing). The 3' RACE reaction includedl8ylM
GeneRACE 3’ primer, 1 pl 10 uM KtetFwdGR, 5 pul 10x HiFi leuff2 pul 50 mM
MgSQy, 37.1 pl water, 0.4 ul 25 mM dNTPs, 0.5 pl Platinum Higg®and 1 pl
GeneRACE ready cDNA. Cycling parameters were 94°C 2 30x,(94°C 30 s,
56.1°C 30 s, 68°C 7 min), 68°C 20 min. Nested 3' RACE on serigiatils of
the first round product and included 1 pl each 10 uM GeneRAQIEs}Ed
primer, KtetFwdNGR and template with an annealing tentpexaf 58°C.

Amplified products were isolated on 1% agarose gels, pdinfieh the QIAquick
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Gel Extraction kit, ligated into the pcr4-TOPO cloning veod cloned.

Positive clones were identified by colony PCR, and seqdence

4.2.4Partial cloning of a putative cyclic nucleotide gated potassiahannel

Several primer sets were used to attempt amplificatiahe Kosik lab
sequence labelled SubH_Kv (Appendix B.2). These included @ikl F with
Kv1R which span the predicted open reading frame (1737 bpég antérnal
primer set Kv2F with Kv2R designed to amplify a predict87 bp sequence.
Reactions included 5 pl GoTaq buffer, 1.5 pl 25 mM dNTPspDeach 50 uM
primer, 0.125 pl Taq Flexi, 1 pl template ¢hrough 1d dilutions ofA.
gueenslandic®®CA cDNA) and water to 25 pl. For both primer sets ioggl
parameters were 94°C 2min, 34x (94°C 30 s, annealling 30 s, 721hLG2°C
30min. Annealling temperatures were 48.3°C for Kv2F andR&éd 40.4°C,
41.7°C, 43.5°C, 45.8°C, 51.1°C, 53.8°C, 56.2°C and 58.1°C for Kv1F and Kv1R.
A third nested set of primers was designed to target babetregions that were
conserved against potassium channels (expected vali&’x Bfimers were
Kv3Fwd and Kv3Rev and the nested primer was Kv3NFwd. Baeds
amplified from 10¢° and 1¢* dilutions of RCA cDNA using reactions containing
12.5 pl 2x GoTag Green master mix, 2 pl each 10 uM Kv3FwdKaB&ev, 0.5
pl template and water to 25 pl and cycling parameters of 267G, 35x (95°C
30s, 58°C 30s, 72°C 3min) 72°C 10min. Products were analyzed on i1é6aga

gels, cloned and sequenced.
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Primers for RACE PCR were designed against sequencesiadpl
with Kv3Fwd and Kv3Rev. These included the reverse spqmiiicer
AgKvRevGR2, the forward specific primer AgKvFwdGR and neéd$teward
primers AgKVFwdNGR1 and AgKvFwWdNGR2.

5" RACE reactions included 3 pl 10 uM GeneRACE 5’ primer, 1Qul
MM AgKvRevGR2, 5ul 10xHiFi buffer, 1ul 10mM dNTP, 1ul Gene®Aready
cDNA, 0.5ul HiFi Tag (Platinum HiFi), 2pul 50mM MgSO4 andtesato 50 pl.
Reactions were cycled at 94°C 2 min, 30x (94°C 30 s, 60°C&8r€, 10 min)
68°C 30 min. For 3'RACE primers were replaced with 3 pul 10GéheRACE 3’
primer and 1 pl 10 uM AgKvFwdGR. Nested RACE reactiontigwed 1ul each
10 uM GeneRACE 3’ nested primer and either AgKvFwWdNGR1 or
AgKvFwWdNGR?2 and were annealed at 52°C. Products from nedRCE were
isolated by gel electrophoresis, purified and reamplifieagudhe same reaction
conditions and 35 amplification cycles. RACE products werteprocessed

through the sequencing stage.

4.2.5Attempted cloning of a putative slo family potassium channel

A putative nucleotide sequence forAanqueenslandicahannel was
assembled by Onur Sakarya and Ken Kosik and named SubT Ap@an(dix
B.2). My tblastx searches of the NCBI database inditatethe sequence is more
similar to sodium-activated potassium channels (KNa tlo a calcium-activated
potassium channel (KCa); both KNa and KCa are membehe @lo family of

potassium channels; however primers were named to bestmswvith Kosik’'s
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naming scheme. The primer set KCalF with KcalR wagaedito amplify
the predicted full length sequence. Reactions included 5fiaG8uffer, 1.5ul 25
mM MgClI2, 0.2 ul 25 mM dNTPs, 0.4 ul each 50 uM primer, 0.125ggFlexi,
16.375 pl water and 1 pl template, eithet* 1002, 10° or 10 dilutions of RCA
cDNA. Cycling parameters were 94°C 2 min, 34x (94°C 30 s, 589°€; 72°C
10 min), 72°C 30 min. When no products were recovered PCRepaated with
a temperature gradient from 40-60°C and exact annealing teomasrat 40.4°C,
41.7°C, 43.5°C, 45.8°C, 48.4°C, 51.1°C, 53.8°C, 56.2°C and 58.1°C. While a
faint band corresponding to a 1500 bp product was visualized aga®ose gels
this product was not successfully cloned and was considesatafer than the
anticipated product, which is 3558 bp. A second primer setlesigned using

the Primer3 program (http://frodo.wi.mit.edu/primgn® select the optimal set of

PCR primers by considering the entire putative sequenke.piimers KCa2F
and KCa2R were used with the same reaction condiéindsan annealing
temperature of 51°C and did not result in a product. A thirdfgerimers was
designed by considering only those portions of the putative segueéhich
blasted as conserved against other metazoan potassium shadimegbrimers
were KCa3Fwd and KCa3Rev and the nested primer set KCaBHRt
KCa3NRev. The primer set KCa3Fwd and KCa3Rev was testédutions ofA.
gueenslandic& CA cDNA using the reaction conditions above and annealing
temperatures of 48°C and 58°C — however no products weresMisibl

electrophoresis. The nested primer set was not tested.
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4.2.6 Amino acid sequence and phylogenetic analysis

Transmembrane domains of two pore potassium channedsesemated
by entering amino acid sequences in the online entry &rm

http://www.cbs.dtu.dk/services/TMHMMir

http://gcat.davidson.edu/rakarnik/kyte-doolittle. htrith a window size of 9.

AmgK2PA and AmgK2PB were aligned and compared with amimb a
sequences of both invertebrate and vertebrate two passaain channel
sequences compiled from NCBI, Joint Genome Institute

(http://www.jgi.doe.gov/sequencing/why/3161.htmhd Ensemble databases. To

determine pairwise identity values sequences were alignedlWSIinGN online
software (http://www.ch.embnet.org/software/LALIGN_fohtml) and default
parameters for global alignments. Multiple alignmentsawgenerated with
MEGA 4.0 software using ClustalW. Alignments used for phyhegie analysis
were manually adjusted. Phylogenetic trees were genkvath MEGA software
using Maximum Parsimony analysis with 500 bootstrap repscatd the close-

neighbour-interchange algorithm and default parameters.

4.3 Results and Discussion

| present sequences, speculations on channel identityuggdstions for
extending analysis of multiple putative potassium charfnais the demosponge
Amphimedon queenslandid@ombined results and discussion are given for each

putative sequence in turn.
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4.3.1Sequences retrieved by blast searches of Amphimedon queenstandic
genome trace files

Searches 0A. queenslandictrace files returned a number of nucleotide
sequences for putative potassium chanrelsjueenslandichits matching other
metazoan K channels with expected values less than Ogzimg there is less
than 5% chance that the match is due to chance alane)used for a second
round of searching to retrieve adjacent portions of éineessequence. At the time
these sequences were compiled cloning vector sequencesotgret removed
from the trace files, and limited access to informatiarthe genome project
(genome not publicly released) meant that | was unablabtwuatly trim vector
from my list of sequences. Without trimming vector sequémetrieved growing
numbers of sequences when | researched the traceititemitial fragments of
putative potassium channels. Many of the returned sequencesnatched only
to vector. Rather than continuing searches for contigaeggences | instead
attempted to extend sequences by RACE PCR on generacedddyor
inverse PCR on circularized cDNA.

ContiguousA. queenslandicaequences which matched metazoan K
channel sequences at expected values less than 1e-10 areigechmal able 4-1
and listed in full in Appendix B.4. Table 4-1 includes thentitg of the most
similar sequence retrieved by searching NCBI using the tkdastrch query. |
have also indicated which sequences match those medigtOnur Sakarya and
Ken Kosik. Inverse primer sets were designed for eathese sequences in order

to amplify 5’ and 3’ ends from circularized cDNA genedaby rolling circle
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amplification. Primer set Kinv7-5" and Kinv7-3’ amplifiedsaquence that
was most similar to potassium tetramerization doroaimaining proteins. These
results are summarized in section 4.3.2.2. Other cloemguesces were obtained
by designing primers against Kosik lab sequences. These imuitaé/e 2 pore
potassium channels (K2P) (section 4.3.2.1) and a partialrssgjoé a putative
tetrameric potassium selective cyclic nucleotide gatedrodl (Section 4.3.3.2).
Putative sodium or calcium-activated potassium chanK®&sa r KCa) were not
successfully cloned, however sequences assembled foenfiles are presented

along with suggestions for cloning and analysis.

4.3.2Sequences cloned from A. queenslandica cDNA

4.3.2.1Two pore potassium channels

4.3.2.1.1Cloning of two pore potassium channels

Primers designed to amplify the predicted K2P open rgddame
amplified a product of the expected size, ~ 1000 bp (Figure 4¥ZAgn | used
the A. queenslandicaucleotide sequence to search translated nucleotide
databases at NCBI the most similar sequence vizea rerio TASK-2 acid
sensitive K2P channel (accession NP_95692Zkpected value 2e-34) while 8
out the top 10 hits were TREK-2 mechanosensitive K2P @tsnRACE PCR to
confirm the 5’ sequence returned a 150 bp product. The sequgmezlavith the
5" end initially predicted by Kosik. RACE to amplify the &d was not

necessary as a TGA stop site in frame with the sti@rtwvas already confirmed by
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sequencing. Two sequences, AmMgK2PA and AmgK2PB, (Appendix Brg) we
confirmed by cloning; each being 1062 bp long. Most nucleotiderdiices
between the two sequences were synonymous, howevemoonysyous changes
resulted in amino acid differences at positions 273)(&d 313 (K/E) (Figure 4-

3A).

4.3.2.1.2Primary structure

Two pore potassium channels (K2P), also known as tanderaido
potassium channels were first identified in the y&astcharomyces cerevisae
(Ketchum et al., 1995 he yeast TOK1 channel has 8 transmembrane (8TM)
domains and could be likened to a 6TM channel (with a petveeen the Band
6" TM domains), and a 2TM channel in tandem. Metazoan twe patassium
channels on the other hand have four transmembrane do#@aM3} énd are
architecturally arranged like two inward rectifier potasseirannels (2TM) in
tandem (Figure 4-3B) (O'Connell et al., 2002; Patel and HpR0(1). Each
ATM subunit bears two pore loops. Presumably these chassgmble as dimers
where the central pore is lined by four pore-forming lo@disqm each subunit).
This differs from other K channels which have only oneegorming loop per
subunit and assemble as tetramers.

The twoA. queenslandicaequences differ from each other by only 2/353
amino acids and appear to share the metazoan 4TM topdlgdsopathy plots
(Figure 4-3C) show four 23 amino acid stretches with hydropatiues above

1.8, indicating that they are membrane spanning domaswaitA hydropathy
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plots for other metazoan K2P channels (Bang et al., 200@sRx al., 1998)
there are two additional peaks in hydropathy corresponditigetpore-forming
(P) domains. Membrane spanning and pore-forming regions wéhnerfur
estimated by alignment with human K2P channels with publielidbpathy
profiles. The predicted AmgK2P pore regions (P1 and P2 £2% and 64%
identity with those predicted for TREK-2 (Bang et al., 2000).

As with most K2P channels the second pore has a phenylg#)i in the
GXG motif instead of a tyrosine (Y). Loss of tyrosineudd normally lead to loss
of K selectivity. However interaction between tyresiand an aspartate (D)
downstream of F (GFGD) in the adjoining subunit stalslize pore and may
introduce flexibility in permeation and selectivity (Cinagn et al., 2001).
Two pore potassium channels have weak intrinsic voltegsitsvity, lacking the
S4 voltage sensor of voltage gated channels. Weak valsgggndence
complements the leak phenotype of these channels - gpassient down the
electrochemical gradient (normally out of cells undetimgsonditions) and

across a broad range of membrane potentials (Lesage, 2003).

4.3.2.1.3Physiology of K2P channels

Current magnitude and degree of rectification in K2P chararel not,
however, invariant but rather modulated in vivo by a vadtphysicochemical
factors and neurochemicals, depending on the channel siibf@woldstein,
2001; Honore, 2007; Kim, 2005; Lesage and Lazdunski, 2000; Patel awade;io

2001; Talley and al., 2003). Inhibiting K2P channels reduces oditfiuar of K*
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which leads to membrane depolarization and increase itabity.
Activating or opening K2P further depresses or hyperpolatimemembrane,
reducing excitability (Bayliss and Barrett, 2008). K2P chasmhale been broadly
dubbed cellular sensors as a result of the diversisgioiili which regulate their
activity, including pH, anaesthetics, stretch, temperasgeond messengers,
oxygen tension and lipid signalling (O'Connell et al., 2002}ails of channel
regulation have been resolved primarily in heterologapsession systems and
have helped to create pharmacological and biophysicalgsdél the six
mammalian K2P subfamilies: TWIK, TREK, TASK, TALK, TKland TRESK
(Lotshaw, 2007). TREK-1 channels, for example, are actiayestretch and
increase in temperature, and TREK-1, TREK-2 and TRAAK hgl@donic acid
and other polyunsaturated fatty acids applied internlpny K2P channels are
sensitive to anaesthetics and TASK channels are inthibyeexternal
acidification. Likely many K2P channels contribute to tésting potential of a
given cell.

Abbreviated profiles of some of the best characteribathioels are given
in Table 4-2 (adapted from O’Connell et al. 2002). Such revawis
complementary literature (Barriere et al., 2003; L'Hestal., 2007; Morton et al.,
2005; Niemeyer et al., 2001; Reyes et al., 1998) were hetplid in designing

experiments where we attempted to activate AmMgK2P currents

4.3.2.1.4Attempts to record from AmgK2P channels
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We ran voltage ramp and voltage step protocols (-100 to 100 mV

using two electrode voltage clamp to record fidemopusoocytes injected with
AmgK2PA and AmgK2PB cRNA (30-50 ng). Bathing solutions weresdglito
vary pH, tonicity or to include the polyunsaturated fattigga arachadonic acid
(AA) or docosahexaenoic acid (DHA), both of which eate TREK-1 channels
by modifying the curvature of the membrane. Despite thesgpulations we did
not observe currents distinct from those in uninjectedater-injected oocytes.
There are a number of potential reasons that we waldave observed
currents. These may include lack of expression, problathselding or
targeting the channels to the oocyte membrane, or irct@woeditions for current

activation.

4.3.2.1.5Phylogenetic relationships of K2P channels

Genome surveys and physiological recordings from inveatebrindicate
that K2P channels are ubiquitous throughout the Metazbdigersified into
subfamilies homologous to those described in vertebratek{@yham et al.,
2005). S-type leak currents, well described in the mokysgsia appear to
match the pharmacological profile of mammalian TRE&x&nnels (Jezzini et
al., 2006; Patel et al., 1998). Eleven putative K2P genes, inglsdveral
vertebrate homologues have been identified fronDitesophila melanogaster
genome, including ORK-1, the first metazoan K2P channeé¢toloned. And the
Caenorhabditis elegargenome contains 50 putative K2P channels — over half

the complement of K channels — including homologues ofeatebrate K2P
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subfamilies. The abundance of K2P channelS.ieleganss thought to
augment the integrative capacity of the small numbeearons by allowing ‘fine
tuning’ of the firing of individual cells (Salkoff et a001).

There is little information on the K2P channel complatred early
branching metazoans, however TREK-1 like currents hage becorded from
cells of the demospongexinella polypoidegZocchi et al., 2003; Zocchi et al.,
2001). Moreover, the presence of five genes for 4TM K2P @laimmthe
Arabidopsis thalianagenome (Becker et al., 2004; Gobert et al., 2007) indicates
that K2P genes of this architecture were present in euleargmcestral to both
plants and metazoans.

To gain more information on the relationships among nogtakK2P
channels and to attempt to determine affiliation of AmgKR&nhoels with known
K2P channel families | aligned K2P sequences from botriakrates and
vertebrates (Figure 4-4 shows alignment with human KgBesees) and ran
maximum parsimony analysis with MEGA 4. AmgK2P sequencas wsed to
root the tree. Sequences used in the analysis areihstggbendix B.6.

| recovered relationships among vertebrate K2P subtype $ wigice
consistent with those published by others (Bayliss amteBa2008; Honoré,
2007; Lesage, 2003). For example, mechano-gated TREK1, TREKPRAAK
channels formed a clade as did the weak inward rectifMfi&1, TWIK2 and
KCNKY7. Several invertebrate sequences were found to basimivertebrate
THIK and vertebrate TASK3 and TASK5 channels. In cohti@she analyses of

Buckingham et al. (2005) however, even with a low cubbd#0%, relationships
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among most invertebrate K2P sequences including AmgK2P wneesolved.
Our analyses only included invertebrate sequences@.oeregansDrosophila
melanogasterAplysia californicaandLymnaea stagnalisnclusion of additional
sequences would strengthen the analysis, however seqiocdds be confirmed

by cloning.

4.3.2.1.6Suggestions for additional analyses of AmgK2P channels

The non-specific nature of stimuli, coupled with theeailoe of specific
pharmacological agents has restricted our understandmafioé K2P channels.
Links between cloned and native channels are primatifipkshed by localizing
channel expression to particular cells or tissues and congEndogenous
currents to those obtained in heterologous expressstamsyg (Buckingham et al.,
2005). For example, oxygen sensitive TASK-1 channels havelbealized to
the carotid body where oxygen sensitive potassium curreveéstieeen described.
Knock-outs (null mutants) have also been informativido(Aand al., 2006;
Bayliss and Barrett, 2008).

Knock-out technology has not been developed in thed?aribut
endogenous K2P-like currents have been described in dalelis of the
demospongéxinella polypoidegZocchi et al., 2001). The unitary currents
recorded by Zocchi et al. (2001) were reminiscent of TREdannels in
mammals and S-type currents in the sea Aplgsia. TREK-1 and S-type channel
currents are known to be activated by mechanical tenstbmarease in

temperature and have been implicated in central and peaipihermosensing and
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mechanosensation (Honoré, 2007; Maingret et al., 2000). Theatable
channel inA. polypoidesvas activated by heat stress (increase from 14 to 26°C)
and by arachidonic acid, which mimics mechanical tensiomdifying the
membrane curvature. Downstream of this channel, a siggpathscade leads to
an increase in filtration rate, oxygen consumption antepr synthesis (amino
acid incorporation) (Zocchi et al., 2003).

| suggest cloning K2P channels fréxmpolypoidesising AmgK2P
channels as bases for degenerate primer design. Chamtel@gsiology can
then be determined in oocyte expression systems and cearipadescribed.
polypoidescurrents to determine if channel profiles are similartHis end
current amplitude should be recorded over a range ofgastm the presence of
arachadonic acid, which activated native currents, andaokange of
temperatures. A link has already been established bewetigity of a native
K2P-like channel and filtration and respiration rateA.ipolypoides.
Characterizing cloneA. polypoide¥2P channels may provide an opportunity to
connect physiology of an individual channel with a defindle animal

physiology outcome.

4.3.2.2Potassium channel tetramerization domain containing (KCTD) proteins)

4.3.2.2.1Cloning of a putative KCTD protein
Using inverse primers designed against a putative potassiumeiha
sequence from th&. queenslandictrace files, a 232 bp product was amplified

from cDNA that had been circularized with the Circlsganzyme (Figure 4-6).
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A blastx search of NCBI databases found the sequeneertobt similar to
potassium channel tetramerization domain containing prdf&i D). | had
anticipated that the circularized cDNA template wouldvate the sequences of
the 5’ and 3’ ends. | decided, however, to proceed with coioverh 5’ and 3’
RACE, since some recombination was suspected in thdarized template,
based on other amplifications. A single sequence wasfeadpIThe final
sequence was found to be 1359 bp long (including the stop ¢cadergsponding
to a predicted open reading frame of 451 amino acids (Append)x Bhe most
similar sequence retrieved by blastx wd3amio rerio potassium channel
tetramerisation domain containing 9 (KCTD9), mRNA, (adogss

NM_001002738.1lexpected value 3e-92). This sequence was determined from

cloned PCR products. To rule out the possibility of P@fReduced errors the
sequence should still be confirmed from uncloned PCR produoctsdt least two
independent amplifications from cDNA.

A second partial KCTD sequence (AmgKCTDB) identified frivace
files but not cloned is listed in Appendix B.4 as well. Nobe trace file
sequences have not been corrected for the presence-obdimg regions or

sequencing vector.

4.3.2.2.2Primary structure
In Kv channels the N-terminal region, known as theatearization
domain, mediates assembly of 4 Kv subunits around titeatéon conduction

pathway via Velcro-like interactions of BTB (bric-a-braram-track, broad
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complex) sites (Zollman et al., 1994) in neighbouring sitbuTheA.
gueenslandicAmgKCTDA sequence described here has a domain sharing 20-
29% identity with the tetramerization domain of Kv chdamend is
approximately as long as a Kv channel (>1000 bp); howeveansmembrane
domains were highlighted by hydropathy analyses, suggestingnig{ CTDA
is not a channel-forming protein.

Potassium channel tetramerization domain containing (KQFoteins
are a poorly understood group named for homology of théariinal sequence
with that of Kv channels (Dementieva et al., 2009). #sialof the crystal
structure of human KCTD5 indicates, however, thaBhB domain mediates
assembly into pentamers, rather than tetramerstag amannels. The central
cavity formed by the circular arrangement of KCTD5 sutsuisi continuous,
spanning 110 A but is variable in diameter (4.5-20 A). Dementieeh (2009)
indicated that water molecules were apparent withircélvéy and suggested that
cations could potentially fit where the cavity narrowd o A. However,
pentamers were formed in agueous solution; not in membvwarere ion
conduction would serve to regulate membrane potential.

Dementieva et al. (2009) aligned N-termini of human KCTC T 1-19
and 21) and Kv proteins to highlight conservation of theteg¢rization domains.
| have adapted their alignment to show that the N-ternoh#gngKCTDA is
conserved with the T1 domain of Kv channels and N-termuwsher KCTD
proteins (Figure 4-7). Overall identity with human KCTRaged from 11.1 to

42.3%. Identity was higher, however, when considering theridinus in
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isolation (up to 51.9%). Human KCTD group [, including KCTDZ D5,
KCTD9 and KCTD17, was most similar to AmgKCTDA. Companisd
AmgKCTDA and human KCTD proteins (full length and N-ternoniy) by
maximum parsimony analysis (Appendix B.8) similarly plaé@qgKCTDA
within group [, closest to KCTD?9. Inclusion of the putatN«terminus of
AmgKCTDB suggests that it is also similar to human gro@TD proteins,
albeit more related to KCTD2, 5 and 17. KCTD sequences @ther metazoans,
including invertebrates, were initially included however whégned with
clustalW no significant similarities were found. Thisexpected output was likely
a result of including sequences that were erroneoustiigbeel to be KCTD
proteins by automated computational analysis using programasugNOMON.
These predicted sequences were found in NCBI databases.&5iull group of
KCTD sequences confirmed by cloning was only available foramsmonly
human and sponge KCTD sequences were included in my analyses

Because AmgKCTDA and B share sequence with KCTD5, infooma
from the KCTD5 crystal structure can be used to makeantsss on structural
domains of AmMgKCTD proteins. Each individual KCTD5 subuas & core
comprised of 6 helices and 6 sheets, a variable C-terminus and a conserved N-
terminus - residues 44-149 for KCTD5. In KCTD5 and Kv chantiedsregion
contains the BTB domain and is comprised of a 3 strandbeet and 5 helices.
Interaction between KCTD5 BTB domains is mediated lji@acesidues
hydrogen bonding with basic residues in neighbouring subi@$D5 acidic

residues Asp 93, Asp 95 and Glu 124 interact via H-bonds witibeitie residues
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Arg107 and Lys110. With the exception of Asp 95 these resideesso
found in AmgKCTDA (Figure 4-7) (and all but Glu 124 in thensfated trace file
sequence for AmgKCTDB), suggesting a common mechanisntevéation of

domains.

4.3.2.2.3Physiology of KCTD proteins

Given their mutual property of assembly via BTB domaing R(oroteins
were expected to bind to and modulate Kv channels. Thdrewsever, no
electrophysiological support for this to date. When KCTD5 ewmexpressed with
Kv1.2, Kv2.1, Kv3.4 or Kv4.2 no differences in Kv currentsresobserved
(Dementieva et al., 2009). KCTD expression levels anatdd in fetal tissues,
indicating a developmental role (Gamse et al., 2005) ehemtheir function
remains unclear. To date there is no electrophysiolbgiedence that KCTD
proteins pass current. KCTDS5 instead binds to GRASP55, amptbti
contributes to Golgi stacking and protein trafficking (&&oet al., 1999).
KCTD12 is thought to function in maturation of inner aaurons (Resendes et
al., 2004); a defect in KCTD?7 is associated with neurodeggoer(Van Bogaert
et al., 2007); and KCTD11 was found to suppress sonic hedgeholtiirsipaad
to promote tumour growth associated with medullablastomdédcotullio et
al., 2004; Zawlik et al., 2006). Given the diversity of fimies implied to date it
is clear that functional data on KCTD proteins from plyginetically disperse

groups is required before conclusions about the biologigaifsiance can be
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made. Moreover given the available data we cannot spe@risAmgKCTD

function without functional characterization of tegsarticular proteins.

4.3.2.2.4Suggestions for further analyses of AmgKCTDA

Function of AmMgKCTDA proteins could be tested by firgbressing the
proteins inXenopusoocytes to determine whether they pass current. To slo thi
the full AmgKCTDA sequence must be confirmed from unetbRCR products
amplified with primers that flank the full open readirgme. Suggested primers
are GGCTCGAGCCACCATGGCTGCCGCAAGG (forward) and
GGACTAGTTCAGTCATTGTTATCATTGC (reverse). Like primeused to
amplify the open reading frame of Kir and K2P channelstiiods), the forward
primer is preceded by a GG clamp, an Xhol restrictienaiid a Kozak
consensus sequence. The reverse primer is preceded bp@@arid Spel
restriction site. Individual clones that are free GRPerrors can then be ligated
into the pxt7 vector for expression as described previoksfgression studies
may, however, be premature particularly if sponge KCTdgans function to
modulate channels. Assuming a modulating role a betgjesflthe complement of
sponge ion channels and their baseline physiology tséguired. We can then
co-express AmMgKCTDA with each channel to determinenfadulates the

currents in any way.

4.3.3Putative A. queenslandica K channels. Partially cloned sequenc
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4.3.3.1Cyclic nucleotide gated channels

Cyclic nucleotide gated (CNG) channels are typically atatsive —
passing Naand K and even C4. They are gated by 3',5"-cyclic
monophosphates (cNMPs) including cAMP or cGMP binding ttea &i their C-
terminal end. CNG channels are part of the S4-superfafibnahannels,
characterized by 6 transmembrane domains per subunit, wiittedbetween
domains S5 and S6 (Kaupp and Seifert, 2002; Miller, 2000). Theyaise
repeating positively charged residues in the S4 domain. Nattethe S4 domain
in Kv channels is the voltage sensor, which mediateagyatiKv channels. CNG
channels, however, are not gated by voltage. S4 conseriatioth CNG and
Kv channels indicates that it is part of the corecstme of this superfamily (Jan
and Jan, 1990). Like other six transmembrane channels,cbBiGels assemble
as homo or heteromeric tetramers, with each ofdbhedubunits contributing a
pore forming loop to line a central water filled caviga(pp and Seifert, 2002).

4.3.3.2Putative tetrameric potassium selective cyclic nucleotide géiaadne|
(KCNG)

The assembled sequence designated by Kosik as SubH_Kv (Append
B.2), however, was found to be most similar to a unique dfyclic nucleotide
gated channel when the translated sequence was used told€Bictranslated
nucleotide databases (tblastx). The most similar sequweititan expected value
of 7e-65 was a tetrameric potassium-selective cyclicenticdle gated channel
from the echinoderr8trongylocentrotus purpuratiaccession

NM_001081964.1 TheS. purpuratushannel was the first of its kind cloned and
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IS unigque in that it is potassium selective (Galindo .e2807). The tetrameric
structure is also unique among potassium channels. Rathdndtmg 4 subunits,
each with six transmembrane domains and a pore formiqg the Sp-
tetraKCNG channel has four 6TM domains in tandem, eactaming a pore
forming loop (Figure 4-8). This channel structure is typicalalfage gated
sodium and calcium channels which are thought to havenaafter a 6TM K
channels underwent a duplication to produce a 12TM sequen@eniogttwo
6TM repeats. After a period of sequence divergence the 12ghksace is
thought to have duplicated, giving rise to four 6TM repeaiite(F2001; Strong et
al., 1993). These 24 TM channels function as monomers whefeur pore-
forming loops within the single peptide associate to surroundnaconducting
pathway.

Closer comparison of the Kosik SubH_Kv sequence and SkeNG
shows that the highest match was against Sp-tetraK CN&gmolr S6 (sixth
transmembrane) domains and against the cyclic nucleohdenbidomains in
each of the four repeats (Table 4-3). Slightly higher ebguevalues show that the
degree of match against the first repeat was not asis@ttifas that for repeats
[I-IV. This may be a result of a missing domain in Kesik sequence. The
translated Kosik sequence contains only 3 out of an égbdcconserved pore
forming sequences containing the GYG motif. Since thera@taown channels
with three pore-forming loops in a single subunit iikelly that the Kosik

sequence is not accurate and needs to be extended.
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4.3.3.2.1Partial cloning of a putative tetrameric potassium selecyclic
nucleotide gated channel

| was unable to amplify the predicted Kosik SubH_Kv sequest®)
primer sets KvlF and Kv1R or Kv2F and Kv2R. These wiesgned to amplify
sequences 1737 and 1257 long respectively. Primer set Kv3FwdvaReK
however, was designed to target regions with similaoitgp-tetraKCNG pore
domains in the forward direction and cyclic nucleotide lmgdiomains in the
reverse direction. With these primers | cloned and sempgean 878 bp product
(Figure 4-9). This sequence contains one of an expectefmelective pore
forming loops. Three more are expected assuming thietsaarteric channel.
Stretches of this sequence 56 bp, 190 bp, and 131 bp in length dnételéosik
sequence; however intervening sequences of 56 bp, 389 bp andldhbp
match (Appendix B.8). Moreover, the regions which mabhehKosik sequence
are not in frame with each other, and the 878 bp sequersendbform an open
reading frame. The sequence was amplified fforqueenslandicaDNA
prepared with the Invitrogen Superscript Il kit. Since | miid treat the sample
with DNase prior to reverse transcription | cannogé it the possibility that |
have amplified a genomic DNA product where coding sequeareesiterrupted
by introns. Consistent with this, the correspondingogan DNA sequence from
the trace files contains the same intervening sequénseaalso possible that the
sequence is non-coding and that | have instead amplifisduwedogene.
Pseudogenes, or defunct genes, are typically duplicatessting genes that have

been disabled either by damage during the copying processaccbsulated
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mutations that render them non-functional (GerstathZheng, 2006). In
order to determine the full sequence and whether it ®ifumal RACE will be
required to determine the 5’ and 3’ ends. Due to time congtradid not
complete RACE for this sequence. Following RACE, pringganning the full
sequence should be used to determine whether the sequanagpisn reading
frame. The full reading frame for Sp-tetraKCNG could loe amplified in one
step as the sequence was too long (6714 bp). Galindo et al. (20@irned the
sequence by assembling overlapping sequences attained fidé/anial from
trace files in thes. purpuratugienome database.

The putativeA. queenslandicaequence, which | designate Amg-
tetraKCNG should also be verified by comparison withdrile sequences. |
have assembled three additional sequences with sipitlarsp-tetrakKCNG or to
the comparable channel in the urchAiacia punctulatgexpected value <2e-21)
and which share some sequence with Kosik SubH_Kv). T8ezpeences are
listed in Appendix B.4 and should be considered both whenrdegigdditional
primers and when revising the predicted open reading framén,Adave not
corrected trace file sequences for introns or vesgquence.

4.3.3.3Functional and phylogenetic significance of tetrameric potassium
selective cyclic nucleotide gated channels

Physiology of this unique channel is to date known only from
echinoderms, where the channel has been localizegetsmsand is thought to
mediate chemotactically guiding sperm to the eg&.lpurpuratughe egg-

derived peptide Speract activates a guanylyl cyclase inrtareasing cGMP
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(Garbers, 1989; Yuen and Garbers, 1992). Sp-tetraKCNG istatdiby
cGMP. It is thought that this channel hyperpolarizes teenbnane, relieving
inactivation from voltage gated €achannels (Galindo et al., 2007). The
comparable channel #frbacia punctulatacan be activated by a single molecule
of cGMP binding to the third repeat of the tetrameric cb&(®Bonigk et al.,
2009). Downstream Ghinflux through Cachannels is thought to regulate sperm
trajectory. Wood et al (2007) found that increases ijeflar C&* caused a
transient increase in flagellar asymmetry, leadingttom Opening of Sp-
tetraKCNG in the absence of cGMP in planar bilayaggests these channels
may also regulate potential of the resting membranar(@saét al., 2007).

Galindo et al. (2007) compared Sp-tetraKCNG domains 1 throughh4 wit
6 transmembrane domain channels. Their analysis plae&pthetraKCNG
channel within the S4-superfamily, but on a separate biagteteen two groups
with which it shares properties? ¥elective and voltage-dependent EAG
channels, and voltage-independent CNG cation channelsfdoltlres which
possess cyclic nucleotide binding domains.

Confirmation of theA. queenslandicaequence will be needed to
determine whether tetrameric K selective CNG channels @ovelty within
echinoderms or if they are present in early branchingzoans. Given the
indirect role of these channels in regulating flagedkat it would be interesting
to determine the contribution to the sponge feeding cuwhitth is generated by

beating of flagella.
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4.3.4Putative K channel sequences from A. queenslandica trace files

4.3.4.1Slo family of potassium channels

The Slo family of potassium channels are structurathiar to the S4-
superfamily of Kv and CNG channels having 6 transmembranaidsnwith
pore forming loop between domains S5 and S6. Slo family meneude BK
(Big K) or large conductance calcium-activated potassiiannels (KCa; slol),
sodium dependent potassium channels (KNa; slo2) and pHigemsitassium
channels (slo3). Partial sequences fromAhgqueenslandic&race files were
found to be similar to KNa or KCa channels. These se@sesne presented and

further information on these channel types provided.

4.3.4.1.1Putative KNa sequences in tAequeenslandicgenome

A tblastx search of translated nucleotide database€Bt Mvealed that
the highest degree of similarity with the Kosik sequetigleT KCa was not with
a KCa but rather a KNa, a sodium dependent potassium dlfanoession
BC103950.1expected value2 e-77). | attempted to clone this sequencefaiging
different primer sets (Appendix B.3) but failed to ampéfproduct. This raises
the possibility that the predicted sequence is not accarahat it is not
expressed in larvae. To improve the chances of ampligyiogding region,
primers should be designed to span regions that are vedsagainst KNa
channels. Additionally, | have assembled seven sequéoresheA.
gueenslandicarace files — all of which share sequence with KosikTSt{Ca. |

have redesignated SubT_KCa as AmgKNaA and have designatedda file
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sequences AmgKNaB through AmgKNaG (Appendix B.4). Thesecsegs
were originally grouped into two contigs containing 5 and 12edaaspectively.
Contigs were split to sequences AmgKNaB through AmgBNzontig 1) and
AmgKNaE through AmgKNaG (contig 2) since sequences withese contigs
differed by ~ 4% in aligned regions. These sequenceddshewonsidered when

revising the predicted sequence and designing new primer sets.

4.3.4.1.1.1Physiology of KNa channels

In rat, KNa channels, includinglick (slo2.1) andSlack(slo2.2) have been
localized to the heart and nervous system (Bhattaehatjal., 2002;
Bhattacharjee et al., 2003; Yuan et al., 2003). KNa chanreelsctivated or
opened by elevated cytosolic Nand less so Glrepolarizing or hyperpolarizing
the membrane. Activation &lickchannels is additionally augmented under low
ATP conditions, in effect reducing firing of nerves ankdeotexcitable cells under
low energy conditions. KNa channels are believed to @lpgotective role during
ischemia when oxygen and ATP are limited (Dryer, 1991; Hadz@8;
Kameyama et al., 1984; Luk and Carmeliet, 1990; Mitani, 1992). Uhdse
conditions intracellular Naincreases due to reduced activity of thé/K&a
ATPase. Elevated Ndeads to action potential shortening or to propagation o
fewer action potentials — owing to repolarizing effedtswrents through KNa
channels. KNa channels are also known to contributeadhgfierpolarization,
the hyperpolarized phase following an action potential (Knd MacCormick,

1998).
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Interestingly the slo2 homologue @Gaenorhabditis elegans
activated by C& and Clrather than by Naand Cl as seen in mammals (Yuan,
2000). It may be that activation by Nia a specialization in vertebrates where
Na' is the primary charge carrier in the depolorization pludghe action
potential. It will be interesting to see whether slbdrmmnels are more sensitive to
gating by C4" than N4 in invertebrates in general, where?Caction potentials

are more ubiquitous (Jeziorski et al., 2000).

4.3.4.1.2Putative KCa sequences in thmphimedon queenslandiganome

My searches of thA. queenslandictrace files also returned nucleotide
sequences with similarity to calcium activated potasgki@a) channels. The
most similar sequence retrieved by a tblastx searclandlated nucleotide
databases was a BK, or high conductance, calcium tedig@tassium channel
from Aplysia californica(accession AY372117,expected value 6e-44).
Contiguous sequences assembled in Staden Package aria I&ppendix B.4
and denoted AmgKCaA, and AmgKCaB. The latter sequertesiby addition
of a single 13 bp nucleotide sequence. Translations thra# forward frames are
also given for each sequence. Stretches of 439 and 193 aaiisan frame with
the pore region (MTTVGYGDV) are seen in the +2 and +inés for translations
of AmgKCaA and AmgKCaB nucleotide sequences respectivély.439 amino
acid sequence for AmgKCaA aligns with high conductant®ura activated
potassium channels along its entire length. However, uittiata from cDNA we

cannot verify the AmgKCa sequences. Moreover it is @amcihether the stop
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codons upstream and downstream of the 438.lqpieenslandicaequence
are introduced by alternating introns and exons or sequee sequencing
vector. Full length clones will also be required to eomthat the trace files are
portions of a coding sequence rather than a pseudogene.
4.3.4.1.2.1Structure and physiology of BK or high conductance calcictivated
potassium channels

Metazoan pore forming or subunits of high conductance or BK KCa
channels are encoded by Be@1or slowpokegene and functional variation is
introduced by alternative splicing. Structurally, BK chasrak similar to voltage
gated K channels, through domains S1-S6, including homolmgyag charged
redsidues in the S4 domain (Vergara et al., 1998). In addBidrchannels have a
seventh transmembrane domain (SO) at the N-terminadfetheé channel.
Additionally 4 hydrophobic segments in the cytoplasmiciporof the C-
terminus are proposed (Figure 4-10) (Meera et al., 1997; Wi 4994).

BK (Big K) channels are named for their large unitarydtarances —
typically 200-400 pS (Marty, 1981). They are also voltage depgnaéh greater
sensitivity to C4" at depolarized than at resting potentials (Latorré e1289).
Because BK channels are more sensitive to calcium alatged potentials they
activate rapidly on the upstroke of an action pote{Widhms et al., 1982),
initiating repolarization, and close rapidly at negatmembrane potentials (Cui et
al., 1997) making for a short afterhyperpolarization andnhaltely shortening the
interval between action potentials. Other types GaKhannels including SK

(small K) and IK (intermediate K) may extend the iatd between action
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potentials as they are voltage insensitive and continpade current at
negative membrane potentials, contributing to prolongedhafberpolarizations

(Faber and Sah, 2003; Latorre et al., 1989).

4.3.4.1.2.Phylogenetic distribution of calcium activated potassulnannels

Calcium-gated potassium channels have been identifiedin bot
prokaryotes and eukaryotes. The bacterial potassium chiliim€lis structurally
distinct from metazoan KCa channels, having only twostrambrane spanning
domains per subunit; but is opened by elevated internalica(diang et al.,
2002). Several calcium activated potassium currents havedeseribed in
Parameciunwhere they mediate repolarization (Hennessey and Ki8&y), and
the first calcium activated potassium currents in tleaddoa were recorded from
the invertebratéplysia(Mollusca: Gastropoda) (Meech and Strumwasser, 1970).
It is reasonable to expect sponges, early branching metazodrave KCa
channels given KCa ubiquity across phyla.
4.3.4.1.2.35uggestions for analyses of sponge calcium activated potass

channels

AmgKCa channels once cloned can be compared with BK channe
sequences and characterize&enopusoocytes to determine their affiliation.
AmgKCa channels can be treated with known blockers of l#fels to
determine how their pharmacological profiles comparedidiate blockers
include tetraethylammonium (TEA), charybdotoxin, penitrenpailline and

iberiotoxin where the latter two are selective for &8kannels.
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Dehydrosoyasaponin-1 (DHS-1) may be used to activate BK ¢sirffeaber
and Sah, 2003).

It is worthwhile probing the role of KCa channels in thersge membrane
particularly since there is reason to believe thatdioated events are initiated by
a rise in calcium.Rhabdocalyptus dawso(forifera: Hexactinellida) action
potentials are blocked by 24 uM nimodipine, a calcium chauloeker,
indicating that they are €abased potentials (Leys et al., 1999). Action
potentials have not yet been recorded from demosponoesyhr repolarizing
currents, or alternatively €apumps or buffers, are anticipated in resetting
sponge membranes after rapid straightening of posteriarci. queenslandica
(Leys et al., 2002; Leys and Degnan, 2001) and after propagétontoactile
waves in the freshwater demospogsydatia mueller(Elliott and Leys, 2007)
In the latter, cells in the mesohyl arrest crawlingewhkontractile waves pass,
indicating a diffusible substance, possibly calciumdiaes the event. Elliott and
Leys (2010) also found that contractions could not be treghs medium free of
C&* and other divalent ions.

The role of KCa channels in setting the interval l@asmvevents should
also be explored. Rhythmic contractions with a peritglmi 0.1-1 per hour are
seen in the demospongethya willhelmgNickel, 2004) and in glass sponges
(Porifera: Hexactinellida) action potentials may fiteegular intervals leading to
repeated flagellar arrests. While Leys et al. (1999) hamérmed that action
potential frequency in the glass spofjeabdocalyptuss limited by absolute (30

s) and relative refractory periods (150 s), the currentatahg the interspike
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interval are to date unknown. Dissection of calciunivatéd potassium

currents may help to resolve the mechanics.

4.3.4.2Putative voltage gated K channels

Remaining sequences assembled fromAthgueenslandictrace files
returned top blast hits against voltage gated potassiumealkgiiable 4-1),
however each of these sequences appeared only oncecineseaf theA.
gueenslandicarace files — less frequent than expected given thairttecol for
genome sequencing through the Joint Genome Instituteigmddsfor multiple
coverage. Sequences under-represented in the traceofillesbe non-native
DNA from contaminating tissue, or these sequences mangade sequenced as
easily due to secondary structure limiting access to tleggens of DNA. Or,
these regions may have been under-represented by ad afresadom
sampling, despite multiple coverage. Numerous attempts mvade to clone
voltage gated potassium channels from the glass sgdndgwsonusing
degenerate primers designed against metazoan voltage gateiymotehannels
from the Shaker family (Appendix A.1). Representativethisffamily were
expected in sponges since they are already diversifiedhatfour subfamilies
Shak, Shab, Shaw and Shal in cnidarians (Jegla é08b). Moreover, Leys and
Meech recorded potassium currents with voltage sensifraty sponge
aggregates grafted ®. dawson{Leys, personal communicatiorefore
abandoning the search for voltage gated potassium channkésRorifera

additional efforts should be made to assemble a Kv seqiiemaehe trace files
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by identifying overlapping sequences in the database. Ingersers

designed against sequences AmgKvA-C and AmgKVE did nonrptoducts.

4.4 Summary and conclusions

4.4.1The potassium channel complement of A. queenslandica

| have presented sequence information for a variety ofipaita.
gueenslandicpotassium channels and have speculated on functiondicagmee
by indicating roles of related channels in other metagda summarize | will
recapA. queenslandicaequence information in the context of potassium currents
required for an action potential. While action potentiege not yet been
described from demosponges, the collection of sequence=nped in this
chapter indicate a complement of channels that cowétlthe resting membrane
potential (Kir and K2P channels), 2) repolarize the menebedter a spike in
membrane potential (KCa, KNa and possibly Kv) 3) hyperp@dhz membrane
(KCa or KNa) and 4) return the membrane to rest (Kit €2P). For reference
purposes Box 1 includes an action potential schematicdegbriptions of the
phases above, and the potassium channels involved attageh s

4.4.1.1Summary of cloned potassium channel sequences

To summarize, | have cloned full lengih queenslandicaequences for
inward rectifier (Kir) and two pore potassium (K2P) chdsnieoth of which are
known to maintain the resting membrane potential, includorgecting
afterhyperpolarization, and to regulate excitability by bngghe membrane

toward or away from threshold.
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Our expression work iKenopusocytes (Chapter 3) indicates that
AmgKir channels are strongly rectifying, a phenotype typé¢anward rectifiers
found in excitable cells. This type of channel stabiltbresmembrane potential by
passing inward Kcurrent at potentials hyperpolarized to the equilibriummiate
for potassium (Ek). However, above Butward K currents, which could offset
depolarizing currents, are blocked allowing the membrane tolateqe past the
excitation threshold in response to excitatory stirf@liver et al., 2000).

K2P channels are modulated by a variety of physical andichkstimuli,
many of which couple channel activity to the metabolitesté the cell. We were
unable to record AmMgK2P currents; however mechano and tatupe sensitive
K2P-like currents are described in the demospangeella polypoides
(Carpaneto et al., 2003; Zocchi et al., 2003; Zocchi et al., 208@fiyation of
these currents leads to a downstream increase inidittrand respiration rates.
Future work on sponge K2P channels should involve linking plegsiaf cloned
K2P channels to the above described physiology. AmMgK2P seegiean serve
as bases for cloning K2P homologuedirpolypoides.

A putative full length potassium tetramerization domaintaming
(KCTD) protein was also cloned. While these proteins watially thought to
regulate voltage gated K channels by mutual associatithrebftetramerization
domains there is to date no electrophysiological evidéndhis, nor evidence
that ions are conducted through the water filled cavitsynéat by circular

arrangement of KCTD subunits. Functionally KCTD protegmsain enigmatic.
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4.4.1.2Summary of expected channels based on genome searching and
partially cloned sequences

Cloned sequences confirm the presence in sponges of inegifcer and
two pore potassium channels, which regulate the restimgonase potential and
return the membrane to rest following afterhyperpodaian.

Sequences similar to ti& purpuratushannel, Sp-tetraKCNG, may
indicate the presence of an additional channel regulatergbrane potential.
Constitutive or cGMP induced opening of Bepurpuratuschannel
hyperpolarizes the membrane. Partial sequences froA tingeenslandica
genome also indicate the presence of channels that contribute to the
repolarization phase of an action potential. Thes@idecl/oltage gated potassium
channels, Cd- activated and Na activated potassium channels. The latter two

may also contribute to afterhyperpolarization.

4.4.2Directions for future ion channel research

My conclusions on the potassium channel complemeft of
gueenslandicare tentative since confirmation of molecular idgmdtquires full
length clones as well as biophysical characterizahlmmetheless, the available
data suggests that the genome of sponges encodes a dvepsitgssium
channel sequences which together could allow the membralepdarize and
then return to resting potential. Additional attemptsxied sequences by
cloning and trace file assembly are required.

Moreover, the trace file sequences listed in Appendixgre generated

solely by searching for Kv-like sequences. Likely additigog@thssium channel
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sequences would be recovered with an exhaustive seaiuiregresentative
sequences from other K channel families and subfamiliegueenslandica
sequences can also be used as bases for degeneratalpsigeito extend
cloning to other sponges and other basal metazoans. K ¢hahdétantly
related sponges can be compared to infer the channel@menu of ancestral
sponges. Comparison with other basal metazoans andimviéllular eukaryotes
(outgroups) will provide insight into the membrane physiolofigncestral
metazoans. Further insight will come from determiningtidbutions of
individual channels to the membrane potential. Channels shistlde
characterized in heterologous expression systems, six@napusocytes, and
then efforts made to record and modulate channel acdtivéiyu. Species with
stereotypical physiology should be considered for ongoimgk \wo that deviations
in physiology downstream of channel modulation can begmized. Examples of
stereotypical physiology include coordinated contractiorikerfreshwater
demospong&phydatia mueller{Elliott and Leys, 2007and action potentials
and resultant flagellar arrests in the glass sp&igdbdocalyptus dawsoflieys
et al., 1999). In the demospongrinella polypoidesctivation of heat and
mechano sensitive currents reminiscent of mammaligBKFR K2P currents
leads to a downstream increase in filtration angiragon rates (Zocchi et al.,
2003; Zocchi et al., 2001). | recommend using AmgK2P sequenceses for
primer design to amplify K2P channels frémpolypoidesAn exciting
opportunity exists to link physiology of a specific potasschannel with a

defined change in animal physiology.
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Figure 4-1: Summary of potassium channel types.

Schematic representation of the three structuraktgb@otassium channels;
adapted from Shieh et al. (2000). Six transmembrane (6 TMaitlochannels
with domains S1-S6 and a pore forming loop between domainsdsSS6a
Positively charged residues in the S4 domain mediatag®bkensing. 6TM
channels (and 2TM channels) assemble as tetramers of sulunits, each with
their pore-forming loop (P) lining the conducting pore (insétvo TM domain
subunits with transmembrane domains M1 and M2 flanking @ feoming loop.
Four TM subunits with two pore-forming loops: one betwednavid M2 and a
second between M3 and M4. Twaubunits assemble to form a channel with

four pore-forming loops.
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Table 4-1: Summary of partial putative potassium channel sequees
assembled from theAmphimedon queenslandicgenome trace files.

Sequences are given in Appendix B.4 and are the consafnsuerlapping

clones. Below | have indicated the ID assigned to¢lg@ence, the list of clones
included in the consensus sequence, top BLAST hit from@®l database and
the expected value, which indicates the probability trestimilarity with the
blast hit is due to chance alone. | have also indicatethehthe assembled trace
file sequences match any of the potassium channel sequesessbled by Onur

Sakarya and Ken Kosik.

Assigned Clones in Length Most similar Expected Matching
name consensus (introns  sequence retrieved value regions in
and by tblastx search Kosik
vector channels
not (bp)
trimmed)
AmgKCTDA CABF15367.91 PREDICTED: 2e-24 n/a
CABF2444 Strongylocentrotus
purpuratus similar to
K channel
tetramerisation
domain containing 5
XM_001192661.1
AmgKCTDB CAYH6722.b1 851 BTB/POZ domain- 1le-33 n/a
containing protein
KCTD9 [Rattus
norvegicus]NP_001
102341.1
Amg- BAYB232386.p1 1239 S. purpuratus 2e-21 SubH_Kv
tetraKCNGC BAYA65925.y1 tetrameric K- 666-770;
selective cyclic 827-1015
nucleotide gated
channel
(TetraKCNG),
MRNA
NM_001081964.1
Amg- BAYB290435.g1 907 Arbacia punctulata 3e-22 SubH_Kv
tetraKCNGD BAYA494664.y4 putative cNMP- 639-683;
gated K channel 734-874
MRNA, partial cds,
D0Q822203.1
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Amg-
tetraKCNGE

AmgKNaB

AmgKNaC

AmgKNaD

AmgKNaE

AmgKNaF

AmgKNaG

AmgKCa_A

AmgKCa_B

AmgKvA

AmgKvB

BAYA25784.x1
BAYB332077.b1
BAYB16073.b1
BAYB67633.b1
BAYA320287.b1
BAYA320287.b1
BAYB149972.b1
BAYB228725
BAYA193722

BAYB442502
BAYB366268

BAYB79925

BAYA222360.y1
BAYB494011.b1
BAYB111824.b1
BAYB269389.b1
BAYA42973.y1

BAYB368280.b1
BAYB575793.91
BAYB166920.b1
BAYA24883.y1

BAYA376968.x1
BAYA430446.b1
BAYA386058.x1

BAYAS563557.x2
BAYA330024.y1
BAYB373746.b1
BAYB125094.b1
BAYB125094.91
BAYA442637.y1
BAYB117607.b1
BAYB28391.b1
BAYB242155.91
BAYB571575b1

BAYB600936.b1

1578

1090 bp

878 bp

848 bp

1468

1471

690

741

A. punctulata
putative cNMP-
gated K channel
MRNA, partial cds,

D0Q822203.1

le-34

K channel subfamilyle-13

T member 2 (N&
activated K channel)
[Rattus norvegicus]
NP_942057.1

K channel subfamily 2e-18

T member 2 [R.
norvegicus]
NP_942057.1
PREDICTED:
similar to K channel
subfamily T
member 1 [Ciona
intestinalis]
XP_002120561.1
PREDICTED: K
channel, subfamily
T, member 2
[Taeniopygia
guttata]
XP_002192224.1
PREDICTED: Bos
taurus K channel
subfamily T
member 1
XR_083872.1

Same as above

Aplysia californica
high conductance
Cd*-activated K
channel,
AY372117.1
Same as above

Nephila clavata
spKv3 mRNA for
potassium channel
Kv3, complete cds,
AB212763.1

A. californica (clone
Akv5.1)
noninactivating
potassium channel

4e-16

2e-24

le-31

3e-28

6e-44

4e-49

2e-24

9e-21; 7e-
21

SubH_Kv
749-793;
854-994;
1073-
1247

SubTKCa
783-987,
1045-
1090

SubTKCa
444-647;
705-825

SubTKCa
1-147;
205-269

SubTKCa
509-713;
771-891,
951-1087

SubTKCa
514-718

SubTK(
20-224
n/a

n/a

n/a

n/a

La
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AmgKvC

AmgKvD

AmgKVvE

BAYB227340.g1 786
(no overlapping
sequences found)

BAYB235512.b1 1047

BAYB432185.91

BAYB37212.b1 1227
BAYB571575.91

MRNA, complete

cds;

Mesobuthus

martensii shaker

cognate b (Shab)

gene, exon 2 and

partial

L35766.%

EU642903.1

A. californica K 9e-113;
channel mRNA, 4e-98
complete cds,

M95914.1 Xenopus

laevis Kv channel,
shaker-related

subfamily

A. californica Shaw 2e-103
K channel Kv3.1a

MRNA, complete

Cds

Notoplana atomata le-24
K channel Kv3.2

MRNA, complete

cds AY186794.1

n/a

n/a

n/a
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Figure 4-2: Ethidium bromide stained agarose gels (1%) showingrAgK2P
products.

(A) AmgK2P sequences were amplified from*t@rough 1¢ dilutions of cDNA
using primers spanning the predicted full lengtlgueenslandicK2P channel.
The circled band was cloned and sequenced. (B) The 5’ eavéscanfirmed by
nested 5'-RACE on Ibthrough 1d dilutions of the 5" RACE product. The
circled band was cloned and sequenced and found to have sitetartframe

with the remaining K2P sequence. No template (-ive) ctesnare indicated.



195

Figure 4-3: Primary structure and predicted topology of AmgK2Pchannel
subunits.

(A) Predicted amino acid sequence®\ofjueenslandicewo pore potassium
channels AmgK2PA and AmgK2PB. Since the two sequences diffigrenly 2
amino acids a single sequence is given below. Amino aitetehces between
the two are shown as (AmgK2PA/AmgK2PB). The four predictembrane
spanning domains are boxed and the two pore-forming regions@eelined. B)
Schematic of predicted secondary structure of K2P moraifig subunit adapted
from O’Connell et al. (2002). Transmembrane domains (M1 thrdd#jh pore-
forming domains (P1 and P2) and N and C termini are indic&tea pore-
forming subunits are predicted to assemble such that feeffpoming domains
surround a central pore. C) Kyte-Doolittle Hydropathy f@otAmgK2P
channels. A single plot is shown as the two amino difierences between
AmgK2PA and AmgK2PB did not change the hydropathy profileet&hes of
amino acids with hydropathy values greater than 1.8 wedkicped to be
membrane spanning. The peak at position 160, however, cordssjaotie first

pore forming region. Predicted transmembrane (M1-M4)ratieated.
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Table 4-2: Electrophysiological properties of mammalian two porgotassium
channels adapted from O’Connell et al. (2002).

Responses to reagents aréincrease 30% or more);(decrease 30% or more) or
X (no significant change). TEA = tetraethyammonium; AArachadonic acid; 4-
AP = 4-amino pyridine; PKC=phosphokinase C; IBMX = 1timyé 3-

isobuyylxanthine; PMA=phorbol-12-myristate-acetate.
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Figure 4-4: Partial clustalW alignment of predicted AmgK2P amno acid
sequences with human K2P amino acid sequences.

Predicted AmgK2P transmembrane domains M1-M4 and poredPR2are

indicated.
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Figure 4-5: Evolutionary relationships of metazoan two pore potassiu
channels inferred using Maximum Parsimony analysis in MEGA.

The bootstrap consensus tree shows branches whish@verted in greater than
20% of replicates (500 replicates). The tree was obtaised the Close-
Neighbor-Interchange algorithm with search level 3. Asialys based on 85
sequences with 162 positions; 152 of which are informative. Segsievere
compiled fromC. elegangtwk), Drosophila melanogastet.ymnaea stagnalis
andAplysia californicaand vertebrates. Relationships among most invertebrate
sequences were unresolved. Instead of showing each sedureits own branch,

the sequences were collapsed into one polytomy.
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Collapsed polytomy of
C. elegans and

D. melanogaster K2P
sequences
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Figure 4-6: Ethidium bromide stained agarose gel (1%) showing thinitial
AmgKCTD product.

The circled product was amplified from circulariz&dgueenslandicaDNA

using the inverse primer set Kinv7-5" and Kinv7-3'.
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Figure 4-7: Alignment of BTB domains of AmgKCTDA and group |
human KCTD proteins with the tetramerization domains of Kv channels.

Percent identity with AmgKCTDA is given for the dispéal portion of each
sequence. Structural elements identified from the drgstacture of KCTD5 are
mapped onto the alignment of KCTD sequences. AssemblaCKsubunits is
mediated by hydrogen bonding of KCTD5 acidic residues (basic residues (-)

on adjoining subunits. Many of these residues are consenatdgKCTDA.
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Figure 4-8: Schematic representation of th&trongylocentrotus purpuratus
tetrameric potassium selective cyclic nucleotide gated chaeh Sp-
tetraK CNG.

Each of the four KCNG domains (I-1V) is composed of emsmembrane
segments (S1-S6) with a pore loop (P) between S5 anch&8, @yclic

nucleotide-binding domain (CNBD) after S6.
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Figure 4-9: Ethidium bromide stained 1% agarose gel showing putate
Amg-tetraKCNG fragment.

Bands were amplified from T0and 10 dilutions of A.. queenslandicaDNA
using primers Kv3Fwd and Kv3Rev. The lane next to tdda is the product of
5" RACE to amplify AmgKCTDA. No template (-Kv and —Ktetpntrols are

shown for each.
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Table 4-3: Comparison of SubH_Kv and Sp-tetraKCNG sequences.

The SubH_Hv (Appendix B.2) nucleotide sequence was useditchsddCBI

translated nucleotide databases using the tblastx segofttah. The most

similar sequence was found to be $hepurpuratusetrameric potassium selective

cyclic nucleotide gated channel. The table below indéctite regions of greatest

match between SubH_Kv and Sp-tetraKCNG. The expected iaihe

probability that the match between the two sequenadiseiso chance alone.

Sp-tetraKCNG Domains

Matching region of
SubH_Kv translated
sequence (bp)

Expected value

Repeat
|

Domain
Pore + S6
S6
CNBD

S6

Pore + S6
CNBD
CNBD

S6

Pore + S6
CNBD

S6

S6

S6

S6

13-53
218-274
325-391

12-72
218-312
335-399
306-325
451-511
218-305
332-393
447-551
5-65
444-551
218-306

2e-46
2e-21
2e-21

7e-65
2e-46
2e-46
2e-46
2e-21
7e-65
7e-65
2e-46
2e-21
7e-65
2e-21
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Figure 4-10: Proposed topology of large conductance (BK) calcium-acated

potassium channels, adapted from Faber (2003).

BK channels are formed from alpha and beta subunits. [pha aubunit has 6
transmembrane domains S1-S6 and an S4 domain with posgheriyed
residues, like voltage gated channels. Additionally BK chanare proposed to
have a seventh transmembrane domain, SO, at the Nagérenid. C&' is thought
to bind within the extended C-terminus which is proposed méagao four

hydropohobic domains (S7-S10).
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Chapter Five: CONCLUSIONS AND DIRECTIONS FOR FUTURE
RESEARCH

5.1 Sponges and the origin of conduction systems

The nervous system is thought to have evolved in exoeta after the
lineages giving rise to sponges and eumetazoans divergadtHétess, sponges
display integrated responses in the absence of nermesx&mple, glass sponges
(Hexactinellida) propagate action potentials through shaicytial tissues at 0.27
cm-s' and some cellular sponges (Demospongiae and Calcamdergo
coordinated contractions. | am broadly interested in waeding the basis of
coordination in these early branching animals for twgsoes: 1) To garner
insight into the mechanisms by which the first multidar animals would have
sensed and responded to their environment prior to the emergéthe nerves,
and 2) by documenting ion channels underlying excitability in ggsno gain an
appreciation of the complement of membrane proteinsluit have been

available for incorporation into and modificationgarly neurosensory systems.

5.2 Overview of multifaceted approach

| have taken a multifaceted approach to glean informatmloth the
functional context of coordination in sponges and underlgiegbrane
physiology, since difficulties in maintaining specimend abtaining tight seals
for electrophysiology preclude directly cataloguing and atar&ing sponge
membrane currents. | began my thesis working Rilabdocalyptus dawsqra

glass sponge from which action potentials are known (eegs$, 1999). Flagellar
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arrests coincide with propagated action potentiak.idawsonallowing for
immediate cessation of the feeding current. In Chaptatescribed arrest
patterns as a proxy for electrical activity in the sposige described arrest
responses to mechanical and sediment stimuli to provcdataxt for the
coordination system.

| had anticipated then identifying ion channels nativR.tdawsonas a
next step in understanding membrane physiology in a spotigstereotypical
behaviour. However, my attempts to clone voltage gateabpoim channels were
unsuccessful in part due to the absence of ion chaegakences on which to base
primer design for degenerate PCR. | instead proceeded lasiting ion channels
from Amphimedon queenslandjcsince availability of the genome for this sponge
facilitated design of primers specific for ion channkefgioritized potassium
channels for their role in regulating the membrane patletti Chapter 3 |
described the cloning and characterizatioA ofjueenslandicaaward rectifier
potassium channels and speculated on theiimd#u. Chapter 4 describes the
cloning of a second type of potassium channel, the twe patassium channel. |
then bring together sequence information from partialictpand search and
assembly of sequences from thequeenslandicgenome to propose a putative
complement of ion channels available to regulate mermsljpatential in the
Porifera. | summarize the salient findings of each cdehtree chapters (2, 3 and

4) in the sections below, and then give suggestionfsiiore research directions.
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5.3Chapter 2 — Physiology of the glass sponge conduction system.
Insights from the arrest response

In Chapter 2 | described patterns of feeding current airette glass
spongefRhabdocalyptus dawsoandAphrocallistes vastudArrests coincide
with the arrival of action potentials within the tisqlieys et al., 1999) and can be
triggered electrically or mechanically, including by sediima the incurrent
water. Since electrical recordings are difficulotatain, feeding current arrests
served as a convenient proxy for electrical activitynimithe sponge. My finding
that sediment triggers arrests is consistent witlogeptive role wherein feeding
cessation prevents excessive sediment uptake. Undemweshtbarrage and with
repeated doses, however, sponges were less likelyesi.eBy adapting to the
repeated stimuli sponges were able to continue to refies incurrent water,
although pumping level was gradually depressed, presumablydnjimdp The
distinct arrest-recovery patterns of the two spesgesned fitting to their niches.
TheR. dawsonarrest response was more sensitive and arrests vedoaged,
sometimes exceeding 1 hour. Full shut down of pumping couldniziai
clogging of the sponge tissue following resuspension of sadibyy passing fish
— aregular occurrence during anrsituobservationsA. vastusowever, project
into the water column where they are exposed to sedime@mbient currents on
an ongoing basis. These sponges arrested in the prefesathment but resumed
pumping immediately, allowing the aquiferous system tmbee continuously
perfused. In both species return to full pumping leviidang sediment

exposure was marked by repeated arrests with a defined peyiadtilicative of
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pacemaker activity. Visualization of particulate levala flume tank would
be needed to determine whether this repeated arrest-regartsrn helps to
relieve clogging.

This work gives a functional context for propagation et#ic signals in
glass sponges — to stop the feeding current in responsgitms environmental
conditions. Comparably, coordinated contractions irutllsponges are also
thought to clear the sponge of sediment (Elliott ancsL.2907). My work has
also highlighted a number of features of the conductistem. These include
distinct excitability thresholds; reduced responsivet@sspeated stimuli — a
form of adaptation; and mechanosensitivity. Additional wanipleted by
myself and Bob Meech, but not described in this thesisdfpuopagation of
feeding current arrests to be highly temperature sensiithea temperature
coefficient (Qo) of 3, where @ is a measure of how the rate changes over a 10°C
increase in temperature.

The above listed conduction system properties are atiefleof the ionic
currents governing membrane physiology. | attempted to aanehannels from
R. dawsonwith intentions of correlating channel properties withic currents
underlying action potentials. | prioritized searching fotagé gated potassium
(Kv) channels for their anticipated role in repolaizat Since Kv channels are
already diversified into Shaker subfamilies in Cnidarigegla et al., 1995), the
most basal animals with a nervous system, Shakerdiffeesces were expected
in sponges. My attempts to clone homologous channelsdegbnerate primers,

however, were unsuccessful. A survey of the genomeargthimedon
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gueenslandicdor post-synaptic molecules by Sakarya et al. (2007) did not
return sequences for voltage gated potassium channelsedighes of tha.
gueenslandicarace files returned several Kv-like sequences, howesrwere
present in lower numbers than expected for a genome seguemnitiple times —
raising the possibility that they are from contaminatisgue.

5.4 Chapter 3 - Cloning and characterization of inward rectifier potassium
channels

Cloning of K channels progressed with the use of sequences frof the
gueenslandicgenome as bases for primer design. Inward rectifig) @€id two
pore potassium (K2P) channels were prioritized for theiddmental role of
setting the membrane potential and regulating cell eéxitita(Doupnik et al.,
1995; Lesage and Lazdunski, 2000; Lotshaw, 2007; Nichols and Lop@8i;
O'Connell et al., 2002). Cloning and functional expressionwéid rectifier
potassium channels are described in Chapter 3. Phylogeneip@adson of
sponge inward rectifiers with those of other metazaadhisates that sponge and
metazoan inward rectifiers each arose from indivigdhaihnels and that
diversification occurred independently within the diffargroups. Nonetheless,
expression work showed that AmgKir channels were slyaegtifying, like
vertebrate Kir2 and Kir3 channels. Channels of this pheeodye typically
expressed in excitable cells where they set the ¢xeitthreshold (Oliver et al.,
2000). They pass large inward currents, down the potassaatncahemical
gradient when the inside of the cell is more negatwyedrpolarized) than

equilibrium for potassium (& Driving forces for hyperpolarization in sponge
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cells are unknown, however in other metazoans gaficloride or
potassium channels by inhibitory neurotransmitters cahte&yperpolarization
in post-synaptic via Cinflux and/or K efflux (Fagg and Foster, 1983). Upon
depolarization, intracellular Mg and polyamines plug these channels, preventing
short-circuiting of action potentials by blocking outwérd current. Experiments
to test the mechanism of block as outlined in Chapterl®witequired; however,
most of the residues involved in polyamine and*Mgjock in vertebrate Kir2 and
Kir3 are also found in AmgKir, and polyamines, including speenand
spermidine, occur naturally in sponge cells (Zahn eil@8]1). In situ recordings
of AmgKir channels will be needed to determine whetheselehannels regulate
cellular excitability.

5.5Chapter 4 - Two pore potassium channels and other channelsciues to
the potassium channel complement of an early branching metazoan

Two pore potassium channels (Chapter 4) were also cl&mtbgenetic
comparison confirmed published relationships among vertelkieRechannels,
and indicated that homologues of some vertebrate K2P elsaawre present in
invertebrates, however relationships among most inveteK2P channels,
including those oA. queenslandicavere unresolved. Expression was also
attempted however currents distinct from those obdearvaninjected or water
injected oocytes were not observed.

Signal transduction work on the demospoAgeella polypoides
indicates the presence of a heat and mechano-gatechHetheith properties

similar to the vertebrate K2P channel TREK-1 (Zocclalgt2001). Activation of
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this channel leads to an increase in intracellul&f @a a signal transduction
pathway and this in turn leads to an increase in fidinreéind respiration rate
(Zocchi et al., 2003). | recommend using AmgK2P sequences es foas
designing primers to amplify K2P channels frémpolypoidesand then
comparing native K2P-like currents with those recordingoioyte expression
systemsThere is an opportunity to link properties of an individuaicted with a
defined outcome in whole animal physiology.

The role of K2P currents in the temperature-dependergaserin
conduction velocity irR. dawsonshould also be explored. Activation of K2P
currents with increase in temperature would hyperpoléingzenembrane. A
plausible explanation for increase in conduction v&yjombuld be the availability
of a larger pool of voltage gated calcium channels to depeldre membrane.
Hyperpolarization is known to relieve inactivation aritage gated calcium
channels (Krasznai et al., 2000).

A collection of partial sequences (Chapter 4) also indiaadiversity of
potassium channels with& queenslandicalVithout cloned cDNA sequences
and expression data my conclusions are tentative. t#weollectively my
results indicate a potassium channel complementthdt maintain and regulate
the resting potential (Kir and K2P), repolarize the membr(C4'- activated,
Na'- activated and potentially voltage gatetidhannels), hyperpolarize the
membrane after an action potential {N&tivated K channels) and correct

afterhyperpolarization (Kir and K2P).



231

Action potentials to date have only been recorded fRomawsoni
where they propagate through syncytial tissues. Themase likely C&"-based
potentials (Leys et al., 1999). In the absence of Kv cHaywéich | was unable
to amplify, C&"-activated K channels (KCa) could repolarize the membrane
following increase in intracellular &a In cellular sponges electrical signalling
seems unlikely since there are no known low resistpati®vays for passage of
current, with the possible exception of cytoplasmiddes between posterior
ciliated cells of some larvae (Maldonado et al., 2008)wéler, intracellular GA
may increase via signal transduction, downstream oharecal tension or
increase in temperature (Zocchi et al., 2001) or activationetabotropic
glutamate (Perovic et al., 1999) or integrin receptors . &tf@anels could, again,

repolarize the membrane following increase in intiatal C&".

5.6 Directions for future research

Additional attempts to extend sequences by cloning and fiklace
assembly are required. Moreover, an exhaustive genanehseising
representative sequences from dlldkannel families should be conducted to
recover a more complete potassium channel complemdéntqfeenslandica.
Once confirmed potassium channel sequences can be compidrdubse of
other metazoans and with outgroup unicellular eukaryote®taderinsight into
the collection of molecules that might have mediateordination in the earliest

animals.
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Electrophysiological profiles should be determined by esgio@ of
channels in heterologous systems and ideally output sheulded to inform
experiments wherein channel activity is recorded diyaotthe sponge
membrane. Preliminary work by Leys and Degnan (2001) hasdglienplied a
role for potassium channels in setting the resting manabpotential ir.
queenslandicdarvae They found that increasing externdl &aused a reversible
arrest of cilia. When we increased external potassiuour inward rectifier
experiments, membrane potential shifted to the new equilibior potassium, at
more depolarized voltages. Presumably depolarization &.theeenslandica
membrane would bring the membrane closer to thresholdppoleading to
influx of C&*, which is known to contribute to ciliary arrest in @tfinvertebrates
(Walter and Satir, 1978).

In expanding ion channel work, species with well chargtd
physiology should be considered. This way, downstreamtefé@n more readily
be detected. Candidates may incli&ledawsonifor which extracellular
recording techniques are established and action potentiéickinescribed (Leys
et al., 1999); oEphydatia muelleriwith kinetics of contractions described
(Elliott and Leys, 2007). Two pore potassium channels, #opolypoides
specifically, should be cloned and characterized astietal. (2003; Zocchi et
al., 2001) found that intracellular €aand respiration and filtration rates
increased downstream of activation of a channel akenk@P channel.

Finally, expression patterns of channels can help tdifge®lls or tissues

that might function in signal reception, conductionesponse to stimuli. In glass
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sponges presumably any region of the syncytial trabetissare will
depolarize when stimulated, as light touches to any megfithe outer body wall
elicited flagellar arrests

In cellular sponges various sensory tissues have beenssedgkeeys and
Elliott (personal communication) have described isolatdid with paired cilia in
the osculum of juvenil&. muelleri.Since water moves through the relatively
narrow osculum at high velocity it makes sense tatéosansors here (Meech,
2007). It is unclear how signals from the sensors wouldmamcate with the
contractile apparatus, however nitric oxide synthasédeen detected in the
pinacoderm (Elliott and Leys, 2010), the tent-like epithl#te covering,
indicating a role for nitric oxide in mediating contracts. Western blots
performed by Ramoino et al. (2007) showed staining for mt@sagavolved in
GABA signalling in the pinacoderm, choanocyte chamberd,saattered
archaeocytes. Choanocytes could potentially serverbo#ptor and effector roles
— sensing an environmental change and altering flagellar ey are
structurally similar to vertebrate mechanosensory,debgling some authors
(Jacobs et al., 2007) to propose that choanocyte-likegale rise to eumetazoan
sensory cells. Other potential receptor-effector cetthide pigmented posterior
ciliated cells ofAmphimedon queenslanditaavae. These cells mediate responses
to change in ambient light via abrupt straightening ornrglaver of cilia.

Expression patterns of post-synaptic genes highlight anogfigype inA.
gueenslandicdarvae (Sakarya et al., 2007). Five genes identified ipdisé

synaptic scaffold were labelled in ciliated globulais;ekferred to as flask cells,
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which are interspersed in the columnar epithelium. Prablynthese genes
cluster together via identified PDZ binding domains. Addaity, components of
the notch-delta signalling pathway for neuronal specioaand a homologue of
the proneural molecules basic helix loop helix (bHIbdye been detected
(Richards et al., 2008).

The globular cells are rich in small vesicles and im@mous tubules
consistent with a role in synthesis and exocytosmalécules. The cell apices
protrude beyond the margin of the larva and the cilila laotlets, suggesting a
sensory rather than a locomotory role (Leys and Ded2@01; Richards et al.,
2008). Richards et al. have suggested that the globulaacelékin to “proto-
neural”’ cells. Conceivably cell apices sense environmetitallli and then
release substances from vesicles to relay informati@ughout the larva. Such
signals could induce a larva to settle, metamorphoseleaiseesubstances to
mediate attachment to a substrate. Under this scemambriguing link between
ion channel physiology and organismal behaviour remains éxered.

The partially cloned\. queenslandicaequence designated Amg-
tetraKCNG was found to be most similar to an echinodetnameric cyclic
nucleotide gated K+ channel. In urchin sperm these chaneedsopened after
egg-derived peptides triggered an increase in endogenous cGviier€4989;
Yuen and Garbers, 1992). Channels were highly sensitive, opgramgbinding
a single molecule of cGMP (B6nigk et al., 2009). Downstre&channel
opening, sperm altered their trajectory. Presumably hyfsipation resulting

from channel opening relieve inactivation on voltage gaédclum channels and
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resulting calcium influx altered flagellar beat, aliog/sperm to track toward
nanomolar concentration of egg peptide in the ambientanmient (Bonigk et
al., 2009; Galindo et al., 2007). Confirmation of a compareitdanel and its
expression pattern i. queenslandictarvae waits further cloning to extend
available sequences. Investigating the role of this chamieval response to
settlement cues represents a potential area of resetefacing between channel
biophysics and environmental physiology and providing insigbtearly

mechanisms of coordination.
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APPENDIX A:

A.1. Summary of attempts to clone sponge voltage gated potassium channel
sequences

Degenerate primers were designed against conserved regioatizoan voltage
gated potassium channels. Different primer sets wereragskigr each of the
four families Kvl, Kv2, Kv3 and Kv4. Primer sequencesgven in the table
below. Combinations of these primers were testeRlmabdocalyptus dawsoni
cDNA and aggregate DNAjphrocallistes vastuBNA andEphydatia muelleri
DNA and cDNA. Specific primers were testedAmphimedon queenslandica
cDNA..

A putative potassium channel fragment from Rhabdocalyptus dawsoni

A fragment found to be most similar Aplysia californicakv3 in a tblastx search
(NCBI) was amplified fronrRhabdocalyptus dawsoaDNA using the following
primer combinations below:

1% amplification from cDNA:

Sense primers (designed against Kv T1 region): Antisense:

1819 GeneRacer 3’ Race Primer
2" amplification (template is 2/40ul dilution oflamp):

Sense primers (designed against S4): Antisense (desigagainst S5-
pore-S6):

1820 1822

1820 1823

(The above two primer sets are overlapping such thadrtdkict with the second
primer set will be 18 nucleotides longer)

The above primer combinations gave respectively banétetilb and c in lanes 3
and 5 in the scanned gel below. Lane 1 is a 100 bp standalahasd} and 6 are
no template controls.
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Clean sequence from the above band was 280-300 bp howeeeapipeared
to be multiple isoforms. In both an NCBI Blast séeand a VKCDB search the
sequence came up as a Potassium channel closest to theltaimae! inAplysia.

Cloning the K channel fragments:

The PCR was replicated and each of the two produatd lo aloned into
electrocompetertt. coliwith the TOPO TA cloning kit. Crack PCR was
performed on 12 single colonies from each of reactibharid ‘c’ and the PCR
products were sequenced.

Two main sequences were obtained:

b7 (the only colony with this sequence):
gnnnncatgatatccaagcgaattctcccttcgagtggttcgagtat
tccgagttttcaagttaaccaggcactcagtgggtcttaagattctc
tggcatactctccacgccagcatgaaagagctgacaattctctcgat
tgatcttcgccagtttgatatactacg
cagagaagttgtcagatgattatatggggaaggagggtgaggataaa
tccecgtttattgacataccagtcggattatggtgggcaatagttac
catgactacagtgggctiitgaagggegaationtaaacctgcagg
actagtccctttagtgagggttaata

Gene specific primers 1924 (sense) and 1923 (antisensejlesgaed to
amplify the 168bp portion above highlighted in yellow.

b10 (several colonies have this sequence):
cgtagcccactgtagtcatdgicaeiacageceaceagaacccy
actgggatatcgataaacgggctcggegtgtaatccaggcetegt
cttgtccacgtaatattcctcgetcagtttctccgegtagtaga
tgaggctcgcgaagatgaccacgcccaggaacatgaagatgctt
aagatcatgagctEeliCafaciegeaiaiaocytgtgccagag
gatcttcaggcccaccgagtgtctcgtgaacttcaanactcgga
atactcgaaccactcg

Gene specific primers 1918 (sense) and 1916 (antisensejlesgaed to
amplify the 184 bp fragment highlighted in yellow above.

New primers were designed and priming sites for 2097 & 2098 (bi72@®0 and
are highlighted in pink.

For b7 we expect a 179 bp fragment
For b10 we expect a 198 bp fragment.
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Testing for the presence of K channel in Genomic DNA

Gene specific primers for the above clones were tmegdenomic DNA. This was
done because cDNA made from sponge RNA (extractedviroote sponge)
could be contaminated with cDNA from symbionts. The hygbiothe photo
below, for example, lives intertwined with the tisaidk. dawsoniGenomic

DNA was extracted from 3-day old sponge aggregates (seeatbdelow),
since they are expected to be free of contaminants.

Preparation of aggregates (pur sponge

3-day olc
aggregate
O Cut Cut bieen ! 3 days
ut piect .- gl days
of sponge with rinsing
Re_m_ove Dissociate —allow tissue
o ep|b|0nts’ through to reaggregate
hydroid m_ cheesecloth
Rhabdocalyptuissue

Despite extensive optimization of PC
genomic dot blots, and genomic southerns
Neither K channel fragment was in
aggregate genomic DNA

T

Aggregate Aggregate 2 - 0.2pg of clong

genomic genomic c plasmid_ can be
DNA was DNA does detected in a
added to give not interfere background of
expected with chicken genomic
template detection of DNA

guantities of  clone c
2-0.2pg or plasmid
greater
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Appendix A.1 Table 1:Sequences of primers used to attempt amplification

of sponge voltage gated potassium channels. Degenerategwere designed to
match sequences conserved with metazoan voltage gatatetheSpecific
primers were designed against putative voltage gated K chesmetnces
idebtified fromAmphimedon queenslandiganome trace files.

Primer Sequence 5'-3’ Target Direction
name Sense (S)
Antisense
(A)
WJG1819 CGATCCACTGAGGAACGAGTACTttyttygwnmg KvlT1l S
aWwJG1820| CGAGTGGTTCGAGTATTCCGArtnttyaaryt KV1 S4 S
WJG1821 AGCCCCTTAGAATGCCGAswnaryttraa Kv1S4 A
WJG1822 CGTAGCCCACTGTAGTCATGGTAACTayngcccacca KvlS5S6 A
WJG1823 CATGGTAACTACAgcccaccaraa Kv1S5S6 A
WJG1824 GGGGATCGATGAGATATACCTAGAGwsntgytgyca Kv2 T1 S
WJG1825 ACGAGTCGTTCAGATATTTCGAathatgmgnrt Kv2 S4 S
WJG1826 CGTGCTAGTTTTAGAATTCGCAGTaynckcatdat Kv2 S4 A
WJG1827 CGTGATTGTGgcccaccaraa Kv2 S5S56 A
WJG1828 TGTTGGAGGCATCCGAcaysaracnta Kv3T1 S
WJG1829 AAGGGGTATGTGTCATGtggttyacnht Kv3 S2 S
WJG1830 AAATAAACCGCATTAGGAATTCAadngtraacca Kv3 S2 A
WJG1831 TCGCCGTACCCTAGCgtngtcatngt Kv3S5S6 A
WJG1832 GCATACCACTACTATGGCTCTGTGTytntaytaydt Kv4 T1 S
WJG1833 CCATACCGGCGGCCwbntggtaytayac Kv4S586 S
WJG1834 CTTCCCTGCTATGGTTTTTggnacnayrtc Kv4 S5S6 A
WJG1118 TCGGAATTCTATGACTACTGTTGGNTAYGGNGA| Kv pore S
WJG1119 ACTTCTAGAGGTAGTGCTATTRYNAGNACNCC Kv S556 A
GJT1 GTNTTYMGNATHTTYAA Kvl S4 S
GJT2 TANCCNACNGTNGTCAT KvlS556| A
GJT3 ACNACNGCCCACCARAA Kvl S4 A
GJT4 TTYMGNATHATGMGNAT Kv2 S4 S
GJT5 ACNGTNGTCATNGTDAT Kv2S5S6| A
GJT6 TTYAARYTNACNMGNCA Kv3 S4 S
GJT7 GCNCCNACNARCATNCC Kv3 S5S6| A
GJT8 TTYMGNATHTTYAART Kv4 S4 S
GJT9 GGNACCATRTCNCCRTA Kv4 S5S6| A
DADNRVI | GAYGCNGAYAAYMGNGTNAT PutativeA. | S
-F gueensland
ica Kv'
ALDEPY- | TANGGYTCRTCRAANARNGC “ A
R
FKL(S/T)R | TTYAARYTNWSNRGNCAY RPPT “ S
H
MTTVGY | TCNCCNTANCCNACNGTNGTC R “ A
GD
KvPinv5’ ARISWIGTGATGTAICSIGT Amgq pore | A inverse
region
KvPinv3’ TACTGGGCIGTIACIATG Amgq pore | S inverse
region
Kinv3-5’ AAAGCTGGGCCTATTTCGAT AmgKvC | Ainverse
RNRPSF
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Kinva-3 | TTACCAAAGTGGTGGCAGGT AmgKvC | S inverse
YQSGGR

Kinvd-5 | GGTTCCGGAATAGCGTATCA AMQKVE | A inverse
DTLFRN

Kinvd-3 | TTTTTCGATAGAGATCCCAATGT AmMQKVE | S inverse
FFDRDP
N

Kinve-5 | TGCCTGTGGTATGGATGAAA AmgKVB | A inverse
SSIPQA

Kinve-3 | GACGACTGTGGGATATGGTG AmQKVB | S inverse
TTYVGY

Kinv8-5 | TCGCGATCAAAGAAATATTCA AmMQKVA | A inverse
EYFFDR

Kinv8-3 | TCTGTTCTTCAATACCTCAGAACC AmMQKVA | S inverse

SVLYQRT




A.2. Primers used to amplify inward rectifier potassium channé

sequences fromAmphimedon queenslandica.
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Primer name Sequence Description Tm
(°C)
KirlF Forward Kirl | 68.8
Xhol primer
E?C'?CGAF&:;A&(} ATGGAGCCAGCCCATAAAAAC
5’ clamp Kozak consensus
sequence
Kir2F Forward Kir2 | 66.5
Xhol primer
(LBYJGC‘I*CGAG‘CCAC? ATGTCTGTCCAGTTCTCTAATAGC
5’ clamp Kozak'consensus
sequence
KirlR s Reverse Kirl | 60.9
pel ;
primer
GGAETAGT CTAGCAAGAGCAAGGCTCTATG
5’ clamp
Kir2R2 Byl Re_:verse Kir2 | 57.9
primer
(LBYJGAtEATCT TTACATGTTTGTTCCTTCGC
5' clamp
T3 ATTAACCCTCACTAAAGGGA Forward 48
sequencing
primer
T7 TAATACGACTCACTATAGGG Reverse 48
sequencing
primer
GeneRacer™ | 5-CGACTGGAGCACGAGGACACTGA-3 Forward 74
5 Primer primer for 5’
RACE
KirlRevGR GTTGGTTACGGCCACGTAAGCTGAATC Reverse 61.5
AmqgKirA
primer for 5’
RACE
Kir2RevGR GTACAGTAGGCTGGAAGCTCACTAT Reverse 57.7
AmgKirB
primer for 5’
RACE
GeneRacer™ | 5-GGACACTGACATGGACTGAAGGAGTA-3 Nested 78
5 Nested forward
Primer primer for 5’
RACE
KirlRevNGR | AGTACTGTAGTGAAGCCGTCGCTAATG Nested reversé9.8
AmqgKirA
primer for 5’
RACE
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Kir2ZRevNGR

GCATCTGTAGCTTCTTCTCGAACTGTT

Nested rever
primer for 5’
RACE

S&8.6

Kirlinvs’

GACACTGCTTGCATCAATGTTAAC

Reverse Kirl
primer to
amplify 5’ end
from
circularized
cDNA

55.0

Kirlinv3’

CACTGAATGACAAGGATTAGTATAC

Forward Kirl
primer to
amplify 5’ end
from
circularized
cDNA

51.1

Kir2invs’

GTACAGTAGGCTGGAAGCTCACTATTGTTG

Reverse Kirl
primer to
amplify 5’ end
from
circularized
cDNA

60.1

Kir2inv3’

GACCAACAGGGAAAAAACGGCTAAAGG

Forward Kirl
primer to
amplify 5’ end
from
circularized
cDNA

60.2

1174

TGCTTGTTCTTTTTGCAGAAG

Forward pxt7
primer

49




A.3. Metazoan inward rectifier potassium channel protein sequeres
included in phylogenetic analyses.

>Tcas~Kir2~1~XP~970557
>Tcas~Kir~XP~970630
>Dmel~Kir~CAC87640
>Dpse~Kir~XP~001357041
>Agam~Kir~XP~555705
>Aaeg~Kir~XP~001653741
>Cpip~Kir~EDS26599
>Mmus~Kir7~1~NP~001103697
>Hsap~Kir7~1~BAA28271
>Drer~Kir7~1~BAF03613
>Trub~Kcnj13~AR~SINFRUP00000157298
>Tdub~Kir7~1~BAF73699

>Aque~Kirl~1

>Aque~Kir2~1

>Ajap~Kir~BAA76936
>Xlae~Kir5~1~NP~001079187
>Mmus~Kir5~1~BAA34723
>Hsap~Kir5~1~NP~061128
>Xlae~Kirl~1~NP~001080002
>Ggal~Kir4~2~XP~425554
>0ana~Kir4~2~XP~001509904
>Mmus~Kir4~2~088932
>Hsap~Kir4~2~NP~002234
>Hsap~Kir4~1~AAB07046
>Mmus~Kir4~1~Q9JM63
>Trub~Kcnj10~1~AR~SINFRUP00000158178
>Trub~Kcnj10~2~AR~SINFRUP00000157232
>0Omas~Kir~BAA12009
>Drer~Kirl~1~NP~957329
>Drer~Kcnj1~2~AR~ENSDARP00000032987
>Ggal~Kcnj1~AR~XP~425795
>Mmus~Kirl~1~NP~062633
>Hsap~Kirl~1~NP~000211
>Nvec~Kir~XP~001630074
>Nvec~Kir~XP~001629058
>Nvec~Kir~XP~001634221
>Nvec~Kir~XP~001636991
>Drer~Kir6~2~NP~001012387
>Trub~Kcnj11A~AS~SINFRUP00000142891
>0ana~Kir6~2~XP~001509905
>Mmus~Kir6~2~NP~034732
>Hsap~Kcnj11~AS~NP~000516

247
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>Drer~Kir6~1~NP~001025324
>Ggal~Kcnj8~AS~ENSGALP00000021601
>Hsap~Kir6~1~Q15842
>Mmus~Kir6~1~P97794
>Cele~Irk1~-NP~509138
>Cbri~XP~001676969
>Hror~GIRKB~BAB56015
>Csav~ENSCSAVP00000004317
>Cint~GIRKB~G~¢ci0100132443
>Cint~ENSCINP00000005467
>Cint~ENSCINP00000005450
>Cint~ENSCINP00000005482
>Drer~Kir3~4~XP~690493
>Ggal~KcnEX~G~ENSGALP00000011203
>Trub~Kcnj3~G~SINFRUP00000142587
>Ggal~Kir3~1~Q90854
>0ana~Kir3~1~XP~001508825
>Mmus~Kir3~1~BAA08079
>Hsap~Kir3~1~AAB42176
>Trub~Kcnj3A2~G~SINFRUP00000145066
>Ggal~Kcnj3A~G~ENSGALP00000016136
>Drer~Kir3~1~XP~698251
>Trub~Kcnj3A1~G~SINFRUP00000161686
>Hror~GIRKA~BAB56014
>Cint~GIRKA~G~ci0100138554
>Csav~ENSCSAVP00000019853
>Trub~Kcnj9~G~SINFRUP00000131396
>0ana~Kir3~3~XP~001516278
>Mmus~Kir3~3~P48543
>Hsap~Kir3~3~AAB07043
>Ggal~Kcnj5~G~ENSGALP00000001788
>Mmus~Kir3~4~AAB01687
>Hsap~Kir3~4~P48544
>Trub~Kcnj6~G~SINFRUP00000131474
>Hsap~Kir3~2~AAC50258
>Mmus~Kir3~2~P48542
>Hror~Kir~BAB78515
>Cint~ENSCINP00000016903
>Csav~ENSCSAVP00000008943
>Mmus~Kir2~4~NP~666075
>Hsap~Kir2~4~NP~037480
>Ggal~Kir2~3~XP~416263
>Hsap~Kir2~3P48050
>Mmus~Kir2~3~P52189
>0myk~Kir2~2~ABE02698



>Ggal~Kcnj12~ENSGALP00000007506
>Mmus~Kir2~2~P52187
>Hsap~Kir2~2~AAH27982
>Drer~Kir2~1~XP~692193
>Trub~Kcnj2~SINFRUP00000137388
>Xlae~Kir2~1~ABQ44516
>Ggal~Kir2~1~AAB88799
>Mmus~Kir2~1~P35561
>Hsap~Kir2~1~P63252
>0myk~Kir2~1~ABE02696
>Drer~Kcnj2~ENSDARP00000020190
>Cele~irk~2~NP~508143
>Cbri~Kir~XP~001666945
>Tcas~Kir~XP~974236
>Tcas~Kir~XP~974211
>Tcas~Kir~XP~974184
>Nvit~Kir~XP~001607604
>Amel~Kir~XP~392010
>Dmel~Kir2~1~CAC87637
>Dpse~Kir~XP~001358357
>Aaeg~Kir~EAT39259
>Agam~Kir~XP~321870
>Cpip~Kir~EDS45181
>Aaeg~XP~001653528
>Cpip~Kir~EDS45186
>Amel~Kir~XP~392011
>Nvit~Kir~XP~001607609
>Dmel~Kir~CAC87638
>Dpse~Kir~XP~001357808
>Agam~Kir~XP~321867
>Aaeg~XP~001653529
>Cpip~Kir~EDS45184

249
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A.4. Nucleotide sequences of inward rectifier potassium chaeis cloned

from Amphimedon queenslandica.

A.4.1.Nucleotide sequence of AmgKirA

1 atggagccag cccataaaaa cgtcaactat gaattagtat cg
61 catcgtgatg acgttcccat aacattcaga ggaactcgtg aa
121 ttagtaaaga ggtccaatgg ccgctcgttg gtgcaccatc ac
181 ttgctggggt acattagcga cggcttcact acagtactta at
241 atactgctgt ttgcagctat gtacgtatta tcatggctgc tc
301 gggattgatt cagcttacgt ggccgtaacc aactcatctt gc
361 ttctcagcat ctttcctgtt ctcaatagag actcaggtaa ca
421 tttgtcgcag acgactgctc ctttggtata ctaatccttg tc
481 ctcgttatag actcattcct actgggtctg atattcgcta aa
541 aggcgtaaga cgatcctctt cagtgacact gcttgcatca at
601 aagaggcttc agtttcgtat tggtgatgtt aggagcagat ca
661 gtacgtgtac aactatactg gaatagaaaa gatggggaga ct
721 cagaatgact tggaagttgg ctatgatagt ggcactgatc gc
781 gtggtaataa cacacattat aaaggagaca agccctcttt at
841 atattaaatg aagacattga gattgtcatt atactggaag cc
901 ctaactgcac aagctctatg gtcttacact gagagagaaa ta
961 aaacctatga tatacagaca gagtgatgcc aaaggtactt gg
1021 cttagctcca tagagccttg ctcttgctag

A.4.2.Nucleotide sequence of AmgKirB

1 atgtctgtce agttctctaa tagctatgaa aaaatctctg aa

61 gaagaagcta cagatgcagc tccaacaata gtgagcttcc ag
121 ctaaggccag agagactagt gaaaaggtct actgctcgct ct
181 atcccaccac ttagctggtt agcatacgtt agtgacggat tt
241 gagtggtaca ttataattgg gttattctca gctgtgtatc tc
301 actttcatgt ggtggtcgtt tgatgcagcc tatgtatctg tt
361 gaaaatgttg gaggattctc ttcatcgttt ctcttctcat ta
421 ggctatgggc accgatacat acagagcacc tgtcactttg gc
481 caaagtctta taggactctt tatcgattcg ttcctactgg gt
541 tccagaccca gaaacagacg caagacgatc cttttcagtg ac
601 aatgctaaag gggagaggtg cctccagttc cgtgtagctg at
661 ctagtggagg cacacgtacg tgtacaactg tactggcata aa
721 gaatacaggt tggaacagaa tgacttggaa gttggctatg at
781 atattattaa ccccagtggt aataacacac attataaagg ag
841 gtaactaatg atagcatatt aaatgaagac attgagattg tc
901 gtggagagta ctggcctaac tgcacaagct ctatggtcct ac
961 tttgggcgaa aatttatacc aatgaccaac agggaaaaaa cg
1021 gtggatttca aaaagctgag cgatgttgtg accagcgaag ga

aattctaa tgagaatatc
gcgagaag acgcgagagg
aacatacc gccgetgage
gcaaggtg gatcgttata
tttggatt catatggtgg
gtttctaa tatcgatgga
attgggta cgggtatcge
attcagtg tttggttggg
atcaccag acccaggaac
gttaacaa taaaggagag
tcgctagt ggaggcacac
gatgaata caggttggaa
attatatt attaacccca
acagtaac aaatgatagc
attgtgga gagtactggc
ttgttcaa ttacaaattt
gaagtgga ttttaataga

accgaagg aacagttcga
cctactgt accaacaagg
atcttgca ccacaagaat
actacatt gataaatgca
tcategtg gctectgttt
acaaacaa ttcttgcatt
gagacaca agtaaccatt
atatttct acttgtggtg
ctgatatt tgctaaaatc
attgcttg cattaatgtt
gtcaggaa aaattcatca
aaagatgg tgccactgat
agtggtac tgatcgtatc
acaagccc tctttatgca
attatact ggaagccatt
actgagag agaaatattg
gctaaagg aacgtgggaa
acaaacat gtaa
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APPENDIX B:

B.1. List of sequences used to seardhmphimedon queenslandicgenome
trace files for putative potassium channel sequences.

Sequences were compiled from the Voltage Gated Potashmmnmel database
(VKCDB). VKCDB index numbers and GenBank protein ID nunstee given
for each sequence.

VKCDB index GenBank Protein ID Description
VKC139 987509 potassium channel homolog [Polyorchis penicillatus]
VKC140 987511 potassium channel homolog [Polyorchis penicillatus]
VKC239 1763619 potassium channel alpha subunit [Polyorchis pdatuai$].
VKC285 1763617 potassium channel gamma subunit [Polyorchis péatig#].
VKC123 510098 potassium channel protein [Schistosoma mansoni]
29373793 potassium channel Kv3.1 [Notoplana atomata]
29373795 potassium channel Kv3.2 [Notoplana atomata]
VKC472 3415130 shaker related delayed rectifier potassium chajtietmopis marmorata.
VKC138 3387822 \c/ﬁgiggg[jgtiﬁ?dgo::esg:gméﬁ:inneI LKv1; delayed fiecipotassium
VKC200 2133555 shaw protein - California spiny lobster [Panulifaterruptus].
VKC205 14190059 potassium channel protein Shal 1.i [Panulirus fofgus].
VKC206 14190051 potassium channel protein Shal 1.e [Panulirusrinptus].
VKC208 14190049 potassium channel protein Shal 1.d [Panulirusint#us].
VKC209 14190045 potassium channel protein Shal 1.b [Panulirusint#us].
VKC210 13929491 shal 1 potassium channel [Panulirus interruptus].
VKC211 14190057 potassium channel protein Shal 1.h [Panulirusintgus].
VKC212 1587846 shal gene [Panulirus interruptus].
VKC213 14190053 potassium channel protein Shal 1.f [Panulirus migus].
VKC214 14190055 potassium channel protein Shal 1.g [Panulirusintgus].
VKC216 14190047 potassium channel protein Shal 1.c [Panulirus infgus].
VKC277 2959686 potassium channel [Panulirus interruptus].
VKC284 499659 K+ channel protein [Panulirus interruptus].
VKC97 2959684 potassium channel [Panulirus interruptus].
VKC407 29470162 voltage-gated K channel [Limulus polyphemus].
VKC103 85111 potassium channel protein A (clone Sh-beta) - fiyi{Drosophila melanogaster).
VKC104 85242 potassium channel shaker form epsilon - fruit Bydsophila melanogaster).
VKC106 85110 potassium channel protein A (clone Sh-alpha) ¢ fiyi(Drosophila melanogastey).
VKC107 85115 potassium channel protein A (clone ShC1) - fryit(brosophila melanogaster).
VKC131 85112 potassium channel protein A (clone Sh-delta) +filyi(Drosophila melanogaster).
VKC132 85113 %oégis;lézsfgghnel protein A (clone Sh-epsilonit fty (Drosophila
VKC186 103308 potassium channel protein shaw? - fruit fly (Drolsitep melanogaster).
VKC207 158459 Shabl1 protein (Drosophila melanogaster).
VKC21 13432103 Potassium voltage-gated channel protein Shakers{ipfula melanogaster).
VKC223 103386 potassium channel protein shab11 - fruit fly (Digsita melanogaster).
VKC224 103307 potassium channel protein shab11 - fruit fly (Digsita melanogaster).
e 116444 rI;c::‘tle;isc:;‘;ns:/ec:’l)t.age-gated channel protein Shaw (Sh@wasophila
116443 Potassium voltage-gated channel protein Shal ($(@tsophila melanogaster)

VKC26
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VKC27 17380406 Potassium voltage-gated channel protein Shab ([ptolsomelanogaster).
VKC153 2218158 voltage-dependent potassium channel alpha sulbaérorhabditis elegans].
VKC167 17563264 SHaW family of potassium channels (shw-3) [Caenloditzs elegans].
VKC331 31249890 K (potassmm_) _voltage-gated sensory channel sulpuoitin 1, isoform a
- = [Caenorhabditis elegans].
VKC332 25147276 K (potassium) Voltage-gated Sensory channel sulfkwit-1) [Caenorhabditis
- = elegans].
VKC333 17560924 potassium voltage-gated channel subfamily B mer@2{€d797) [Caenorhabditis
- —_— elegans].
VKC219 3219511 Shaw potassium channel Kv3.1a [Aplysia californica]
VKC268 688438 noninactivating potassium channel [Aplysia califogj.
VKC99 155764 potassium channel [Aplysia californica).
VKC164 7321945 action potential broadening potassium channel [8iplgp.].
VKC149 2315214 Kv2 voltage-gated potassium channel [Loligo pealei]
VKC117 1245451 voltage-dependent potassium channel SgKv1A [Lotigalescens].
VKC113 4996280 TuKvl [Halocynthia roretzi].
VKC230 4519932 Kv2 channel alpha-subunit [Halocynthia roretzi].
VKC420 27530018 Kv4 cl_ass voltage-gated potassium channel fulldleigpform [Halocynthia
- _— roretzi].
VKC421 27530020 Kv4 class yoltage-gated potassium channel C-tersniruncated isoform
- = [Halocynthia roretzi].
Potassium voltage-gated channel subfamily A memi{@otassium channel
_VKC12 116431 |\V1.4) (RCK4) (RHK1) (RK4).
Potassium voltage-gated channel subfamily A merBi{@otassium channel
_VKC15 116433 KVL5) (RCKT).
VKC168 2815400 Kv4.3 [Rattus norvegicus].
VKC169 1658483 Kv4.3 potassium channel [Rattus norvegicus].
VKC170 1050332 voltage-gated K+ channel.
VKC180 13929040 pota55|.um voltage gated channel, Shal-related yammémber 3 [Rattus
- = norvegicus].
VKC182 12751419 tran5|er1t voltage dependent potassium channel Keag form [Rattus
- = norvegicus].
Potassium voltage-gated channel subfamily A merBl{@otassium channel
_VKC19 116435 |kv1.6) (RCK2) (Kv2).
VKC194 92954 voltage-sensitive potassium channel protein [vadéidh- rat.
VKC197 13929026 potassium channel Kv4.2 [Rattus norvegicus].
Potassium voltage-gated channel subfamily B mermfPotassium channel
_VKC24 24418849 | o DRK).
VKC247 112304 potassium channel protein IlIA form 1, shaker-typat.
VKC248 112166 potassium channel protein - rat.
VKC249 285134 voltage-gated potassium channel protein Rawl - rat.
VKC266 16758906 pota55|.um voltage gated channel, Shaw-related silyfamember 3 [Rattus
- —_— norvegicus].
VKC272 31543041 pota55|.um voltage-gated channel, delayed-rectdidofamily S, member 3 [Rattt
- _— norvegicus].
Potassium voltage-gated channel subfamily B mer2l§Piotassium channel
VKC28 24418850 Kv2.2) (CDRK).
Potassium voltage-gated channel subfamily A merk{@otassium channel
_VKC3 27465523 |11 1 (1A) (RBKI) (RCK1).
Potassium voltage-gated channel subfamily C menlBiotassium channel
_VKC30 116439 |«y3.1) (Kv4) (NGK2) (RAW2).
Potassium voltage-gated channel subfamily C merl¢Biotassium channel
_VKC33 3023483 I3 4) (Rawd).
VKC36 116440 Potassium voltage-gated channel subfamily C melI§Biotassium channel

Kv3.2) (KSHIIIA).

n
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Potassium voltage-gated channel subfamily C melI§Biotassium channel

_VKC38 Lt Kv3.3) (KSHIIID).
VKC56 25742772 pota35|.um voltage-gated channel, shaker-relatef@silly, member 2 [Rattus
- = norvegicus].
Potassium voltage-gated channel subfamily A mer8i{@otassium channel
_VKC® 116428 |«\1.3) (RGKS5) (RCK3) (KV3).
VKC72 112170 potassium channel KV1.3 - rat.
VKC76 206635 voltage-gated potassium channel protein.
VKC82 6981116 potassium voltage-gated channel, shaker-relatef@silly, member 4 [Rattus

norvegicus].

VKC95 92635 potassium channel KV1.6 - rat.
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B.2. Predicted sequences of putative potassium channels conegilby
Onur Sakarya and Ken Kosik, University of California at Santa
Barbara.

Yellow highlighting represents sequences that | independesabvered through
blast searches of tife queenslandictrace files. Names for sequences were
assigned by the Kosik lab based on results of simjilaearches but affiliations
were not necessarily tested by phylogenetic analysis.

B.2.1.Inward rectifier potassium channel sequences

Predicted inward rectifier potassium channel nucleotide seqces

These predicted sequences was used to design primers t@nigier A
(SubJ_Kirl) and AmgKirB (SubJ_Kir2) (Chapter 3). Bases wHitfiered from
the cloned sequences are underlined.

Sponge_SubJ_Kirl
ATGGAGCCAGCCCATAAAAACGTCAACTATGAATTAGTATCGAATTCTAAT GAGAATATC
CATCGTGATGACGTTCCCATAACATTCAGAGGAACTCGTGAAGCGAGAAGAGCGAGAGG
TTAGTAAAGAGGTCCAATGGCCGCTCGTTGGTGCACCATCACAACATACCGCGCTGAGC
TTGCTGGGGTACATTAGCGACGGCTTCACTACAGTACTTAATGCAAGGTGBTCGTTATA
ATACTGCTGTTTGCAGCTATGTACGTATTATCATGGCTGCTCTTTGGATTATATGGTGG
GGGATTGATTCAGCTTACGTGGCCGTAACCAACTCATCTTGCGTTTCTAARTCGATGGA
TTCTCAGCATCTTTCCTGTTCTCAATAGAGACTCAGGTAACAATTGGGTAGGGTATCGT
TTTGTCGCAGACGACTGCTCCTTTGGTATACTAATCCTTGTCATTCAGTGITGGTTGGG
CTCGTTATAGACTCATTCCTACTGGGTCTGATATTCGCTAAAATCACCAGACCAGGAAC
AGGCGTAAGACGATCCTCTTCAGTGACACTGCTTGCATCAATGTTAACAARAAGGAGAG
AAGAGGCTTCAGTTTCQCATTGGTGATGTTAGGAGCAGATCATCGCTAGTGGAGGCACA
GTACGTGTACAACTATACTGGAATAGAAAAGATGGGGAGACTGATGAATACAGGTTGGAA
CAGAATGACTTGGAAGTTGGCTATGATAGTGGCACTGATCGCATTATATTATAACCCCA
GTGGTAATAACACACATTATAAAGGAGACAAGCCCTCTTTATACAATAACAAATGATAGC
ATATTAAATGAAGACATTGAGATTGT GATTATATTGGAAGCCATTGTGGAGAGTACTGGC
CTAACTGCACAAGCTCTATGGTCTTACACTGAGAGAGAAATATTGTTTAATTACAAATTT
AAACCTATGATATACAGACAGAGTGATGCCAAAGGTACTTGGGAAGTGGATTTTAATAGG
CTTAGCTCCATAGAGCCTTGCTCTTGCTAG

Sponge_SubJ_Kir2

ATGTCTGTCCAGTTCTCTAATAGCTATGAAAAAAT GTCTGAAACCGAAGGAACAGTTCGA
GAAGAAGCTACAGATGCT GCTCCAACAATAGTGAGCTTCCAGCCTACTGTACCAACAAGG
CTTAGGCCAGAGAGGCTAGTAAAAAGGTCTACTGCTCGCTCCATCTTGCACCACAAGAAT
ATCCCACCACTTAGCTGGTTAGCATACGTTAGTGACGETTTACTACACTGATAAATGCA
GAGTGGTACATTATAATTGGGTTATTCTCAGCTGTGTATCTCTCAT@TGGCTCCTGTTT
ACTTTCATGTGGTGGTCGTTTGATGCAGCCTATGTATCTGTTACAACAATTCCTGCATT
GAAAATGTTGGAGGATTCTCTTCATCGTTTCTCTTCTCATTAGAGACACAAGTAACCATT
GGATATGGGCACCGATACATACAGAGCACCTGTCACTTTGGCATATTTCTACTGTGGTG
CAAAGTCTTATAGGACTCTTTATCGATTCGTTCCTACTGGGTCTGATATTGCTAAAATC
TCCAGACCCAGAAACAGACGCAAGACGATCCTCTTCAGTGACATTGCTTGCATTAATGTT
AATGCTAAAGGGGAGAGGTGCCTCCAGTTCCGTGTAGCTGATGTCAGGAAAATTCATCA
CTAGTAGAAGCACATGTACGTGTACAACTGTACTGGCATAAAAAAGATGGTGCTACTGAT
GAATACAGGTTGGAACAGAATGACTTGGAAGTTGGCTATGATAGTGGTACTGATCGTATC
ATATTATTAACCCCAGTGGTAATAACACACATTATAAAGGAGACAAGCCCT CTTTATGCA
GTAACTAATGATAGCATATTAAATGAAGACATTGAGATTGTCATTATACTG GAAGCCATT
GTGGAGAGTACTGGCCTAACTGCACAAGCTCTATGGTCCTACACTGAGAGBAAATATTG
TTTGGGCGAAAATTTATACCAATGACCAACAGGGAAAAAACGGCTAAAGGAACGTGGGAA
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GTGGATTTCAAAAAGCTGAGCGATGTTGTGACCAGCGAAGGAACAAACATG AA

Predicted inward rectifier potassium channel amino acid sequesic
Differences between predicted and cloned sequences arat@wtias, for
example, (SubJ_Kirl/AmgKirA).

Sponge_SubJ_Kirl
MEPAHKNVNYELVSNSNENIHRDDVPITFRGTREARRRERLVKRSNGRSLMHHNIPPLS
LLGYISDGFTTVLNARWIVIILLFAAMYVLSWLLFGFIWWGIDSAYVAVTN SSCVSNIDG
FSASFLFSIETQVTIGYGYRFVADDCSFGILILVIQCLVGLVIDSFLLGLFAKITRPRN
RRKTILFSDTACINVNNKGEKRLQFRIGDVRSRSSLVEAHVRVQLYWNRKOGETDEYRLE
QNDLEVGYDSGTDRIILLTPVVITHIKETSPLYT(I/V) TNDSILNEDIEIVIILEAIVESTG
LTAQALWSYTEREILFNYKFKPMIYRQSDAKGTWEVDFNRLSSIEPCSC

Sponge_SubJ_Kir2

MSVQFSNSYEKM/l) SETEGTVREEATDAAPTIVSFQPTVPTRLRPERLVKRSTARSILHHKN
IPPLSWLAYVSDGFTTLINAEWY IIIGLFSAVYLSSWLLFTFMWWSFDAAYVSVTNNSCI
ENVGGFSSSFLFSLETQVTIGYGHRYIQSTCHFGIFLLVVQSLIGLFIDSEGLIFAKI
SRPRNRRKTILFSDIACINVNAKGERCLQFRVADVRKNSSLVEAHVRVQLWHKKDGATD
EYRLEQNDLEVGYDSGTDRIILLTPVVITHIKETSPLYAVTNDSILNEDIEIVIILEAI
VESTGLTAQALWSYTEREILFGRKFIPMTNREKTAKGTWEVDFKKLSDVVTSEGTNM

B.2.2.Two pore potassium channels

Predicted two pore potassium channel nucleotide sequences
These predicted sequences was used to design primers tAoigh&PA and
AmgK2PB. Bases which differed from the cloned sequeneearaderlined.

Sponge_SubK_K2p
ATGGAGAAAGAGGTCGAGTCAGAAATTCCTGCTGTTGCTAGCGATAGAGAGACAGCGAG
AGTCGTGAGCTAACAGAAAAGCCACAAGAAGACACAGCAGAGGATGAAGAGCCAGAGGAT
ACTGGGTTTGAGTGTTCCAGGGCCTACTTCACCCGCTTATTCTGTAACCTAACATCTAC
AACCAAGCCTTCATCCTATTTGCTCTTGTAATGACATACATACTCGTTGGTGGTGCCATA
TTTCTAGCCTTTGAGCTACCGGCAGAGACAAAACGAAATGAGGCCATAACAGCAGCCAAT
GAAACATACATTAGGGCCTTCAACAATATAGTGGATCAACTGGTGAACTTTACCAACCTA
ACAGAAGAGGAGGCTATGGCTTTAGTAAGGAGGGTAGCACAGTCAGCCATGATGCATCA
AACAATCAGCCGACTAACAACTGGGAGTATGGATCGGCTATCTTCTTTGCBCAACTGTT
ATTACAACAATCGGTTATGGTTCCATTGCTCCTGAGACTGATGGTGGACGEGGTTTCTTC
ATACCCTATGCACTGGTTGGTATACCCCTCACTTTGATATTCCTTGGGTTCTGGGACAA
GTACTTAACAAAGGAGTCGACCGAGCCACAAGATGTCTCAGAAGACGAGTACGTTTGAT
TGGGGACAAATATTGGTCGTATTTACCATCGGATTGGTGAGCTTCATCTTBTACCTGCT
ATTATATTCGCTATCATTGATGACTGGACCTACTTTGAAGCAGTTTATTTCACTTTTGTG
TCTCTCACTACAGTCGGTTTCGGTGATTTTGTTCCATCTGCCCCAAAGACRICCGTGGG
CTCTATCGGTTTAGTCTTATCTGTTGGTTGTTCCTTGGACTTGCATTCATBGCCCTCATC
ATTGCCCAGACACAGGAACGGATTGAGAATGTGAGAAAGAGTGTTAAGAAATGCAGAAAA
TGCATAAAGAGAACAGGAGGAAAGCTCATGCTGAGGAAAAAGAACAAAGAA AGTAGCAAA
GATAATGAAAAAACAGAAGAGACTGAAGTAGAGAAGGAGTGA

Predicted two pore potassium channel amino acid sequence
Amino acid differences from cloned sequences are indicde
(SubK_K2p/AmgK2PA/AmgK2PB)

Sponge_SubK_K2p
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MEKEVESEIPAVASDREDSESRELTEKPQEDTAEDEEPEDTGFECSRAYRIFCNLNIY
NQAFILFALVMTYILVGGAIFLAFELPAETKRNEAITAANETYIRAFNNIV DQLVNFTNL
TEEEAMALVRRVAQSAIDASNNQPTNNWEYGSAIFFATTVITTIGY GSIAFETDGGRGFF
IPYALVGIPLTLIFLGFLGQVLNKGVDRATRCLRRRVTFDWGQILVVFTIGLVSFIFIPA
IIFAIIDDWTYFEAVYFTFVSLTTVGFGDFVPSAPKTFRGLYRFSLICWLRGLAFIALI
IAQTQERIENVRKSVKKCRKCIKRTGGKLMLRKKNKESSKDNEKTEETEVEKE

B.2.3.Putative potassium selective cyclic nucleotide gated channel

Predicted nucleotide sequences

Portions of this sequence were cloned using primers designectaidei
italicized regions. The underlined sequence was cloned gnérseed. Yellow
highlighting indicates areas where sequences | indepepdessgmbled from the
A. queenslandictrace files match the predicted sequence.

Sponge_SubH_Kv — redesignated Amg-tetraKCNGA

ATGAATAACATTGGATACTCCTCCTCTTCAGTCATTCATAACTACATATTATCACTATAC
TGGTCAACAACCACAACCACACTAGTTGGATATGGTGACATTGTACCAGTRATAATGAT
GAGAGGGTATTAGCAATATGTGTCATGCTACTGGGTATTTGGTGCTATGGGACATGCTG
GGATCTGCAGCTGCTATCATCACTCATACACTACAACCTAGGATATTTCTGAATTGGAA
AAAGATGATGATATTTTATCACAATTACTGCACTCCTTCGCCATAGAAAGACTACCACCA
CAGACTAAGAGAATGTCACTAGAAGAAGAAGAAGATTATGTAGCTCATCACTCATTCAAG
AAAGAATACTCAATAGTTGCTGGTCTTGCTGCTGCAATGGTCCCTGCTCTGCTATAGCT
ACTCCTCGACAGTCACCTCCATTAGTCAATGCTGCACTGTCTTCTGTTGGGCTAAAGAA
ATGCAATCACAACTAACACCACCTACTCTACTTGATTACTCTCTTAGTGCQAATAATAAG
AAAAGGAAAGACTCTATCAGGCAATATAGTACAAGTGCTATCAGGTATTCCAATAGAGAG
GGGTCTGATGATCCTGCAGTTAGTATACAAGTTAGTAGCTCATTCAGTGTTCAGTATATG
AATTCCCTCTACTGGTCGTAGCAACAACTGCTTCTGTTGGATATGGCGACATTACTCCT
CATAGAAGTCTTGAG___ 56 bp intervening sequence in partially clonegierce and trace files
CGTTTGTATGCAATATGTTTTGAGGTGTTTGGTGTCCTCTTCTATGGCCTATAGTAGCCT
ATTTCACTGCTAGTTTGGTTAATGATGACATTGGGAGAGCTCAGTATCAAGATAAACTGG
AAATGATTAAGAAATATCTGAAAGAACACAAAGTTGACGGCATCCTAAAGA ACAGAGTA
ATAAAGTCA 389 bo intervening sequence in partially cloned segquématches final 224 bp of clones
BAYB232386.b1 and BAYA65925.y1) ATGTATTTTATAAGTCAAGGATCAGTTGAGATT
ATTAGTAATGATGGTCATGAAGGTACTAGGCTGACTGTGTTGGACGAGGGAAGTTCTTTGGA
GAAATAAGTTTGGTCTTTGATTGCAGCAGAACAGBTCTGTGAGGACTCTCAGTAATTGT
GATCTATTTGTGTTAAGTAAATCTGATTTTGAATCAGCTCTTGATAAATAT CAGGATGTT
GCTGATCAGATCAAAGTTGTTGCTCTTCAAAGAGCTACTCTCTCAGTTCT@ACTGACATG
GTTGTGAATGAATCGTTAGCTAAAGGAAAGACCAAAGATGAAACTATTGAA TCAATCTTT
GAAGTAAGTATAATTCTAATTATATTTAAAAATCTTACAGCTGCTGATTCT GATACAACC
CGTTACATCACTAGTT_ 60 bp intervening sequence in trace files ACACTGAGAAACTTT
ATGCAATTTTAATAATGATATTTGGGAAACTGTTCTATGGGTTTCTATTGGGGAGTGTTGC
TTCGATGCTTGCTAATAGGAAAAAGAGACAAGTCATGTTTATGAACAAACT GGACTCCAT
CAAAG 78 bp intervening_sequence in trace files ATTATGTTGTTGCTGCTGATGTC
TCAGTTCCACTAGAGCGTAAAGTAATTCATCACTGCAATCACCATTGGTTGEAGTCCAAA
GGTATTGACAGGCAGACACTGTTTGATGACACTCCTTATTGTCTCCAATCGAAATTGCT
CTAGCCACAACACAGAAATTACTCCAAATGGTGGAAAAATTGTTGGAAGAAGGCCGTCAG
TCAGCTGCTGATCCTCATTCTAGTTCCTTGGCACCATTGTCTACCATCTTAGCTGA

Predicted amino acid sequence
Sponge_SubH_Kv (Amg-tetraKCNGA)

MNNIGYSSSSVIHNYILSLYWSTTTTTLVGYGDIVPVNNDERVLAICVMLL GIWCYGYML
GSAAAITHTLQPRIFLELEKDDDILSQLLHSFAIERLPPQTKRMSLEEEBYVAHHSFK
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KEYSIVAGLAAAMVPALAIATPRQSPPLVNAALSSVGPKEMQSQLTPPTLIDYSLSANNK
KRKDSIRQYSTSAIRYSNREGSDDPAVSIQVSSSFSVQYMNSLYWSVATBVGYGDITP
HRSLERLYAICFEVFGVLFYGLIVAYFTASLVNDDIGRAQYQDKLEMIKKY LKEHKVDGI
LKNRVIKSMYFISQGSVEIISNDGHEGTRLTVLDEGKFFGEISLVFDCSRASVRTLSNC
DLFVLSKSDFESALDKYQDVADQIKVVALQRATLSVLTDMVVNESLAKGKT KDETIESIF
EVSIILIIFKNLTAADSDTTRYITSLYWAVTTMTTVGYGDIVPQNYTEKLY AILIMIFGK
LFYGFLLGSVASMLANRKKRQVMFMNKLDSIKDYVVAADVSVPLERKVIHH CNHHWLESK
GIDRQTLFDDTPYCLQSEIALATTQKLLOMVEKLLEEGRQSAADPHSSSLRLSTILS

B.2.4.Putative sodium-activated potassium channel

Predicted nucleotide sequences
Yellow highlighting indicates areas where sequences pigently assembled
from theA. queenslandic&race files match the predicted sequence.

Sponge_SubT_Kca, redesignated AmgNaA

ATGGCAGACAGAGTAGAGCACCGAATTTCTCAGCAGCACTCTCTCCCAAACCTCCTCTC
CTTAGGAAGAGGAAGAAGATACGGAGACGGTCCCGTCCTGAGGTGTACGATAGTCAGCA
CCTGTTCCTGCCTCTCCATCCCTCACTTCCTTGAGCTGTTCCTCCAGCGAGCGAATGT
GAGAGCAATAGAGAAGAAGAAGAGGACCCTCTGCCTGACAAAGACGGCCATCAGTCACA
GTTAAACAAGCCCTGGAAGGTCTATTTTATAACAAAGCTGTCCAACTGGTTICACCACCAT
GAACTCATTATCGTAAAGCGATATTCCCATGGAAAGACATTTGGACAAAGGCTTGCGTAT
GTCCTGTATAAACATCCAAAAACACGTCTCATTGCACATTTTGGCGCACTTTATTGAAC
ATTATCAGCTGCATCCTCTACGTTGCTGAAGCTATATATATCGATAGATTACTGAAAAGT
GCTGATGAAGAGGAGTTTATACTGGGCTGCTTCAACCAGACATGGGTGAABTAACGGAG
CCTTCTTATCTGTGTCTCATTCATCATTTTGAGCGGCTGGGTAAAAAGATACTCTGTTT
GATACCTACTGGTTTGTGGTCGTCACCTTCAGTACGGTCGGGTATGGGGATTAGCCCC
GCCCACTGGACTGGGAAGGTCATTATAACGATATTCATAATAGCGGCTTT@ATGTACCTC
CCACCTAAGGTGAGCCACACCCTCTTCACTTGT _intervening 57 bp iade file sequences
CACTACAAGCAGTACAACAAAGCTAACATCACTAAGCACGTGGTACTAGCAGCTGTGGAT
CTCAAACCGCTGGTACTGAGGGACTTCCTCAGTGAACTCTACTCCGACCGIGACAAATGG
intervening 59 bp sequence in trace fIKBACTCAAGTTGTTGTTCTTATTAAAGAAGAACCTG
CCGATTATATTAAAGCCATTCTATTGCACCCGATATGGTCCCAGAGGGTAGCATATTGAG
AGGAACTGCTTTGAGACCAAGCGACCTAGCAAGAGTCAAGGGCCGTCGG
TTCAATATTCCGGAGTACAAGAGATATGAGGAGTGCTCACCGGTTGAGATA ACCACGTG
AAACTCGGAGAGAGCAGATACTTTCATCGTTTCGCTGGAAAGAACTTTTTAITCACTTCT
GTAGTAGCTTATAGAAAGTTCCACGTCCTCTTGTTAGGGATATGTCCGTCASGTGGTACT
GATATATTGTTCAACCCTGGGATCAACCACATTATGGATCGTAATGATGAGIGTTACTAC
ATTAGCGACACTCATGAGCATAACTCCGACCATCAGATCATACCTGCTAG@CCTTCCAG
TCCAGTTTATGGAGGACATCAGCTACTCTCGGTCTACTGGCCATGTACATACTGGTATT
GATCCAGACCAGATGTTCCACCAGACCCAGGAGTATGAGGAGAGGGACTCGACAACAAG
GGGGGGTTTCCTCGCTCAGCATCCAACGACAGACTCAAGAAGTTGTCATCBCTGATTCT
ATTCCTGAGATACAAGTGGAAGGTGTGGCCAGTGGTGTCTCGTTAACTGAGAGACGAGG
CTACCATCAATTGGAGAGGAGGAGGAGGTACTTGATGAGCAACTAGCGGTGAAGTTACG
AACTGGCAGCATGACGTACAACATGGTCTCCAGTTATTGAAGTATCATGGGAGGGGGAA
CTACCCGAGAGGAAACCATGTGTGAAGCTTTCAGTGAAGAGCCATTTTGAASGTCACCAT
TCACCACGGTCCCATTCACTACCACTGGCAGCTACTACTTGTACAGTAATGAGCCACAC
CCCCTGGCACACCCCCTACCATCGCTAGGAGTGATACCGGAGGATGAACGATGTGATT
GTGATTGGAGAGGAAGAGCCACACCTCCTGCCCCACCTCCAGAGAGTAGGEATAAGCAG
CATAGCTCAGGGGGAGGGGTAGGGAAGCACAGGGTTCATAGTCAGCCGGATGTTTCAC
TTTGGATTCAACAAGAGACAGTCGGAGCCTAAACATGACGATCACCTCCT@AAGCTAAG
AAACACTCTCTCAAACTCCACGACAACACTTCAATGAAGTCCTATGTATCGICCAATGCG
AGTGTTAAAAGTGACATGTCTAATCACAGCATTGACGATGTGGTATCTCTTGAAGTTGAG
GATCTCTCTGATATTGAGGAACTAGAGGACCTTGAGGAAGGACGTCAGCAGAGACAGAG
GGAGGGTTCATATCTGAAGCAGAGACTGAGTCTATCGGTACCCCGTCAGTATTGGGTCA
CCATTACATCATCATCATCATCATCACCATCATCATCATAATAATAATGAT GTCTTTAAT
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GTTGAGTATAATGAAGATGTACCGCCTATCCCTTACTGTGGCTGTGAGCCBTCAAATGT
CACCTCATGAAGAATGCTAGGACTTATGAGGATATCATTATTGACAGGTCATTTATTGGT
GAAGACATCACAAGGCAGTGGTACCATCATGCCATCATCGTTTATTCTGATGTTGTATCT
GACGGTCTCTTCCACTTCATTACTCCATTAAGAGCGGCTTATCTGCCTCCICTTCACTG
AAGCCTATTGTATTTCTACTTGGAAACATTACATCTGACCTGCTAAGAGCTGGTATCATG
GTGGCTGAGAGTTTGGTTGTTTTTTCCTCAAACAAGATGAGACAGTCTGAGAAGGGGAG
CACCTGGCAGACGCTGAACACATTACTGCTATAGAGAAGATAGCCAGGTT@AACATCAGG
TTCATTAGGACGACGCCTTTCGAAGACCTCTGCATGCAGAGGCTGAGACARTGGCTCGT
AAAGTGGATCACTTGACCTACCTCTTCCTACCTCAGTTTGCCTCATCCAASCATTCTCC
AGTTCAATGCTGGACACTCTCCTCTACCAGTCTTACCAGAAACCTTACATATTAAACTC
TTCCGGCAACTCCTCGGCTGTACTCAAGTCAAAGGCTCAGGGTTTCTATGEAGGTAGTG
CCACATATTATTGGTTTCAGTAACTTTTATTGTTACCAGGTTCCTGTCAATAATGAATTG
GCTAAGCTACACACTTATGTAAGAGTCTTCCAGAGACTCGTCGCTTCATTAGCTTCACT
TCAATGGCTTTGTATCGGACAGCAAACGTTGATCATAATATTGATCCTCAGIATGTGAAA
GGATATTGTGAGGAAGAGCTGGAAAAGTTGAGACTGTTTTTGATTAGTGAACTCCACAGT
TTAGGGATAAAGAGAAATGGTATTCGTCCTCCCCTTAGCAACAAGCCGCCECCCCTAGC
GACGATGTTAAAACCGAGCCTTTCTCCCCACCTCCAGCCAGTCAGATCAGEAACTGGTT
CGTGCTTACTCAGCATCAGCTTTCTATGGAGGGGGCAGTCCCATACCCAGECCATGCCC
CTAGGCCCTGGGGGTGTGGTCCTGCAGGATACTAGACTTCATTTTGGTTIBAGCGCAAG
TTCAGTTTCACAGGCTCACTCCCCCAGCAGCATCAGACCAACACTGGGAGIGCTCCGCT
GATTCTTGCGATATGTGA

Predicted amino acid sequence
Sponge_SubT_Kca (AmgKNaA)

MADRVEHRISQQHSLPNSPLLRKRKKIRRRSRPEVYDQSAPVPASPSLTSCSSSDSEC
ESNREEEEDPLPDKDGQSVTVKQALEGLFYNKAVQLVHHHELIVKRYSH&TFGQRLAY
VLYKHPKTRLIAHFGALLLNIISCILYVAEAIYIDRLLKSADEEEFILGCF NQTWVNITE
PSYLCLIHHFERLGKKISLFDTYWFVVVTFSTVGYGDISPAHWTGKVIITIFIIAALMYL
PPKVSHTLFTCHYKQYNKANITKHVVLAAVDLKPLVLRDFLSELYSDPGQM DTQVVVLIK
EEPADYIKAILLHPIWSQRVAILRGTALRPSDLARVKGRRFNIPEYKRYEECSPVEIYHV
KLGESRYFHRFAGKNFLFTSVVAYRKFHVLLLGICPSGGTDILFNPGINHVDRNDECYY
ISDTHEHNSDHQIIPASTFQSSLWRTSATLGLLAMYISGIDPDQMFHQTQEEERDSDNK
GGFPRSASNDRLKKLSSPDSIPEIQVEGVASGVSLTEETRLPSIGEEEEMEQLAVEVT
NWQHDVQHGLQLLKYHGEGELPERKPCVKLSVKSHFEGHHSPRSHSLPLAR CTVMEPH
PLAHPLPSLGVIPEDEPDVIVIGEEEPHLLPHLQRVGDKQHSSGGGVGKHRISQPALFH
FGFNKRQSEPKHDDHLLKAKKHSLKLHDNTSMKSYVSSNASVKSDMSNHSDDVVSLEVE
DLSDIEELEDLEEGRQHETEGGFISEAETESIGTPSVIGSPLHHHHHHHHHNNNDVFN
VEYNEDVPPIPYCGCEPLKCHLMKNARTYEDIIIDRSFIGEDITRQWYHHAIVYSDVVS
DGLFHFITPLRAAYLPPSSLKPIVFLLGNITSDLLRAGIMVAESLVVFSSNKMRQSDEGE
HLADAEHITAIEKIARFNIRFIRTTPFEDLCMQRLRHMARKVDHLTYLFLP QFASSKAFS
SSMLDTLLYQSYQKPYIIKLFRQLLGCTQVKGSGFLWKVVPHIIGFSNFYCQVPVNNEL
AKLHTYVRVFQRLVASFSFTSMALYRTANVDHNIDPQYVKGYCEEELEKLRLFLISELHS
LGIKRNGIRPPLSNKPPPPSDDVKTEPFSPPPASQISELVRAYSASAFYGSPIPTAMP
LGPGGVVLQDTRLHFGLMRKFSFTGSLPQQHQTNTGSCSADSCDM
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B.3. Primers used to amplify putative potassium channel sequeas from

Amphimedon queenslandica

Primer name Sequence Description m
()
K2P1F Forward primer to amplify | 67.3
Xhol predicted full length K2P
GGC‘I’tGAGCCACCATGGAGAAAGAGGTCGAG
LYJ
5' clamr Kozak
consensus
K2P1R Reverse K2P primer 57.4
Spel
GGAOWAGTTCACTCCTTCTCTACTTCAG
5’ clamp
K2PRevGR GCGGGTGAAGTAGGCCCTGGA Reverse K2P prifioe5’ | 63.9
RACE
K2PRevNGR | GGCCCTGGAACACTCAAACC Nested reverse K2P primer 58.7
for 5’ RACE
Kinv7-5’ CGCCTACATTCAACCTCACC Reverse inverse printe 55.8
amplify 5" end of putative
ketd protein
Kinv7-3' GGGCATACCTCATTGACAGG Forward inverse prim® 55.5
amplify 3’ end of putative
ketd protein
KtetRevGR TGGGTTCACTCCTTCGTTAATAATG Reverse kctd primer for 5’| 62.44
RACE
KtetNRevGR | CTTCGTTAATAATGAGCTTCC Nested reverse 53.6
ketd primer for 5’
RACE
KtetFwdGR GTCAACAAGAGCCACACCCTCCT forward kctd 61.2
primer for 3' RACE
KtetFwdNGR | AACTCGGCCCTCAAACTGATCAAA nested forward 58.9
ketd primer for 3’
RACE
Kv1F ATGAATAACATTGGATACTCCTC Forward primer to amify 50.0
full predicted Kosik
SubH_Kv
Kv1iR TCAGCTTAAGATGGTAGACAATG Reverse primer to anifyl 52.3
full predicted Kosik
SubH_Kv
Kv2F TGTTGGGCCTAAAGAAATGC Internal forward Kosik 53.6
SubH_Kv primer
Kv2R GACAATGGTGCCAAGGAACT Internal reverse Kosik 55.6
SubH_Kv primer
Kv3Fwd TGAATTCCCTCTACTGGTCCG Internal forward Kosik 61.38
SubH_Kv primer
Kv3Rev GCTGTTCTGCTGCAATCAAAG Internal reverse Kosik 61.1
SubH_Kv primer
Kv3NFwd TGGCGACATTACTCCTCATAGAAG Nested internalreard 61.8
Kosik SubH_Kv primer
AgKvFwdGR TCACTGTGTTGGACGAGGGAAA Forward SubH_Kviprer | 58.4
for 3' RACE
AgKVFWANG | TGGACGAGGGAAAGTTCTTTGGA Nested forward SubH_Kv| 52.1
R1 primer for 3' RACE
AgKVFWdNG | TGGTCTTTGATTGCAGCAGAA Nested forward SubH_Kv| 48.1
R2 primer for 3' RACE
AgKvRevGR2 | GAATGCCGTCAACTTTGTGTTC Reverse SubH_Knmper 50.2

for 5° RACE
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KCalF GGCTCGAGCCACCATGGCAGACAGAGTAGAGCA 69.1

KCalR GGACTAGTTCACATATCGCAAGAATCAGC 58.9

KCa2F TCGTTTCGCTGGAAAGAACT Internal forward Kosik 54.5
SubT_KCa primer

KCa2R GGGGAGGACGAATACCATTT Internal reverse Kosik 54.4
SubT_KCa primer

KCa3Fwd CCTTCAGTACGGTCGGGT Internal forward 58.51
SubT_KCa primer

KCa3Rev CTGGTAAGACTGGTAGAGGAGAG Internal reversetSu KCa | 56.45
primer

KCa3NFwd TAAGCACGTGGTACTAGCAGC Nested forward SutkCa | 58.3
primer

KCa3NRev TCTCAATATGGCTACCCTCTG Nested reverse SukTa | 56.93
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B.4. Amphimedon queenslandicaucleotide sequences which match
metazoan K channel sequences with expected values ldsmt 16™.

Sequences were retrieved from genome trace files. &peng sequences from
multiple clones were assembled in Staden Pacakage fir@doce consensus
sequences. Clones included in each consensus sequerdadieated in Table
4-1. Sequences are not corrected for the presenceanisrtr cloning vector.

B.4.1.Putative potassium channel tetramerization domain containin@{ain
sequences

AmqgkctdA_1
gcgcgcgagtcagtgagcgaggaagcggcecgcataacttcgtatagcatacattatacga
agttatcagtcgacggtaccggacatatgcccgggaattcggccattacggccggggaca
ccacgtgggcgtggtattcaacaaaatggctgccgcaagggtgaccttgtacagttcaat
ggaaagctacaggcaacaaagaaaaggcaaagtcattttagttagggagactttgagcga
aactttagttgctgcatctgagaaactcaaagaaaacgtcgaagagttgcggttactgac
gggtggggtagttgatgacatcactttattaagagaggatgatattctaattgctgttac
ctcaagcacagagtcaacaagagccacaccctcctctccgactatactaagegacctce
tgaggaccagctacccgaactcggccctcaaactgatcaaagtcatticctecttaaaa
gtgctcaaggctcctttcccctgatgctccttcacgtcatgactgggtgaggttgaatgt
aggcgggaaagtatttgccactagcagggcaaccatcacttctgatccatcctcaatgtt
ggctagaatgtttgagtcagattggttcagtactacggatgactccggggcatacctcat
tgacaggagtcctgaacattttgagccacttctcaacttcatgagacatgggaagctcat
tattaacgaaggagtgaacccacagggagtgctagaggaagccaagttcttcaatgttac
taaagctatccaaccactggaaacacttgttaagaatgaagagttctcattagctggtca
tttaacaagaaaggagttcc

AmqgkctdB
gcgctagctcgecgcagccgaacgaccgagcgcagcgagtcagtgagcgaggaagceggece
gcataacttcgtatagcatacattatacgaagttatcagtcgacggtaccggacatatgc
ccgggaattcggcecattacggccggggattaaaagaaaaatggcttccgaggtggcagea
aaagatgaatgggttaagctaaatgtcggaggaactctctttatgaccacaaagaccacc
ctctgcaaggagaagaagtcattcctggccagactctgcttagatgatcctgatttacct
tctttaaaggtaagagagagagatagacccatccttttaccccttcctatdectatgt
ggatgaaactggtgcttatctcatcgatagagactctcgttactttccagtgatacttaa
ctacctcaggcatggaaagatcattgtagagccaacccttcacattgatggtatggtatg
cgctttaattaaaggcgtgacacattctaccattattaatcttaattacttthaaa
aattttaattgcttgtactcatactgaagtactaaattaattactgtcapacama
aaaaaaaaaaaaaaaaaaaaaccagtcggccgcectcggecctcgagaagctttctagacc
attcgtttggcgcgcgggceccagtaggtaagtgaacatggtccatagcetgtttcctagga
gatcctggtcatgactagtgcttggattctcaccaataaaaaacgcccggcggcaaccga
gcgttctgaacaaatccaga
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B.4.2.Putative tetrameric potassium selective cyclic nucleotijgeed
channel sequences

Regions matching Kosik SubH_Kv (redesignated Amqg-tetreKCN&A
highlighted. Regions matching the partially cloned sequence AmaikKiCNGB
are underlined.

Amg-tetraKCNGC

tggaaaagttgatcgagcaaaccattacattaagtacatattaacatactagatgtac
cacatcatttacattatatcattttataataggacaacattcatcctiaaggtc
ttattaccaactgaactcatagtatttgctatattctctcctttaggacttgtpgagt
gctacttgttcatgttcatgcacattattatttcttttttaaattcttttgazuggt
gaactagtttaatgagcttagcaagactgaataggctcgtacatattcacagattggtaa
ttagttttcattttattattaactgtacacgtattttttaggtcattiatgata
ttaaaaatttaatgccaaaaatgatttggtaggagcactaaaattatttteaaatt
aaattatttacaattatgaaataggttgataaaattactggtctacctagfiactc
acatttgattggctgcagttggttcatgatctcctgetcttgectctcactccacagcetg
ctgctctettggcagetgggecaacagcgggatcttcaaaaatcaatcactaagtatgat
gaggcactctttgataatatggtcactctttttctctetetetttecttctmett
ctacagttagtagctcattcagtgttcagtatatgaattccctctactggimeta
caactgcttctgttggatatggcgacattactcctcatagaagtcttgaggtacatcaac
gtagatgtacttgtatgtttataattattatcatctcatcttgcagcqtticphat
atgttttgaggtgtttggtgtcctcttctatggectgatagtagectatttcaagceta
tttggttaatgatgacattgggagagctcagtatcaagataaactggaaatgattaagaa
atatctgaaagaacacaaagttgacggcatcctaaagaacagagtaataaagtcagtaag
atagagaaagaaaggattactatacaaattgttccaatagtcattatgagtatatgtggc
agagaaataaagctcttgattttcatgatctcttcaaggatatgcctccatcactccaa
gcgatgtctcactagctctgtacaagaacgctattgacaaagtacaatagtggattgtac
ttgcagtaattattgttgaatgttgtaggtgcctttatt

Amg-tetraKCNGD

accatcaatt
ttctctttgaaatatattttctgattgaggtacttgtacatgtgcatacettget
aaatgatgcattcattgtgttaagtcaatcctgttttactagtgtctgogitayt
atcttcttcttgtctagatacttattaagtttcatcttggctatgaagacattjctt
gtttgatcgttcgagacttcaagttaactttccttcattacctaaggtctccttttgge
ttacgttggacttcattgcaacattccegtttcatattctttctgcattcgetgmaget
tcattggctctcattcagtaatgtcaacttatctaaagataccacattttctgagga
taaaattttggagattattcctgatccaggagaagaaactaaaccaaaagtaaaggaaag
aagaattatctttaattgttgtgtgcactttaggacagctctcattcaagcatttgaag
ctttgttcttacaagtttagcaactcagtttgctgcttgtttctggtactgety
ctcatcatcctcttgtcatgaagactcttgggctacagccataagtataaatigataa
ataacaaagttaatagtaatcattctagatcttacagctgctgattctgatagtaacc
tacatcactagtttatactgggcagtgactacaatgacaactgttggctatggggacatt
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gtgccacagaattacactgagaaactttatgcaattttaataatgatatttgggaaactg
ttctatgggtttctattggggagtgttgcttcgatgcttgctaataggaaaaagagacaa
gtcatgtttatgaacaaactggactccatcaaagtacaggaataataagaaacattc

Amg-tetraKCNGE

gcttacattagtgcattctgcctcagttatcaagtacagtacttatatacotitat
catcatgtctcttttagattttcttcttcagtagttcagctggtctatcaaaedt
ttctctttgaaatatattttctgattgaggtacttgtgcatgtgcatactitgta
aaatgatgcatccattaccttaagtcaatcctgttttactagtgtctgisitgastcttcttcttgtctagatacttatt
aagtttcatcttggctatgaagacccctcttctg
gtttaatcgttcgagacttcaagttaactttccttcattacctaaggt oottt
ttacgttggacttcattgcaacattcccgtttcatattctttctgcattcgetgaget
tcattggctctcattcggtaatgtcaacttatctaaagataccacattttctgagga
tcaaattttggagattatttctgatccaggagaagaaactaaaccaaaagtaaaggaaag
aagaattatctttaattttagtgtgcacttcaggacagctctcattcaagcattgaagt
ctttgttcttacaagtttagcaactcagtttgctgcttgtttctggtactgety
ctcatcatcctcttgtcatgaagactcttgggctacagctataagtataaaadgataat
ataacaaagttaataataatcattctagatcttactgttgctgattctgategaac
tacatcactagtttatactgggcagtgactacaatgacaactgttggctatggggacatt
gtgccacagaattacactgagaaactctatgcaattttaataatgatatttgggaaactg
ttctatgggttcctgttggggagtgttgettcgatgettgctaacaggaaaaagagacaa
gtcatgttcatgaacaaactggactccatcaaagtacaggaataataaagaacattat
ttattattattattattattgttattattatttttacttttattattgtatygtatt
gttgctgctgatgtctcagttccactagagegtaaagtaattcatcactgcastcacc
tggttggagtctaaaggtattgacaggcagacactgtttgatgacaccccttactgtctc
caatcggaaattgctctagctacaacacagaaattactccaaatggtaaagaacagagca
gtacatgcttatattggagaatttaatgcaattatgatacacctataggtaccagtgctg
aactctgtcagtgggtctttgctctgccaaatatcattacacctgagaccttgetact
tcagctggtgagatcattatcagtagaggagacgtaggacatggactgtactttatttat
gacggaattgtgagtatatattcaaaatgacatactataaattactgtatesgtac
attgtgcattactgctgtaggtggaaaaattgttggaagaaggccgtcagtcagctgetg
atcctcattctagttcct

B.4.3.Putative sodium activated potassium channel sequences

PartialAmphimedon queenslandioacleotide sequences for putative sodium
activated potassium channels. Highlighted sequences masik iabT_ KCa
(redesignated AmgKNaA).

AmgKNaB
ttctottggtttgttattgagttgctcttcgtttcttttatgttctittgtgasgitgtctgtaaattttggcatgcatctaaca
gaatagtaacaacaccagtactacaactttgttgttttccctctcccctitctttctcctcgattagtttaaatctee
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taattatccctaaagattatactctctggtcattacaggtactgatatégittaitttaatattgttattattattat
tttacagttgtttttattgttattattattatittacagttgttittaggatttgtttaattggagcatttactgtcatttatgtac
accaggagccatacgtgagtagttaattaaccactagttaattaactatgggtacagttcctgttttaagacac
gtctttagatacatgactcacagtattgtcatatgcgtgctaattgggttaggattticgtaagttattatttatttatt
tattttatttgtttatttattaattctcatagctactaatgccgceagtgttticigtggattccaacgttectcttetgtty
gccggcaagacacaactttatgtacatagtacagcagaaaagtgaagtatcattctttaagggcttccge
actacagcaatcagcctggcaaccttcctectctgttttatgttctcatggtaagetactggtcataccctaaac
cacacccctttcctttagtctgtgtctcattcatcattttgagcggcetgggtgatatatctgtttgatacctactggtt
tgtggtcgtcaccttcagtacggtcgggtatggggacattagccccgeccactggactgggaaiggicgat
attcataatagcggctttgatgtacctcccacctaaggtgagccacaccctgtgiatattattagtaacaggtt
gataaactgtggagatccttcacgttacatcgtaagcactacaagcagtacameramdgactaagcacgtg
gtac

AmgKNaC
tcatttatgtacaccaggagccatacgtgagtagttaattaaccaccagttédaccagggttcagttcct
gttttaagacatgtctttagatacatgactcacagtattgtcatatgtgt@ogttgcattctttgtcaccgtaagt
tattatttatttatttattttatttgtttatttattaattctcatagcaatticcgcagtgtctccatattctttggattccgacgt
tcctcttttgttggccggcaagacacaacttcatgtatatagtacagcagaaaaaficgitgittaggtccttcca
cggcttccgtactacagcaatcagcctggcaaccttccttctctgtttcatgggtgagctccaccctttgaccct
aaaccacacccctttcctttagtctgtgtctcattcatcattttgagcggctguigatatctetgtttgatacctac
tggtttgtggtcgttacctttagtactgtggggtatggggacattagccccgeccactggaaggtmtataa
cgatattcataatagcggctctgatgtacctcccacctaaggtgagccacaenttgttctattattagtaaca
ggttgataaactatggagatccttcacgttacatcgtaaacactacaagcagiagataacatcactaaacac
gtggtactagcagctgtggaccttaagccgctcgtactgagggacttcctcagtgaacgiacttggacaa
atggtatggaggaatgaacctttactttaatggaacaattgagactctctctctctc

AmqgKNaD
tactggtttgtggtcgttaccttcagtacggtggggtatggggacattagccccgceceetciggaaggtcatta
taacgatattcataatagcggctctgatgtacctcccacctaaggtgagccatiaactigtgtctattattagta
acaggttgataaactatggagatccttcacgttacatcgtaaacactacaagueapagataacattactaaa
cacgtggtactagcagctgtggacctcaagccgctggtactgagggacttcctcagtgaeagetecctgga
caaatggtattgaggaatggacccttactttaatggaacaattgagactctctuttttgtaggatactcaagtt
gttgttcttattaaagaagaacctgccgattatatcaaagccattctattgcatggieccagagggtagccat
attgagaggaactgctttgagaccaagcgacctagcaagagtcaagtgagtgacgtacgatatggtac
agtggagggttctctttggctcaatttttgagaaactttaaaaatttgtaaaattjatiggaatcaactcaaact
ttttatgcaacataagaacatgtattatatttatcattaataggctaagaacgottgticcttcattcatcaagaa
ctggcagggcagctgatgctgttagtaattaactaatcatttattaattaactgée@macttcctgtaggacca
gcataccatcatgagtgcttggaccgttaagaactatgca

AmgKNaE
ttattgttattattattattttacagttgtttttagcgttgatttgtttaatgypgdttactgtcatttatgtacaccaggagcc
atacgtgagtagttaattaaccaccagttaattaactattattaccagggittgttitaagacatgtctttagatac
atgactcacagtattgtcatatgtgtgctaattgggttagcattctttgtcactatiatttatttatttattttatttgttt
atttattaattctcatagctactaatgccgcagtgtctccatattctttggatigitgetcttttgttggccggcaaga
cacaacttcatgtatatagtacagcagaaaagtgaagtatcgttctttaggtcggcttccgtactacagcaatc
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agcctggcaaccttecttctetgtttcatgttctecgtggtaagcetccaccctittgaaccacacccectttectt
tagtctgtgtctcattcatcattttgagcggcetgggtaaaaagatatctctgtittateggtttgtggtegttacettt
agtactgtggggtatggggacattagcccecgeccactggacagggaaggtcattataacgztiagiggat
ctgatgtacctcccacctaaggtgagccacaccctcttcacttgtgtcigttiizaggttgataaactatggagat
ccttcacgttacatcgtaaacactacaagcagtacaacaaagctaacatmgtgytactagcagctgtgg
accttaagccgctcgtactgagggacttcctcagtgaactctactccgaccctggatatamiaggaatgaac
ctttactttaatggaacaattgagactctctctctctctgtaggatactcaggtitiittaaagaagaacctgecg
attatatcaaagccattctattgcacccgatatggtcccagagggtagccatattgatgprigagaccaag
cgacctagcaagagtcaagtgagtgacataatgtgaatggagggttccctitggctcgasttttisaaaaat
ttgtaaaaaaattcgattttgattggaatcaactcaaactttttatgcadeatdgtpttattattatcattaataggc
taagaacagctgatgcttgtttccttcactcatcaagaactgggagggcagctgatgmadisagt aatcattt
attaattaactgaaactcctcccacttcctgtaggaccaacacaccatgattgagictgttaagaactacgctc
cgaagacacgcctctttgtacacgtcagacaaccagggatcctctagagtcgacctgeagigtgct

AmgKNaF
ttattgttattattattattttacagttgtttttagcgttgatttgtttggttgcatttactgtcatttatgtacaccaggagcc
atacgtgagtagttaattaaccactagttaattaactattattaacagggittigitftthagacacgtctttagatac
atgactcacagtattgtcatatgcgtgctaattgggttagcattttttgtcaccgtaattatttatttattttatttgttt
atttattaattctcatagctactaatgccgcagtgtctccatattctgtggatigttactcttctgttggccggcaag
acacaactttatgtacatagtacagcagaaaagtgaagtatcattctttaggtmpicitccgcactacagcaa
tcagcctggcaaccttcctectctgttttatgttctcatggtaagctccaqpg@ettaccctaaaccacacccecttt
cctttagtctgtgtctcattcatcattttgagcggctgggtaaaaagatatogetigit ctactggtttgtggtcgtca
ccttcagtacggtcgggtatggggacattagccccgceccactggactgggaaggtcattatwatgatay
cggctttgatgtacctcccacctaaggtgagccacaccctcttcacttgtgtictgtéamcaggttgataaactgtg
gagatccttcacgttacatcgtaagcactacaagcagtacaacaaagctaaagueagtggtactagcagc
tgtggatctcaaaccgctggtactgagggacttcctcagtgaactctactccgaccetjgatatggaggaa
tggacctttacttttatagaggaattgaaactctctctctctctgcaggatactdsgitittpttaaagaagaacct
gccgattatattaaagccattctattgcacccgatatggtcccagagggtagccatattgatpgigagac
caagcgacctagcaagagtcaagtgagtgacataatgtgaatggagggttccctttgdgangadtictttaa
aaatttgttaaaaatccaattttgatcggaatcaactctaacttttaatpagaacatgtatatatttatcattaata
ggctaagaacagctgatgcttgtttccttcactcatcaagaactgggagggcagctgagagtactaatc
atttattaattaactgaaactcctcccacttcctgtaggaccaacacdgegtgattggactgttaagaactacg
ctccgaagacacgcctctttgtacacgtcagacaaccagggatcctctagagtcopuatigragctgcact

AmgKNaG
Ccacaccecctttcctttagtctgtgtctcattcatcattttgagcggcetggoagadatctetgtttgatacctactgg
tttgtggtcgttacctttagtactgtggggtatggggacattagccccgeccattggacagggdtaggacgat
attcataatagcggctttgatgtacctcccacctaaggtgagccacaccctgtgatdttattagtaacaggtt
gataagctatggagatccttcacgttacatcgtaaacactacaagcagtacaacaatigctaaacacgtgg
tactagcagctgtggacctcaagccgctcgtactgagggacttccttagtgaactctacttggacaaatggt
atggaggaatagacctttacttttatagaagaattgaaactctctctctctgiaggatactcaagttgttgttctt
ataaaggaagaacctgccgattatatcaaagccattctattgcatccgatatgggggtagecatattgagag
gaactgctttgagaccaagtgacctagcaagagtcaagtgagtgacataatgtgaatggdtgaottceat
ttttgagcaactttaaaaatttgttaaaaatccaattttgatcggaatcgattttaigcaacataagtacatgtatt
attattatcattaataggctaagaacagctgatgcttgtttccttcactcatcégmemgggcagctgatgccgtt
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agtaattaactaatcatttattaattaactgaaactcctcccacttcctgtaggacaccatcatgagtgctt
ggactgttaagaactacgctccgaagacacgcctctttgtacacgtcagacaacaagpuggtcgacctg
cagcatgcagctgcact

B.4.4.Putative calcium-activated potassium channel sequences

PartialAmphimedon queenslandioacleotide sequences for putative high
conductance calcium activated potassium channels. The sequeaterlined in
AmgKCaB is not present in AmgKCaA. Translationdgrammes +2 and +1 are
given for AmgKCaA and AmgKCaB and the pore region urded in each.

AmgKCaA
cctaagctacctctaaccctctaaggacatacctagcacataattatgaagggtgct
tgtgacaattaatacaaactgcccaataagcaactgtaacaacatatttgjtha
atagattgcaccaacactggcaaaatgtccacaaaatgctcattaagtgtgtcatta
caacttactaaagctagtctggctgagtcaaaatgcttaattaattctattéaatgat
ttataccttcactaagtggctttaaatgagcaagtgccacaatggagtgacccgacgcta
cacattgcatgaggttgtacatactgtccttccctccactgcataatgagamaaa
atacaagttgtgaactgatacactactaaactcacctaattaatcctaategtt
ctttattgccttcttatgagggacacgtgggcgaattcaatgaattcatgaatattcatt
agcttggctcatggaggagcaagagcaaggaaactcttcttctcctttttgtctaagtat
aagagctaatcaaggatggtggccatacgcagttacctatacagttttgtttgctactgg
cctcctctcactctctcttattctgacactgacctctgtttccttcaaatbemat
gactatgctagctaattcaaagatagtccctctctttgatctgctctttgacccgcagag
tatgacagggaaagttcactttactcttaccctagtcttcaatacaaccttitca
aatgctctggcgctcttcaacccgtcccctgtatgattgcagcattgctgattccactcc
agtttacttgatagtagagactctatcttcatgctatcttataataaattcsagtge
actaattacagcaaagcatagaataatccggtggatatctcttctcactcaigttgat
tttcactctctctcatccgtttatctctttattgtgcggctacgactggttggatrtc
agctctaaggtttctgtggttattcgaggcatcaaaagtcctcaaggctctacctgatac
tattaattctgaagacattgttaagattgcaaagatagtaagtcgtttcattggagtat
gctatcatctagcggcatgatacagctattggagaattctggtgatccgtgggatgatga
tgatgacatcagcatgagcttctggtctagcacatacttcactatgatcactatgactac
tgtgggttatggtgatgttactgtaggcagtgattgtggtcaaatgtttacadtgttca
tattgttcttgggtttgtactttacatgttttcattgccgactttactggaadtttt
gggaactcatcaatcatcaaagtttcgtcaaagctacaataaccttattaaggaggaa
tctcgtcattgttgtgggtagcatcacagagaaaaacgttagctgtttcctcaaagagtt
acttcatccagacaaacaaggcagaccgacatttagtgtcatccttdtuztcc
tcccactcctggcectcagttctattcttaagtcacactatacacgtgtt¢agtac
aggttctgctttaaattacaatgatctgatgagatgtggcctgtctatagccaagtctgt
tatcgtgttagctgatagtcattgctctaatcccatcaaagaggataatgatbatct
aagagttgcttctattaaaacgcactctcctctgtcccaataatccttcagtct
aatgacagcaagaaacttcttaaatgtttacctggctggttccaggtagagatgttccac
tgtgtttatttgagtgt
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frame +2

> - 625 codons
LSYL*PSKDIPST*L*TSADVTINTNCPISNCNNIFVNPL*IAPTLAKCPQNAH
*VSHYCNLLKLVWLSOQNA*LILEFNDNYTFTKWL*MSKCHNGVTRRYTLH
EVVHTVLPSTA*E*MKYKL*TDTLLNSPN*SYYFHCFIAFL*GTRGRIQ*IH
EYSLAWLMEEQEQGNSSSPFCLSIRANQGWWPYAVTYTVLFATGLLSLSL
ILTLTSVSFKFNRMTMLANSKIVPLFDLLFDPQSMTGKVHFTLTLVENTTY
ISIMLWRSSTRPLYDCSIADSTPVYLIVETLSSCYLIINSIARLITAKHRIRWI
SLLTLVDIFTLSHPFISLLCGYDWLGLRALRFLWLFEASKVLKALPDTINSE
DIVKIAKIVSRFIGVWLSSSGMIQLLENSGDPWDDDDDISMSFWSSTYFTM
ITMTTVGYGDV TVGSDCGQMFTMFIIVLGFVLYMFSLPTLLEILLGTHQSS
KFRQSYNNLIKQEGLVIVVGSITEKNVSCFLKELLHPDKQGRPTFSVILLH?
SFPTPGLSSILKSHYTRVQYYQGSALNYNDLMRCGLSIAKSVIVLADSHCS
NPIKEDNANLLRVASIKTHSPLSQ*SFSY*MTARNFLNVYLAGSR*RCSTV
FI*Vv

AmgKCaB
cctaagctacctctaaccctctaaggacatacctagcacataattatgaagagtgct
tgtgacaattaatacaaactgcccaataagcaactgtaacaacatatttgtba
atagattgcaccaacactggcaaaatgtccacaaaatgctcattaagtdtgtcatta
caacttactaaagctagtctggctgagtcaaaatgcttaattaattctatsaatgat
ttataccttcactaagtggctttaaatgagcaagtgccacaatggagtgacccgacgcta
cacattgcatgaggttgtacatactgtccttccctccactgcataatgagamaaa
atacaagttgtgaactgatacactactaaactcacctaattaatcctaategtt
ctttattgccttcttatgagggacacgtgggcgaattcaatgaattcatgaatattcatt
agcttggctcatggaggagcaagagcaaggaaactcttcttctcctttttgtctaagtat
aagagctaatcaaggatggtggccatacgcagttacctatacagttttgtttgctactgg
cctcctctcactctctcttattctgacactgacctctgtttccttcaaathecmat
gactatgctagctaattcaaagatagtccctctctttgatctgctctttgacccgcagag
tatgacagggaaagttcactttactcttaccctagtcttcaatacaacogaiztca
aatgctctggcgctcttcaacccgtcccctgtatgattgcagcattgctgattccactce
agtttacttgatagtagagactctatcttcatgctatcttataataaatttéaftgc
actaattacagcaaagcatagaataatccggtggatatctcttctcactcagttgat
tttcactctctctcatccgtttatctctttattgtgcggctacgactggttgogtrtc
agctctaaggtttctgtggttattcgaggcatcaaaagtcctcaaggctctacctgatac
tattaattctgaagacattgttaagattgcaaagatagtaagtcgtttcattggagtat
gctatcatctagcggcatgatacagctattggagaattctggtgatccgtgompatgtgatgsgatgacatca
gcatgagcttctggtctagcacatacttcactatgatcactatgactac
tgtgggttatggtgatgttactgtaggcagtgattgtggtcaaatgtttacadtgttca
tattgttcttgggtttgtactttacatgttttcattgccgactttactggaa#tttt
gggaactcatcaatcatcaaagtttcgtcaaagctacaataaccttattaaggaggaa
tctcgtcattgttgtgggtagcatcacagagaaaaacgttagctgtttcctcaaagagtt
acttcatccagacaaacaaggcagaccgacatttagtgtcatccttatuztcc
tcccactcctggcctcagttctattcttaagtcacactatacacgtgttcagtac
aggttctgctttaaattacaatgatctgatgagatgtggcctgtctatagccaagtctgt
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tatcgtgttagctgatagtcattgctctaatcccatcaaagaggataatgathatct
aagagttgcttctattaaaacgcactctcctctgtcccaataatccttcagtact
aatgacagcaagaaacttcttaaatgtttacctggctggttccaggtagagatgttccac
tgtgtttatttgagtgt

frame +1

> - 628 codons
PKLPLTL*GHT*HIIMNKC*CDN*YKLPNKQL*QHIC*PVIDCTNTGKMSTK
CSLSVSLLQLTKASLAESKCLINSI***LYLH*VALNEQVPQWSDPTLHIA*
GCTYCPSLHCIMRINEIQVVN*YTTKLT*LILLLSLLYCLLMRDTWANSMN
S*IFISLAHGGARARKLFFSFLSKYKS*SRMVAIRSYLYSFVCYWPPLTLSY
SDTDLCFLQIQ*NDYAS*FKDSPSL*SAL*PAEYDRESSLYSYPSLQYNLYQ
HNALALFNPSPV*LQHC*FHSSLLDSRDSIFMLSYNKFYC*TNYSKA*NNP
VDISSHSR*YFHSLSSVYLFIVRLRLVGSQSSKVSVVIRGIKSPQGST*YY*F
*RHC*DCKDSKSFHWSMAII*RHDTAIGEFW*SVGCCI*DDISMSFWSSTY
FTMITMTTVGYGDVTVGSDCGQMFTMFIIVLGFVLYMFSLPTLLEILLGTH
QSSKFRQSYNNLIKQEGLVIVVGSITEKNVSCFLKELLHPDKQGRPTFS\
LHPSFPTPGLSSILKSHYTRVQYYQGSALNYNDLMRCGLSIAKSVIVLADS
HCSNPIKEDNANLLRVASIKTHSPLSQ*SFSY*MTARNFLNVYLAGSR*R
CSTVFI*V

B.4.5.Putative voltage gated potassium channel sequences

AmgKvA
atcggttcaatacagttcatttcttgaaatttgagtgtataccacgtgtatgmgtata
atacctttgtgtaaaatctttcttattttttgtatttcagtctatatgttggyaac
agttctaacataagcacactatgtttgctctacgacatggccagacaatgaatgccttga
tgccaggctacaggctagctaacaatggtaatatattgataaatatgtcaagptccaac
acaaggtggtgttcaatattggtggcaccaaatttgaaacatataaatctacactacgaa
gaataccacaaagtcccttatcaaatgatagttttctgaacaaatattagattt
accgtgaatatttctttgatcgcgatcctgacgtgtttaaatctgttcttcaasacc
gaaccggggagcttcacctcagctcatcactatgtggttctgctgttaaaacggagttgg
atttttggggaatatcagaactgaatatcgaagactgctgttggttgaattataattcct
ggactcaaactcttcagtcactaacaaaactagaagtagatcgaaagaagtctattggac
tgaccaaaaaccatcatagcgaaccccatcctcatcatggacagggcaaatgggaaacac
taaaacatcatgggtgggaatttttgagtaatccgaattggtcgacaagttcanaggtaa
tatatctaattgaaaataaatatagttgttca

AmgKvB
gatggacagcagtgatcgttgatatgtttttcttctttacaggagaattagaaacgttat
tattggctaatgtttcattcggactgcggtgctgttatatattgcgtctcttcaggttct
tccgattgaaggagaaatatatcgggttgaaggtcatgtggctggcgattttacagtcaa
aagacgaattgatgcttttagtcatctcctcgttaattctttccaccatattaggct
ccacatattactgtgaattggaaaatcccgtgttttcatccataccacagimgcsat
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gggccattattaccatgacgactgtgggatatggtgatatatatcctatatcacctatag
ggaaatgtgtgggtacagtatgttcgctctgtggtctgttgataatctccatgectatag
ccattatagcagctaatttcaaccaatatcaccgccagaataaacaattacagtgt
ttaatgatcgataccgatcacagattaaaactaagaaagagactcacattagtggctgtt
tataaccggggtcgtatcgaccaagactgtaaatagtcatcaatgaccaaaggggggata
actaagtgctttaactgccttgaaatgatttgtaactatagctttaatgaaaggagtata
actttgtatattatgttcgtttaatcgactgatagaactcagaatgaactadgagtag
cttattgcaatcaaaaacgtttcgttaatccattatatttgacaagadetgect
aaattgaatgaaatggattatattacactcgtcgttttgttcaataaag@catgt

AmgKvC
agtatggaatgatagcaacaatgtcaataacnattcatgatggttttaaagaaaaccatt
ttacttggacaggaggcaaacctcaccattagctcaaaagtaaaccaaattatacaaca
gtttctatgataaagaagggttcattgaattttggaatatcatcctcttcaatggactcg
gaaccattgagcgtggtgttgaccactctgtaatgcttgaactcgggtaaggtttcaagg
caaaatatcacaatagataataaaatcactacaacagacaaaatagbggteact
gctgttgaactttcaggatactcaaataaaagccacatgcgtctctggaactcgttatga
ggtaatggcacctcctcttccttaatatatccttcatcctcacgaaattticaaa
tgatcacccagttcataaaattttatctcttccgaaaacacatccaagggaacattga
ggccggcgtaacctgccaccactttggtaaaagtataaaattgcatcaaagctgggcecta
tttcgatcaaagaaatattcatttctcaaagagtcatagtatctgttceiggga
cttcccagtaatgtatgtgggaattgattcaaagtttttaactgagtttcaascctta
ccgctcacatttatcacaactctttcaccacattcgtaatcttctgcagceatge
cctccaggaacattaccctcctccgataatttgggaaaggatctggaatgtggagtagaa
cgattgattaacggtcttgagtaaccagctgggccgcecgttgccctcaagtgctaccatg
gcggcctccattttaaaaggagtcctactt

AmgKvD
CAATCACAAGATAGATTGAACGTTACAACTGGAGATAATCACAAATTA
TGTCTTTTGGACGGCTCTTGTGGTGGGGTTCGTTGGTTTGAGGTCAGCT
CTGATGACTTTTGGCGGTGTTTTCAAAGAAATTTTATCAAAAGCAGGA
ATAATCACAATTTTTGTCTTTTTGACAGCTCTTGTGGTGGGGTTCGTCA
ACTTTTAACTTGATGGGGTATCCTAAGTCTTTTGGACATCTCTTTGTGA
ATTTGCAAGACCCAAAGTCGTCTGATTGAAAATTGGAATGGTGCAAAT
TGATGCTGTCAGTCTCCCTGATACACATAAAAAAATTTAGAAAACCAC
[TTAGGTTTTGAATTTCAAATATGACTCTCCTGTCATTAGAGTTAAAAA
TCATACGTTACCTTTGCTCCAGTAGATGAATAAGGCTCATCGAATAAA
GCCCAAATTTTTGGTTGAATTCGTTGCCAACAATTTAATTCTCCCGATT
TATATTCGTCCTCTAGACCAAACTTTTTCATGATATCCTCTTCCGTGGG
TTTATCAGTGTCCAAATCAAGGCGGTCGAGTATGGTGAGGACATCTTG
TGTATCTCGATGGCTGGTGTAAGTCATCCAGCAACACGGTTCAACCTG
GTTGGAGTCCAGTCCCCAGAATTCTAACTCCTCCTCGAAAAGAGGTCC
ACACACGTCTGTCGGGTAGTGAAGTTTCCCTGAACGATAATAATTGAG
AATTTGAGCGAACACGCCCGGATGTCTGTCGAAAAAATATTCGTTTAA
CACGGGGTCGTAGTTGGCTAACGCCTCGGTCAGCCTGGATAAGCGAGT
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AGCTGGAATTTTCTTCAGGGTGGCCTTATAAGTTTCGTGCCGGATG
CCCCCTACGTTCAGTATCACACGATTGTCTGCATCAGACATATTACTCG
AGAATTCCATATTCGACATTTTCGCGTTACTATGGAAACCCAATCTTTC
CAAAAATAAATTTCTAAAATTTTACGCCCGTAAGCTTTGCCGTGTTTTG
CTTGGCTTAAGAAATGATTTTGTCATGAACACTTTTTAAAAACACTCTT
TGCATGCAGTTTTTTCACAATTCACTAATGTTGTAGTTCTTACACTATC
ATGTCAGATTTTATCATCCATTACCAAATTTTACACATCCATTTTGAAC

A

AmgKVvE
TTCAAGATTATAGGTCATCCAAAGAATTTCCTTATATAATTCGATTGAG
CCTGATTAAAGACGAACCGGGCATAAATGAAGCGACAAATGTGTGGA
CATTCACGAACTGTATCTATGGCTCATCTTTTGTTCTTTTCATCACCCAT
TGTAAATGACTATTTAATTCATCTCATATTTGACCTGATTCTCCTTGAA
GCAGAAGAATATTTCTTATGTTTCAGTTCAGATACATATTCATGGATA
ATTAGGCAAGTGTGTTTTAAGTTTTTATTGGTTGTTTCCGAGAATGGGA
ATGAATTTGACACCATCCATCACTATCTAAAAATAAAACGTCACTTTA
GCATTTCAGATATCGTTGGTACTTTGGTGGAAATAAAATGTCCGGTAA
CAAAACTCACCCCGATTCTCTCAATGCATTGTTGAAGAAGAACCACCC
TAAAAGTAAAATTGCCTTTAATGTTTCTATTTCGACTGAAACACTGCTT
TTTAACGTTGGTGGTGCCAAATTTGAAACATATCGTGATACGCTATTCC
GGAACCCCGACAGTCCCTTGACGGACAATATGTTTTTGAAGAAACACT
TCAGAAAGGAACATGGTGACTATTTTTTCGATAGAGATCCCAATGTAT
TTAAATCAGTTCTGCAATATCTCCGTACCGGGCAGCTCCATCTACCATC
TTCAACTTGTGGATCAGCCATAAAAACCGAGTTGGAATTTTGGGGAGT
CGAAGAATCTACTATCGAGGATTGTTGTTGGTTGAATTATAATTCATG
GTCTCAAACTCTCGATAATCTAAAGAAGTTAGAAAAGGATCGTCAAGT
TACTATGGGGTCTATAAGACACGAGAAGCAACTAATCAGGAAATCGA
GACGTTACCTGAACAATGGTTGGCAATTCCTCAATAATCCTAATTGGA
ATCTGTGGTCAAAGGTAGGTCGCCATTTCCATACCGGTATATCAATAG
TCCATTTACAATTAGAGGTGGTGTAAAAACCCAAATAGAGGATCCGGC
TTGCATCAATCAAGACATAGCAAACCACCCACTTACATATCCATGTAA
GCATGTAAAAAATCATTTCTATTCTATGCTAATATCGCCATTCGTTGCT
TGTATGATATATCATAACAATTTTGGTCTATATTTTCAGATATACGGAG
CTATCTCAGTTATATTTGTATTCCTGTCAATATTTTCTTACGTGGCCTTT
ACTCATGAATA
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B.5. Nucleotide sequences of cloneimphimedon queenslandictwo pore
potassium channels.

Nonsynonymous differences at the two highlighted baseach sequence result
in two amino acid differences between the two seggnc

AmgK2PA
atggagaaagaggtcgagtcagaaattcctgctgttgctagcgatagagaggacagcgagagtcgigagctaac
aaaagccacaagaagacacagcagaggatgaagagccagaggatactgggtttgagtgttatécpmccta
ccgcttattctgtaacctgaacatctacaaccaagccttcatcctattifjastjacatacatactcgttggtggtg
ccatatttctagcctttgagctaccggcagagacaaaacgaaatgaggccataacafgagacatacatta
gggccttcaacaatatagtggatcaactggtgaactttaccaacctaacagaagagugciteigtaagga
gggtagcacagtcagccattgatgcatcaaacaatcagccgactaacaactgggagtatguatctmta
cacaactgttattacaacaatcggttatggttccattgctcctgagactgatggmmétictfcataccctatgca
ctggttggtatacccctcactttgatattccttgggttcttgggacaagtactt@ggagtcgaccgagccacaag
atgtctcagaagacgagttacgtttgattGgggacaaatattggtcgtatttacceggtgmgcttcatcttcat
acctgctattatattcgctatcattgatgactggacctactttgaagcagttttttgtaectctcactacagtcggt
ttcggtgattttgttccatctgccccaaagacattccgtgggctctatcggttiaigtofttggttgticcttggactt
gcattcatagccctcatcattgcccagacacaggaacggattgagaatgtgagaaagagétiticangmaa
atgcataaagagaacaggaggaaagctcatgctgaggaaaaagaacaaagaaagtagcamagataatga
agaagagactgaagtagagaaggagtga

AmgK2PB
atggagaaagaggtcgagtcagaaattcctgctgttgctagcgatagagaggacagcgagagtcgigagctaac
aaaagccacaagaagacacagcagaggatgaagagccagaggatactgggtttgagtgttattécmmccta
ccgcttattctgtaacctgaacatctacaaccaagccttcatcctattifjastjacatacatactcgttggtggtg
ccatatttctagcctttgagctaccggcagagacaaaacgaaatgaggccataacafgagacatacatta
gggccttcaacaatatagtggatcaactggtgaactttaccaacctaacagaagagugciteigtaagga
gggtagcacagtcagccattgatgcatcaaacaatcagccgactaacaactgggagtatguatctmta
cacaactgttattacaacaatcggttatggttccattgctcctgagactgatggmméctfcataccctatgca
ctggttggtatacccctcactttgatattccttgggttcttgggacaagtactt@ggagtcgaccgagccacaag
atgtctcagaagacgagttacgtttgattGgggacaaatattggtcgtatttacceggtgmgcttcatcttcat
acctgctattatattcgctatcattgatgactggacctactttgaagcagttttttgtaectctcactacagtcggt
ttcggtgattttgttccaactgccccaaagacattccgtgggctctatcggtteigtgttggttgttccttggactt
gcattcatagccctcatcattgcccagacacaggaacggattgagaatgtgagagagagatifcagmaa
atgcataaagagaacaggaggaaagctcatgctgaggaaaaagaacaaagaaagtagcamagataatga
agaagagactgaagtagagaaggagtga
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B.6. List of two pore potassium channel sequences used in phylogéc
analyses

>AmgK2PA

>AmgK2PB

>Mmus~TASK1~035111
>Rnor~TASK1~054912
>Hsap~TASK1~NP~002237
>Mmus~TASK2~AAG35065
>Rnor~TASK2~CAJ76245
>Hsap~TASK2~NP~003731
>Mmus~TASK3~ABA28314
>Rnor~TASK3~AAF60229
>Hsap~TASK3~AAF63708
>Hsap~TASK4~AAK28551
>Mmus~TASK5~NP~001025463
>Rnor~TASK5~Q8R5I0
>Hsap~TASK5~AAG33127
>Dmel~TASK6~CAI72672
>Dmel~TASK7~NP~649891
>Rnor~TREK1~NP~742038
>Hsap~TREK1~NP~055032
>Mmus~TREK2~NP~084187
>Rnor~TREK2~NP~075584
>Mmus~TRAAK~NP~032457
>Hsap~TRAAK~NP~201567
>Mmus~TWIK1~NP~032456
>Rnor~TWIK1~NP~067720
>Hsap~TWIK1~NP~002236
>Mmus~TWIK2~ABA28316
>Rnor~TWIK2~NP~446258
>Hsap~TWIK2~NP~004814
>Hsap~THIK1~Q9HB14
>Rnor~THIK2~Q9ERS1
>Rnor~THIK1~Q9ERSO
>Hsap~THIK2~Q9HB15
>Hsap~TALK1~NP~115491

>| sta~TASK~ABR37307
>Acal~K2p~AAN62847
>Mmus~KCNK2~ENSMUSP00000078416
>Rnor~KCNK4~ENSRNOP00000028704
>Mmus~KCNK7~ENSMUSP00000051278
>Rnor~KCNK7~ENSRNOP00000028197
>Hsap~KCNK10~ENSP00000310568
>Mmus~KCNK12~ENSMUSP00000053595
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>C. elegans twk channels: 2-14, 18, 20, 23-26, 28, 30-37, 40, 42-46
>Qi|7299176|gb|AAF54374.1| Task7 [Drosophila melanogaster]
>Qi|272476968|gb|AAF54970.2| Task6 [Drosophila melanogaster]
>0i|220901687|gb|ACL82897.1| CG42340 [Drosophila melanogaster]
>Qi[272505977|gb|ACZ95205.1| CG42594, isoform B [Drosophila melanogaster]
>gi|7300403|gb|AAF55561.1| CG10864 [Drosophila melanogaster]
>0i|22832064|gb|AAN09276.1| open rectifier K[+] channel 1, isoform A
[Drosophila melanogaster]

>Qi|157400427|gb|AAF46673.2] CG34396, isoform D [Drosophila melanogaster]
>Qi|7292650|gb|AAF48048.1| CG1756 [Drosophila melanogaster]
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B.7. Cloned putative potassium tetramerization domain containing (ki)
protein

B.7.1.Nucleotide sequence of AmgkctdA, a putative kctd protein

The highlighted region matches the trace file sequencgk&tdA 1 listed in
Appendix B.4

atggctgccgcaagggtgaccttgtacagttcaatggaaagctacaggcaacaaagaagtagifttat
agggagactttgagcgaaactttagttgctgcatctgagaaactcaaagaaaacgtcgaatjagtypoy
ggtggggtagttgacgacatcactttattaagagaggatgatattctaattgctattgcatzgagtcaacaag
agccacaccctcctctcecgattatactaagcgacctcectgaggaccagctactggescicaaactgatca
aagtcatttcctccttaaaaagtgctcaaggctcctttccectgatgctecttabgattgggtgaggttgaatgt
aggcgggaaagtatttgccactagcagggcaaccatcacttctgatccatcctcaatybaigttmagtca
gattggttcagtgctacggatgactccggggcatacctcattgacaggagtcctgaatatittiatraactt
catgagacatgggaagctcattattaacgaaggagtgaacccacagggagtgctagaggadyeeggttc
ttactaaagctatccaaccactggaaacacttgttaagaatgaagagttctggttaitthacaagaaaggag
ttccttcagatgatcattggttectectcttettcegtecttagatgtcadggiitggaaggtgtggacctctctaac
ctcgatttaaggaacattaacttcaagtgtgctaatttaagatattgtgatitetgtgatctcaccaactgtgtcctt
gagagagccgatctctcatacgctaccctcaataatgctgttcttcagtgtétioecagagtagtcatggaag
gagcttgtttaaagaagtgcataatggatgccagcctaggagtatcgactaaccttgaagiggatpgag
caacttttgataacagtcagatgagttgcgtcaatctccgtcttgcgagtctcaagggggegmmttgtaac
ctccgcetacgcaataatggcaggaactgatatggagaactgtgatttgegtggcetgtgatttgetptatca
gaggtgctaacttagctggtgttaattttgccgatatcactgccccacttcacaficaytaaatgttaatgtctc
ccagttgatatctcccactgagaatcttcagcaatcactagataacccttt@gosmyptaatgataacaatgact

ga

B.7.2.Predicted amino acid sequence for AmgkctdA

MAAARVTLYSSMESYRQQRKGKVILVRETLSETLVAASEKLKENVEELR
LLTGGVVDDITLLREDDILIAITSSTESTRATPSSPIILSDLPEDQLPELBQT
DQSHFLLKKCSRLLSPDAPSRHDWVRLNVGGKVFATSRATITSDPSSMLA
RMFESDWFSATDDSGAYLIDRSPEYFEPLLNFMRHGKLIINEGVNPQGVL
EEAKFFNVTKAIQPLETLVKNEEFSLAGHLTRKEFLQMIIGSSSSSVLRCQ
INLEGVDLSNLDLRNINFKCANLRYCDFSHSDLTNCVLERADLSYATLNN
AVLQCVHMPRVVMEGACLKKCIMDASLGVSTNLEGANLKAATFDNSQM
SCVNLRLASLKGACLRSCNLRYAIMAGTDMENCDLRGCDLQHANLRGA
NLAGVNFADITAPLHMSQTVNVNVSQLISPTENLQQSLDNPLPDGSNDNN
D
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B.8. Evolutionary relationships of human potassium channel
tetramerization domain containing proteins (kctd 1-21) and Amqktd

Phylogenetic relationships were inferred using the Maximursifdiany method
with MEGA 4 software. The percentage of 500 replicatestrgith the topology
below is given for each branch. The tree was obtiairseng the Close-Neighbor-
Interchange algorithm with search level 3. A) Tree r&@rfrom full length
sequences. B) Tree inferred from N-terminus only.

A
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