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“Speculations about evolution have an irresistible fascination, partly
because they are hard to prove wrong, partly because they make us think
about origins and look for clues in development. Cnidarians may have
been the first metazoans to evolve, although this seems rather unlikely in
view of the fact that they are all carnivores, preying on other metazoans.
Given, however, that of the surviving phyla they alone retain the
presumably ancestral (diploblastic) body plan, it becomes especially
interesting to look at their nervous systems for clues as to how nerves
evolved. This is not just a selling point for use in grant applications.
There really is no better group in which to look for clues.”

Excerpt from the first paragraph addressed at the plenary lecture by the “grandfather of
jellyfish neurobiology” George O. Mackie for the NATO Advanced Research Workshop:
“Evolution of the First Nervous Systems”, St. Andrews University, Scotland, July 1989.
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ABSTRACT

Voltage-gated sodium channels are responsible for the rapid depolarization of
membranes that leads to propagated action potentials. Sodium channels are considered to
be the most recently evolved member of the voltage-gated ion channel superfamily,
probably derived from Ca®* channels. Sodium channels likely evolved to mediate high
frequency signaling and rapid propagation to coordinate the activities of multicellular
organisms, and thus may have been coincident with the appearance of the Metazoa.

Cnidarians are the simplest eumetazoans with a discrete nervous system and
rapid, transient Na” currents. Cnidarians are considered to have split from the main
lineage early in metazoan evolution and thus are uniquely suited for providing clues to
the evolution of Na* channels.

Sodium currents in the hydromedusa, Polyorchis penicillatus were shown to be
unusually insensitive to classical Na* channel drugs, like tetrodotoxin, but neither are
they sensitive to Ca®* channel drugs. Two electrophysiologically distinct Na* currents
were described in swimming motor neurons and “B neurons”. Nonetheless, only one
full-length Na" channel cDNA could be found from P. penicillatus. The 5.8 kb cDNA
has major structural features of typical Na* channels, especially in areas responsible for
ion selectivity, voltage-sensing, fast-inactivation and glycosylation. The 13.9 kb gene
that spanned the full-length revealed that 85% of the introns were found to partition the
coding region in the homologous position of mammalian Na* channels. One of these

introns is spliced by a rare U12-type spliceosome conserved in P. penicillatus and most



Abstract

Ca®* and Na* channels. Intron positions found in mammalian genes but not the jellyfish
gene correspond to highly variable regions which were rich in structural motifs for
glycosylation, phosphorylation and binding to cytoplasmic proteins.

Similarity of features between jellyfish and mammalian Na" channels extends
from the exon-intron structure of the gene, the different splicing mechanisms, the
structure of the cDNA to the electrophysiological properties of recorded currents.
Overall, this Ph.D. research strongly suggests that the organization and fundamental
composition of the genetic template for Na” channels has undergone few changes since it
was laid down in the common ancestors of diploblasts and triploblasts, ~600 million to 1

billion years ago.
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PREFACE

Dr. Malcolm Sayer is being interviewed for a position at a chronic hospital in the
Bronx, New York and asked to describe his previous research experience.’

Dr. M. Sayer: “Earthworms "
Interviewer board:  “I'm sorry?"
Dr. M. Sayer: “It was an immense project. [ was to extract one decagram of

myelin from four tons of earthworms."
Interviewer board:  “Really?”

Dr. M. Sayer: “Yes. I was on that project for five years. [ was the only one to
believe in it. Everyone else told me it couldn’t be done.”

Interviewer board: “Itcan’t”.

Dr. M. Sayer: “[ know that now. I proved it."”

[ remember a few years ago, there was a table set up outside the main office of the
Biology Department, stacked with old Masters and Ph.D. Theses. A small sign in front
gave notice of the free offerings to anyone who would haul them away. Weeks later, the
stacks were still piled high on the table. I guess free wasn’t cheap enough.

Years from now, when they clear out the main office, my thesis will be in
amongst the discards with titles such as “An Exhaustive Study of Myelination in
Earthworms”. 1 would be curious to see how antiquated my research would appear to
someone flipping through this thesis, say, twenty years from now. When I started the
Ph.D., PCR-based technology was still in its infancy. I remember when Warren was

showing me how to use his first almost brand new, water-cooled PCR machine. I

! Dialogue from Steven Zillian’s screenplay for the movie “Awakenings”, Columbia Pictures Industries
Incorporated, 1990.
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remember my first sequencing experience - two days of labor and 100 base pairs of bad
sequence. You had to squint to count all the fuzzy bands. Was that three or four “T” in a
row? Is that a piece of gook on the X-ray or valid data? Now, sequencing is as easy as
taking a role of film for development at the drugstore. On an average day, you can obtain
over 850 bp of readable sequence from one sample. It comes back to you all neatly
color-coded and annotated in a nifty computer file. Email was a new thing back then.
“Web” referred to spiders, not computer networks. We all shared the Mac SE laboratory
computer in Warren’s lab with its faded mini-computer screen.

[ remember discussing with Andy about a possible cloning project of jellyfish
sodium channels in 1992. At that point we were not certain that jellyfish would have
homologous genes. Why would they? However, soon after, Tim Jegla cloned and
expressed jellyfish potassium channels and Peter Anderson had cloned a scyphozoan
sodium channel gene. Now it seems more rare for a structural class of mammalian genes
to be missing from simple organisms.

This Ph.D. degree has been a humbling, but valuable experience. The process
reminds me a lot to the adjustments that I was forced to make as akid. In a way, it is like
pee-wee hockey all over again. “Work hard”, “keep your eye off the scoreboard and on
the puck”, “finish your checks”, “keep your head up in the corners”, “pass to the open

player”. Eventually things will bounce your way.

David Spafford, April 1998.
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LIST OF SYMBOLS, NOMENCLATURE AND ABBREVIATIONS

Symbol /

Nomenclature /

Abbreviation Description

3’ UTR 3’ untranslated region; untransiated nucleotide sequence of the mRNA
that is downstream from a stop site (TAA, TAG, TGA)

5’ UTR 5’ untranslated region; untranslated nucleotide sequence of the mRNA
that is upstream from the initiation codon (ATG)

5’RACE rapid amplification of cDNA ends; PCR amplification of the 5° end of a
c¢DNA strand using a template synthesized from the reverse-
transcription of mRNA

A alanine, an amino acid
-0r -

nucleotide base with adenine nucleic acid

B neuron neuron which is identified in nerve-enriched primary culture of P.
penicillatus tissues by long, relatively fine processes and bulbous cell
body; is electrophysiologically identifiable by characteristic action
potential shape and slow recovery from inactivation (half recovery
time > 50 ms); contrasts with SMN

B “not A” nucleotide base (C or G or T/U)

bp base pair(s), measurement of the length of a DNA strand in numbers of
nucleotide bases

C cysteine, an amino acid

Ca®" channel

cDNA

-0r -
nucleotide base with cytosine nucleic acid

calcium channel; voltage-gated ion channel, selectively-permeable to
calcium ions; belongs to a family of related voltage-gated calcium
channel proteins

complementary DNA, synthesized by the reverse-transcription of RNA

membrane capacitance; measured in coulombs of electric charge™* (pF)

“not C” nucleotide base (A or G or T/U)

-0r-
aspartate, an amino acid



List of symbols, nomenclature and abbreviations

Symbol /
Nomenclature /
Abbreviation Description
Di, D2, D3, D4 membrane-spanning, repeat Domains 1 through 4, generated by
duplication
DMSO dimethyl sulphoxide; solubilizing agent for lipophilic compounds
dNTP deoxynucleotide (adenosine, guanine, cytosine and thymidine in equal
proportions) 5’ triphosphate; provides deoxynucleotides needed for
generation of a DNA strand in PCR
E glutamate, an amino acid
EGTA ethylene glycol-bis (B-aminoethyl ether)-N,N,N',N -tetraacetic acid
E, reversal potential of ionic current
F Farad(s); measurement of capacitance (coulombs of electric charge); may
be prefixed: nF, pF
-0r -
phenylalanine, an amino acid
G glycine, an amino acid
-or-
nucleotide base with guanine nucleic acid
- or -
prefix: giga (10°) examples: GHz, GQ
Grax maximal ion conductance
H “not G” nucleotide base (A or C or T/U)
-0or-
histidine, an amino acid
HEPES N-2-hydroxy-ethylpiperazine-N '-2-ethanesulfonic acid

[D1-2, ID2-3, ID3-4

Inax

ionic current
- or -
isoleucine
cytoplasmic linkers between domains 1 and 2, 2 and 3 and 3 and 4

maximal ionic current



List of symbols, nomenclature and abbreviations

Symbol /
Nomenclature /
Abbreviation Description
Liest peak ionic current amplitude expected on the test pulse response
-V ionic current — voltage relationship
K keto nucleotide base (G or T/U)
-0Or -
lysine, an amino acid
K" channel voltage-gated ion channel, selectively permeable for potassium ions;
belongs to a family of related voltage-gated potassium channel
proteins
K, slope factor of the activation curve in millivolts per e-fold change
kDa kiloDalton(s); a unit of molecular mass; numerically a Dalton is
equivalent to one-twelfth the mass of a carbon atom
K; slope factor of the inactivation curve in millivolts per e-fold change
L leucine, an amino acid
M amino nucleotide base (A or C)
-0or-
methionine, an amino acid
mRNA messenger RNA
N any nucleotide base (A or C or G or T/U)
-0r-
asparagine, an amino acid
neurons' jellfyfish cells that appear to be analogous to mammalian neurons
forming electrical and/or synaptic-like connections in a network, some
of which for eg. B neurons have a morphology like mammalian
neurons
NMG N-methyl-D-glucamine

! A definition that applies to the hydrozoan jellyfish, Polyorchis penicillatus



List of symbols, nomenclature and abbreviations

Symbol /

Nomenclature /

Abbreviation Description

oligo-dT a short oligonucleotide primer consisting of deoxythymidine nucleotides;

orthologous genes
P

P. penicillatus’

paralogous genes

PCR

polyA signal

polyA site

PpSCNI1

Q

RT-PCR

used to synthesize a cDNA strand from the 3’ poly A tail of mRNA

genes that are derived from a speciation event

proline, an amino acid

Polyorchis penicillatus, an anthomedusan; a hydrozoan jellyfish; a
cnidarian’ a coelenterate; a diploblast; a metazoan; an animal; a
eukaryote; phylogeny: Eukaryotae — Metazoa — Cnidaria — Hydrozoa
- Hydroida — Anthomedusae —~ Polyorchidae — Polyorchis

genes that are derived from a duplication event; for eg. voltage-gated Ca>
and voitage-gated Na" channels

polymerase chain reaction; amplification of DNA between two short
oligonucleotide primers using a thermostable DNA polymerase

AAUAAA motif in mRNA transcript 10 to 30 nucleotides upstream from
poly A tail; signal for the cleavage of the primary mRNA transcript

polyadenylated tail of RNA; a string of adenine nucleotide bases at the 3’
end of the untranslated region of the primary mRNA transcript

a voltage-gated sodium channel gene isolated from P. penicllatus
(GenBank Accession numbers AF047379 and AF047380)

glutamine, an amino acid
arginine, an amino acid

- or -
purine nucleotide base (A or G)

series resistance

polymerase chain reaction of cDNA synthesized from the reverse
transcription of mRNA

serine, an amino acid
- or -
strong nucleotide base (C or G)

? only the medusa stage of this animal was examined in this dissertation



List of symbols, nomenclature and abbreviations

Symbol /
Nomenclature /
Abbreviation

Description

sodium channel

sodium current

S1, 82, S3, S4, S5, S6

S5-P

SMN

STX

TEA
TTX

TTX- insensitive

TTX-resistant

voltage-gated ion channel, selectively-permeable to sodium ions; belongs
to a family of related voltage-gated sodium channel proteins; physical
entity assumed to be responsible for a recorded sodium-selective
current; the primary, pore-forming, o subunit

voltage-sensitive current selective for sodium ions; voltage-gated sodium
channel gene(s) is/are responsible for the current recorded

alpha-helical, hydrophobic, transmembrane segments one though six

the extracellular loop between segment five and the membrane-
penetrating, pore-forming P segment (short-segments [ and II)
between segment five and segment six

neuron which is identified in nerve-enriched primary culture of P.
penicillatus tissues by large size, some 30-50 um long with blunt
processes up to 200 um, clear cytoplasm and a nucleus surrounded by
membranous structures; reminiscent in shape to epithelial cells; is
electrophysiologically identifiable by characteristic action potential
shape and slow recovery from inactivation (half recovery time > 50
ms); contrasts with B neuron

saxitoxin; analogue of tetrodotoxin; toxin from marine plankton that
selectively blocks sodium channels

deoxyribonucleotide base with thymine nucleic acid
- or -
threonine, an amino acid

tetracthylammonium
tetrodotoxin

refers to voltage-gated sodium currents / channels that are not blocked by
100 uM tetrodotoxin; most cnidarian voltage-gated sodium currents
belong to this group

refers to voltage-gated sodium currents / channels that are blocked by
tetrodotoxin concentrations of 1 to 10 pM; mammalian channels
SCNS5A (heart) and SCN10A (dorsal root ganglion) belong to this
group
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Symbol /

Nomenclature /

Abbreviation Description

TTX-sensitive refers to voltage-gated sodium currents / channels that are blocked by
tetrodotoxin concentrations in the nanomolar range; most voltage-
gated sodium currents / channels belong to this group

v *“not T/U” nucleotide base (A or C or G)
- or -

valine, an amino acid

V. voltage of half-activation

V. command voltage

Vg voltage-gated

Vi holding potential; the potential the recorded cell is held between the
application of voltage steps

Vi prepulse voltage causing half-inactivation

Ve prepulse voltage, at which the cell membrane is momentarily conditioned
before applying a test pulse

w tryptophan, an amino acid
-0r-

weak nucleotide base (A or T)
Y pyrimidine nucleotide base (C or T/U)

-Qr-
tyrosine, an amino acid



CHAPTER1 INTRODUCTION

Voltage-dependent sodium channels are responsible for the rapid influx of Na*
ions that leads to the rapid propagation of action potentials in many excitable cells. Other
channel types pass Na" ions, including epithelial Na* channels (Garty and Palmer, 1997),
cotransporters (Turk and Wright, 1997) and ligand-gated channels (Ortells and Lunt,
1995), but they are structurally different and likely have an independent evolutionary

origin. Genes coding for voltage-gated Na" channels belong to a class of structurally

related gene families, including voltage-gated K* and Ca** channels (Goldin, 1995).
Sodium and calcium channels consist of four membrane-spanning domains (fig.1-1, top),
with each domain containing six membrane-spanning segments (fig. 1-1, middle). Four
subunits of potassium channel polypeptide or a single sodium and calcium channel
protein fold into a tertiary channel structure with domains predicted to contribute a
membrane-penetrating, pore-forming loop (P loop) between segments five and six (fig.
1-1, bottom). In the current model, a few critical residues in these loops (P-loops)
provide ionic specificity.

Sodium channels are considered to have evolved from a single domain, of
equivalent structure to voltage-gated K* channels, by two rounds of duplication (Strong
et al., 1993). The duplication pattern of Ca** and Na* channels is evident in the kinship
of related domains, where domain pairs I-III and II-[V of the four domain channels share

a greater degree of sequence identity (see fig. 1-2) (Strong et al., 1993).
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Flgure 1-1. Model for the structure of voltage-gated Na" channels. General topology of a typical Na™ and
Ca® channel with four domains (top). Each domain consists of six putative a helical transmembrane
segments (middle). All four domains are expected to fold into a tertiary channel structure with each
domain contributing a membrane—penetratmg, pore-forming loop (P loop) between segments five and six
(bottom). Charged residues (+) in the 4* segments are positively-charged and considered to act as voltage-
sensors. The structural element for fast inactivation is expected to be a “hinged lid” formed by the
cytoplasmic loop between domains Il and IV that operates by occluding the pore. Figure modified from
Figure 11-27, in “Molecular Biology of the Cell Third Edition”, (B. Alberts et al., Eds.), p. 534, Garland
Publishing, Inc, New York.
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Figure 1-2. Schematic diagram for the predicted evolution of Ca** and Na" channel domains. The kinship
of the channel domains can be traced in Na™ and Ca®* channels, given that there was a period of selection
following each duplication round, allowing each domain to alter its structure. In the topology of the most
parsimonious trees of Na” and Ca’" channels, domains [ and III as well as domains II and [V of both
channel types appear to be more similar to each other than the domains within each channel type. This
suggests that the Na” and Ca®" channels co-evolved from a primordial single-domain channel that had
already undergone two rounds of duplication. It is not obvious whether early channels acquired Ca®"-
selectivity before or after the duplication rounds events from the K channels. All Na” and Ca2 channels,
including a putative Ca®" channel in yeast, are comPosed of four homologous domains coming from the
same gene. Na” channels likely evolved from a Ca®" channel with four domains since each domain of the
Na’ channel has a greater structural similarity to the corresponding domain in Ca®” channels than to any
other of its own domains or to any other gene. Figure modified from Fig. 8, p. 233 (Strong et al., 1993).
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The origins of K™ and Ca®" channels are thought to be much earlier than Na"
channels since they have an obligatory and fundamental role to play in all excitable cells
in eukaryotes (Hille, 1992). Sodium channels evolved relatively late, apparently from a
Ca®" channel ancestor with four domains. Each domain of the Na* channel has a greater
structural similarity to the corresponding domain in Ca’* channels than to any other of its
own domains or to any other protein (Strong et al., 1993). Sodium channels are
sufficiently similar to Ca®" channels that a modification of two critical amino-acids in the
pore of two domains of the highly conserved selectivity filter (Heinemann et al., 1992) or
phosphorylation of protein kinase A sites (Santana ef al., 1998) can produce a Ca’”
rather than Na" selectivity. The appearance of Na" channels allowed Na™ ions to supplant
Ca”" ions as the major carrier of the upstroke of the action potential in some cells.
Calcium ions can carry the upstroke of the action potential, but since they also have a role
in generating intracellular signals, they cannot carry large currents without affecting
intracellular signaling pathways (Hille, 1992). Cells are more tolerant to Na” influx with
an upper limit that may reach greater than 5000 times the concentration of Ca* ions in
cells. Thus the appearance of Na'-selective channels made it possible for neurons to
propagate fast action potentials and mediate high frequency signalling without secondary
effects on other cellular processes.

Most evidence suggests that voltage-gated, sodium-selective channels from this

superfamily first appeared in an ancestral metazoan. The most balanced synthesis of
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current opinions regarding the phylogeny of the early metazoans, namely the Porifera,
Placozoa, Mesozoa, Cnidaria, Ctenophora and Platyhelminthes, would place this latter
phylum as being basal to all later bilateral metazoans with the former five phyla being
sister groups with an unknown “planuloid” ancestor of the Platyhelminthes (Willmer.
1990).

Cnidarians have only two germ layers (diploblastic) and are the simplest extant
eumetazoans with a discrete nervous system. Extant cnidarians are structurally similar to
fossilized cnidarians in the Ediacarian fauna (Willmer, 1990), suggesting that the features
of Na" channels and currents are also likely to be reminiscent of an ancestral phenotype.
Thus the cnidarian condition should be partially representative of early diversification of
voltage-gated channels.

Over the past 20 years, histology, electrophysiology and, more recently,
molecular biology, have been used to describe the features of excitable cells, and cellular
events that underlie behaviors such as swimming and responsiveness to light, in the
hydromedusa, Polyorchis penicillatus (fig. 1-3). In this animal, Na"-dependent action
potentials have been described in the excitable, exumbrellar epithelium and swimming

motor neurons (“SMNs”) and “B” neurons in electrically-coupled networks (fig. 1-4).
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Figure 1-3. Mature hydromedusa Polyorchis penicillatus (approximately two cm in diameter).

Photograph taken in August 1992 from the holding tanks at the Bamfield Marine Station, Bamfield, B.C.,
Canada.
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Figure 1-4. Diagrammatic representation of the electrically-coupled networks and potential chemical
synapses between identified networks in the hydromedusa Polyorchis penicillatus. Putative inhibitory
connections are shown with dotted lines. Swimming motor neurons (SMNs) in the inner-nerve ring form a
network that innervates the swimming muscle sheet. “B™ neurons, located in the outer nerve ring, make
excitatory synaptic connections to SMNs and tentacle smooth muscle. “O” neurons, located in ocelli and
outer-nerve ring, are photosensitive and make synaptic connections with the “B” and SMN network.
Exumbrellar epithelium forms an electrically-excitable sheet that surrounds the outside of the animal.

Exumbrellar epithelium, SMNs and B neurons have Na"-dependent action potentials. Modified from
(Spencer and Arkett, 1984).



1. Introduction 8

Pharmacological properties of Na* currents in P. penicillatus

Sodium currents are also responsible for the rapid rising phase of action potentials
in other hydrozoans, such as Aglantha digitale (Meech and Mackie, 1993) and
Cladonema sp. (Anderson and McKay, 1987b), the scyphozoan Cyanea capillata
(Anderson, 1987a) and ctenophores (Dubas ez al., 1988; Hernandez-Nicaise er al.. 1980).
Even though there is a remarkable consistency in the waveform of voltage-gated Na”
currents across major phyla, Na” currents in cnidarians and ctenophores have
unconventional pharmacological properties when compared with Na™ currents in higher
metazoans. In particular, the selective Na” current blocker tetrodotoxin (TTX), at 10 M,
blocks greater than 95% of all Na” currents in higher metazoans, from flatworms to
vertebrates (Hille, 1992), whereas the Na'-dependent action potentials and Na™ currents
that have been examined to date in excitable cells of lower metazoans and protozoans are
minimally affected by TTX, even at concentrations as high as 10~ M (Anderson. 1979).
Given the close structural relationship between Ca®>* and Na' channels (see fig. 1-2), and
the basal position of the Cnidaria, it has been suggested that cnidarian Na* channels may
have intermediate properties between Ca®" and Na* channels. In Chapter 2 of this thesis.
an extensive description of the pharmacological properties of the Na* current in
swimming motor neurons (SMNs) of P. penicillatus is provided to assist in determining
the phylogenetic and functional relationships between early sodium channels. In

particular, it is of interest to determine whether a Ca** channel-like pharmacology is
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common to cnidarian Na™ channels, as suggested by (Anderson, 1987a). The TTX-
insensitive Na" current that we describe from motor neurons innervating swimming
muscle in Polyorchis penicillatus has an unusual pharmacological profile for a neuronal
Na" current but is not altogether like a Ca’* current either. This is shown by the rank
order of sensitivity to blockade by di- and trivalent cations (La>* = Zn*" = Cd** > Ni** >
Mn®* = Co* > Ca® > Ba®" > Mg?" ) and by the low sensitivity of this current to Ca*

channel antagonists like the dihydropyridines, diltiazem and verapamil.

Electrical and kinetic properties of Na* channels in P. penicillatus

In hydrozoans such as the jellyfish Polyorchis penicillatus, every cell in the
animal, except perhaps interstitial cells, are capable of generating action potentials.
Because the functional roles of these excitable cells are very different, one can expect to
find that the excitability properties of the cells are also diverse. The repertoire of action
potential shapes, firing frequencies and firing patterns is very rich (Satterlie and Spencer,
1987). Some of this richness in excitability properties is provided by suites of voltage-
gated K* currents that are known to have diverse electrical and kinetic properties (Rudy,
1988). This physiological and functional diversity of K™ channels is provided by four

subfamilies of genes, Shaker, Shal, Shab and Shaw belonging to the Shaker superfamily
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as well as other K* channel gene families (fig. 1-5) (Chandy and Gutman, 1995). It has
been shown recently that the Shaker gene superfamily is present in Polyorchis tissues
(Jegla et al., 1995; Jegla and Salkoff, 1997).

Researchers have now recognized some degree of physiological and structural
diversity of Na" channels (Goldin, 1995). For example, TTX-sensitive and TTX-resistant
channels in mammals can be clearly distinguished by a wide range of
electrophysiological and pharmacological characteristics (Yoshida, 1994). “Slow” sub-
threshold, sodium currents have been identified in Purkinje cells (French and Gage,
1985). Many voltage-gated sodium currents have been characterized by their inactivation
kinetics, ranging from very fast (Hille, 1992), to slow (Alonso and Llinas, 1989), to non-
inactivating (Taylor, 1993). Sodium channels with different inactivation kinetics can

influence action potential shape and play significant physiological roles in mammals

(Campbell, 1992).
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Figure 1-5. A hierarchical classification scheme for the superfamily of ion-selective channels. K~
channels can be grouped into three structural classes based on their topology: 2TM, 4TM, 6 TM and 8TM
refer to number of transmembrane segments. Na” and Ca®" channels have four repeating domains
equivalent to a 6TM K~ channel (4x6TM). The dark membrane spanning boxes represent the inward
rectifying potassium channel that consist of only two membrane spanning segments separated by a pore
forming loop. Potassium channels with four, six and eight membrane segments appear to be duplications
or modular additions to the basic two transmembrane form. Family members shown in the figure are only
mammalian genes. Figure modified from Fig. 1, p. 806 (Wei et al., 1996).
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In P. penicillatus, at least three different sodium currents are present. There is a
slowly activating and slowly inactivating sodium current in the electrically excitable
epithelium, which is inhibited by high concentrations of intracellular calcium (Grigoriev
and Spencer, 1996). In Chapter 3, the electrical and kinetic properties of Na" currents in
swimming motor neurons are described. They appear to have rapid, transient Na*-
selective currents that are kinetically similar to Na* currents in mammals, despite their
unusual insensitivity to classical Na" channel agonists and antagonists, including TTX
(Spafford et al., 1996). The non-neuronal like morphology of swimming motor neurons
and the slow inactivation recory rate of their Na~ currents indicate that these neurons
have properties that are more "cardiac-like" rather than "neuron-like". In contrast, a
second neuronal type, the B neuron, has a sodium current with properties that are more
similar to most neuronal sodium currents. An argument can be made that the non-
neuronal properties of the “cardiac-like” current in swimming motor neurons have
probably arisen by convergence since in both cases (SMNs and cardiac muscle) spreading
of excitatory waves in a closed network is prone to re-entry. In bot the heart and network
of SMNss, a slow recovery from inactivation prevents re-entry and disruption of the
rhythmic input that leads to synchronous contractions of the heart and jellyfish bell,

respectively (Fye, 1987).
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Structure of a putative sodium channel protein in P. penicillatus

In order to determine the structural basis that may underlie the unusual
pharmacological properties of hydrozoan Na™ currents (Chapter 2) or the basis for the
differences between the electrical and kinetical properties of currents in swimming motor
neurons (SMNSs) and B neurons (Chapter 3), a full-length sodium channel cDNA,
PpSCN1 was cloned from the hydrozoan jellyfish, Polyorchis penicillatus and described
in Chapter 4. Comparisons of PpSCN1 with aligned sequences of other sodium channels.
reveal that many of the residues that are considered to be critical for ionic selectivity,
voltage sensing, and binding of TTX and lidocaine in mammals differ in the Cnidaria.
PpSCNI is the only o subunit presently available to account for sodium channel currents
in SMNs. B neurons and exumbrellar epithelial cells in P. penicillatus. The apparent
absence of structural diversity of « subunits suggests that the functional diversity of
sodium channels in P. penicillatus may depend on accessory proteins or post-translational
modification of « subunits, or that there are other sodium channel families present that

are so structurally distinct as not to be isolated by the methods used in this study.
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Genomic structure of a sodium channel gene in P. penicillatus

Many of the Na" channels isolated in mammals and fruit fly have multiple introns
that are spliced out of the final mRNA transcript. Some of these genes contain alternative
or optional exons, providing a rich source of genetic diversity. The complete genomic
region spanning the cDNA of PpSCN1 was sequenced and compared with mammalian
and fruit fly genes in a detailed comparative analysis described in Chapter 5. No
alternative spliced variants were apparent in the jellyfish gene. Most of the introns were
found to be conserved between Na” channel genes in P. penicillatus and mammals, with a
significant percentage even shared with Ca’* channels. The conservation extends to the
details of intron splice sites, including a recently discovered U12-type splice site that
employs a rarely used set of small ribonucleoproteins. Regional differences in Na”
channels appear to correspond to potential adaptive roles among channel types, for

example, phosphorylation by protein kinase A, glycosylation and alternative splicing.
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Overview and organization of the thesis

In this thesis, the structure, function and diversity of jellyfish Na* channels is
explored using molecular biological and electrophysiological techniques. The thesis
proceeds in reverse order to the fate of the gene in the cell, which would be, the
organization of a gene on the chromosome (Chapter 5), transcription and predicted
protein structure (Chapter 4) and apparent characteristics of the protein from current
recordings of identified cells in vitro (Chapter 2 and 3).

A comparative approach, such as this. provides valuable insights into the
understanding of the structure and function of voltage-gated Na* channels. Functional
comparisons between jellyfish and mammalian currents, and alignments of their genes
underscore possible structural-functional similarities and differences. Given the long
evolutionary history that separates cnidarians and mammals, it provides an opportunity to
evaluate the tolerance of structural features to evolutionary change, and hence to adaptive
changes taken by different channel types. Remarkable conservation of the mammalian
Na" channel gene and cDNA transcript in jellyfish, and the conservation of electrical and
kinetical properties and pore selectivity to monovalent cations, shows that the
organization and fundamental composition of the genetic template for Na™ channels has
undergone few changes since it was laid down in the common ancestors of diploblasts

and triploblasts, ~600 million to 1 billion years ago (Morris, 1993).
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CHAPTER2 PHARMACOLOGICAL PROPERTIES OF
VOLTAGE-GATED SODIUM CURRENTS IN
MOTOR NEURONS FROM A HYDROZOAN
JELLYFISH POLYORCHIS PENICILLATUS'”

INTRODUCTION

The TTX-insensitive sodium current recorded from motor neurons in the
scyphozoan jellyfish Cyanea capillata shows a pharmacological profile that is more
similar to that expected of calcium channels (Anderson, 1987). This finding appears to
support the view of (Hagiwara, 1983) that calcium channels are phylogenetically more
ancient, since they are diverse and are present in the most ‘primitive’ organisms. Hille
(1984) further developed this theory by proposing that high-velocity conduction, and the
associated high current density required, could not be supported by calcium action
potentials because of the resulting calcium toxicity. Selection for sodium-permeable
channels would therefore be very strong in cells specialized for long-distance, high-

frequency signalling. Domain homology between sodium and calcium channels further

! A version of this chapter has been published. Spafford, J.D., Grigoriev, N.G. and Spencer, A.N. (1996)
Journal of Experimental Biology 199:941-948,
* This research was a collaborative effort between Spafford and Grigoriev.
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demonstrates that calcium channels were the likely immediate ancestral molecules for
sodium channels (Strong er al., 1993). Here, we give an extensive description of the
pharmacological properties of a sodium current from an organism that is deeply rooted in
the phylogenetic tree. Thus, a study like this assists in determining the phylogenetic and
functional relationships between channels carrying the inward currents responsible for
propagation of action potentials. In particular, we are interested in determining whether a
calcium-channel-like pharmacology is common to such sodium channels that are
reminiscent of the ancestral prototype. The TTX-insensitive sodium current that we
describe from motor neurons innervating swimming muscle in Polyorchis penicillatus

has an unusual pharmacological profile for a neuronal sodium current but does not

exhibit any specific properties expected for calcium currents.

MATERIALS AND METHODS

Cell culture

Medium-sized jellyfish Polyorchis penicillatus (Eschscholtz) (diameter 20-30
mm) were collected in Bamfield and Grappler Inlets (Vancouver Island, British
Columbia, Canada) and maintained at approximately 10°C in flow-through seawater

aquaria. Cells were cultured using a method from (Przysiezniak and Spencer, 1989) with
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slight modifications. Cells were exposed to 1000 units of collagenase per ml of artificial
sea water for a shorter period (1 h instead of 4-5 h), with agitation. Recordings were
made using cell cultures that were no more than 3 days old.

Swimming motor neurons were identified by their large size (soma 30-50 pm
long, with processes up to 200 um long), clear cytoplasm and a nucleus surrounded by
membranous structures. They have a characteristic action potential that is identifiable in
vitro and in vivo. Major features of the sodium currents, such as time-to-peak. peak
current, voltage-dependence, time course of responses and pharmacological

responsiveness to drugs, did not change with the age of culture.

Whole-cell recordings

Whole-cell, tight-seal recordings were made using electrodes of borosilicate glass
tubing (TW-150-4, World Precision Instruments), with resistances of 1-2 MQ when filled
with electrode solutions. Recordings were made at room temperature (approximately 20°
C) with an Axopatch-1D amplifier (Axon Instruments), lowpass-filtered at 3 kHz using a
four-pole Bessel filter, and digitized using a Labmaster TL-125 acquisition board (Axon

Instruments).
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Cultures were viewed under phase contrast with a Nikon Diaphot inverted
microscope. Fine alignments of the microelectrode near the cell surface were made using
a piezoelectric driver (Burleigh). Stimulus control, data acquisition and analysis were
performed using pCLAMP 6.0 software (Axon Instruments) on a 486-based (PC)
personal computer.

Leakage and capacitative currents were subtracted using —P/4 or ~P/5 protocols
(pPCLAMP 6.0), from a holding potential of -80 mV, before test pulses eliciting active
responses were applied. Series resistances (Rs) were optimally compensated to minimize
voltage errors (R; compensation was usually set to values of 80% or more). Membrane
capacitance (Cn) and R, values were obtained by minimizing the capacitative transient in
response to a hyperpolarizing voltage step. Only recordings that met the following
criteria were used in the analysis. (1) Peak uncompensated current was >2 nA; R, was 2-
4 MQ before compensating for Rs. (2) Cp, and R did not change by more than 10%
before and after drug application, and recovery after drug application was >70 %. (3)
Leakage resistances were in the range 100 MQ to 0.5 GQ. (4) After series compensation,
sodium currents reached their peak within 800 s using test pulses with voltage steps
from —-80 mV to +10 mV.

Pharmacological agents were microperfused in bath solution dispensed from a
manifold with a dead volume of less than 1 pl. Gravity flow was controlled by
electromechanical pinch valves and the rate of flow provided complete solution exchange

in 2 s. Test pulses were applied every 30 s after drug application. As soon as a current
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tracing superimposed on the previous trace this was recorded as the experimental trace
(saturation), and washing was started. The maximal drug effect was obtained from 30 s
to 2 min after drug application. In all figures where the “before” and “after” drug
application traces do not superimpose, the trace having a smaller peak current is the trace
obtained after washing.

Use-dependent blockade was tested for lidocaine, procainamide and verapamil.
In use-dependent blockade, the rate of block tends to be proportional to the number of
channels open (Hille, 1992). To test for the use-dependence of these drugs, a
hyperpolarizing prepulse (-120 mV for 20 ms) or a depolarizing prepulse (-40 mV for 40

ms) was applied immediately before the test pulse.

Solutions

All culture and recording solution were filtered through cellulose acetate
membrane cartridges with a pore size of 0.2 um before use. Artificial sea water ,
containing (in mM): NaCl, 376; Na;SQO,, 26; MgCl,, 41.4; CaCl,, 10; KCI, 8.5; HEPES
hemisodium salt, 10; and gentamycin sulphate (50 mg per litre). The pH of this solution
was 7.5. Na'-free electrode solutions, containing (in mM): MgCly, 2; CaCl,, 1; Hepes-
free acid, 10; EGTA, 11; CsCl,, 400; CsOH, 30; and TEA-CI, 20, were titrated to pH7.5

with KOH. Standard bath solutions were calcium-free (in mM): NaCl, 395; MgCl,, 50;
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N-methylglucamine-HCI, 30; Hepes sodium salt, 10, and were titrated to pH 7.5 with
HCI. All outward currents were totally blocked within 5 min after breakthrough, and
inward calcium currents were eliminated since the external solution was Ca®>*-free. The
total divalent ion concentration was kept constant in solutions containing Ba®* or Ca?* by
adjusting the MgCl concentration.

Drugs were purchased from Research Biochemicals International and were
prepared daily in standard bath solution. Stocks of lipophilic compounds were prepared
daily in fresh dimethylsulphoxide (DMSO) solution. Final working DMSO
concentrations were 0.04-0.5 % (v/v). Control responses with DMSO at the above bath
concentrations were subtracted from drug responses. Tetrodotoxin was prepared from a
stock solution in acetate buffer at pH 4.5 (1 mg ml™"). Numerical and graphical data are

presented as means + S.E.M.

RESULTS

The quantitative data for all the chemical agents examined are given in Table 2-1.
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Table 2-1. Quantitative summary of the effects of drugs on
sodium currents in Polyorchis penicillatus motor neurons

Dose Effect®
Drug (1) (% £ S.EM,) N
Sodium channel antagonists:
Tetrodotoxin 100 3.26 + 4.10 6
Lidocaine 1000 4095 + 1.19 9
3000 6767 + 1.20 7
Procainamide 1000 2358 + 1.25 4
Veratridine * 100 30.18 + 947 4
Calcium channel antagonists:
Dihydropyridines
Nicardipine * 40 13.86 + 2.22 9
70 26.38 + .15 4
100 5524 + 7.03 7
Nitrendipine * 100 16.66 + 0.60 5
200 37.35 £ 0.51 3
Nimodipine * 100 8.07 + 4.66 3
Nifedipine * 100 -040 =+ 1.79 5
500 438 + 048 3
(+)BayK 8644 * 100 2529 + 2.00 9
(-)BayK 8644 * 100 -4.63 + 0.61 9
Benzothiazepines
Diltiazem 50 13.73 + 4.54 3
100 2926 + 2.64 5
500 5323 + 0.54 9
1500 6449 + 3.82 6
Phenylalkylamines
Verapamil 100 1497 + 1.31 6
500 24.17 + 3.74 4
1500 38.12 + 0.12 4
Calmodulin antagonists:
w7 100 1749 £ 1.75 4
Calmidazolium 20 15.37 + 1.74 9
Non-specific antagonist:
Capsaicin 1 1470 + 4.43 3
5 73.53 £ 8.76 3
25 8991 + 7.62 3

*Control responses in the presence of DMSO were subtracted from values
recorded in the presence of drugs.

@ Percentage inhibition of peak current due to drug action. Peak current was
generated using voltage steps of 10 ms duration to +10 mV from a holding
potential of -80 mV.

25
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Effect of classical sodium channel blockers and modifiers (TTX, lidocaine,

procainamide, veratridine)

The sodium current from ‘swimming motor neurons’ was insensitive to TTX at
concentrations from 1 to 100 pM (Fig. 2-1; Table 2-1). The local anaesthetics lidocaine
and procainamide caused partial, tonic blockade of sodium currents at concentrations in
the millimolar range and did not exhibit use-dependent blockade (Fig. 2-1; Table 2-1).
Veratridine, at 100 pM, produced partial blockade of the sodium current without

affecting inactivation properties (Fig. 2-1; Table 2-1).
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TTX (100 uM) lidocaine (1 mM)

|

procainamide (1 mM) veratridine (100 uM)

%k
E S
Figure 2-1. Effects of sodium channel antagonists (TTX, lidocaine, procainamide) and a modifier
(veratridine) on sodium current in swimming motor neurons of P. penicillatus. Tracings marked with an
asterisk represent drug effects. Tracings are also shown before drug application and after complete
washing. In this and all other figures, where the ‘before’ and ‘after’ drug application traces do not
superimpose, the trace having a smaller peak current is the trace obtained after washing. Responses were

generated using voltage steps of 10 ms duration to +10 mV from a holding potential of -80 mV. Vertical
and horizontal scale bars represent | nA and 1 ms, respectively.
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Effect of di- and trivalent cations

Fig. 2-2 shows the effects of La*", Zn?*, Cd**, Ni**, Mn®* and Co®* on Na* current
at bath concentrations of 3 mM and 1 mM. La’*, Zn** and Cd*" were the most potent
blockers, followed by Ni*" then Mn*" and Co?*. All these cations produced depolarizing
shifts in the conductance-voltage curves, with La’*, Zn*" and Cd** causing the greatest
shifts of +10. +12 and +10 mV respectively (data not shown).

Ca®" and Ba" were less effective cationic blockers. At concentrations of 10, 30
and 50 mM, Ca”" was a more potent blocker than Ba** (Fig. 2-3). Ca" produced a
noticeable depolarizing shift in the current-voltage curve whereas Ba®* had little, if any,
effect. Charge screening effects (Hille et al., 1975) should not apply here, since the
concentration of divalent cations was kept constant by substitution with Mg>*. The order
of blocking effectiveness for all these cations is: La’* = Zn®* = Cd** > Ni** > Mn*" =

Co* > Ca™ > Ba®* > Mg



2. Na” channel current in P. penicillatus: Pharmacological profile 29

100

S 80}
= CJ3mm
C-E) B 1 M
3
o]
@
(Vo] 60.—
-
(o]
[}
(a9
(S
o
=
.2
S 40
=
=
Q
(@)
)
. 20

0

Ni2*  Mn** Co**

Figure 2-2. The inhibitory effects of di- and trivalent cations on sodium current at | mM (shaded bars)
and 3 mM (unshaded bars) on sodium current in swimming motor neurons of P. penicillatus. Data were
obtained from the peak of sodium currents generated using voltage steps of 10 ms duration to +10 mV from
a holding potential of -80 mV. Bars represent S.E.M. Numbers of cells used at | mM and 3 mM
respectively: La’* (9,5), Zn" (10,12), Cd** (4,7) Ni** (5,4) Mn** (5,5) and Co®" (6.,5).
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Figure 2-3. Effects of 10, 30 and 50 mM Ca®” and Ba®” on sodlum current m swimming motor neurons of
P. penicillatus. Left-hand side: Sodium current tracings in Ca® (A) and Ba® " (B) solutions generated using
voltage steps of 10 ms duration to +10 mV from a holdm potential of —~80 mV. Right-hand side: current-
voltage relationships of n=3 using Ca*" (A) and Ba" (B) at concentrations of 0 mM (open circles), 10 mM
(filled circles), 30 mM (open triangles) and 50 mM (filled triangles). Currents are normalised to peak
control currents. Responses were generated using voltage steps from <40 mV to + 70 mV in 10 mV
increments. The holding potential was -80 mV. Vertical and horizontal scale bars represent | nA and 1
ms, respectively. Error bars represent S.E.M.
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Effect of calcium channel antagonists

(dihydropyridines, verapamil, diltiazem) and an agonist (-)Bay K 8644

Of the dihydropyridines, nicardipine had the greatest inhibitory effect (Table 2-1),
but even at 70 uM it only produced a 26% decrease in peak current (Fig. 2-4; Table 2-1).
Nitrendipine at 100 uM reduced the current by 17%, while nimodipine and nifedipine at
100 uM had no significant effect (when the inhibitory effect of DMSO in the vehicle
solution was taken into account). The antagonistic enantiomer (+)Bay K 8644, at 100
1M, inhibited peak sodium current by 25%, while the agonistic (-) enantiomer had not
significant effect (Fig. 2-4; Table 2-1). The solubilising agent DMSO at 0.1% (v/v) also
inhibited the current by approximately 10% (n=6).

Diltiazem and verapamil blocked the sodium current in a dose-dependent manner.
At 500 uM, they produced 53% and 24% decreases, respectively, in current amplitude

(Fig. 2-5; Table 2-1). There was no evidence of use-dependent blockade by verapamil.

Effect of calmodulin inhibitors W7 and calmidazolium

Neither W7 (100 uM) nor calmidazolium (20 uM) was a very effective blocker of

sodium current (Fig. 2-5; Table 2-1).
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nicardipine (70 uM) nitrendipine (100 uM)
r’ oo |
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Figure 2-4. Effects of dihydropyridines and the solubilizing agent dimethylsulphoxide (DMSO) on sodium
current in swimming motor neurons of P. penicillatus. Tracings marked with an asterisk represent drug
effects. Tracings are also shown before drug application and after complete washing. For Bay K 8644, the
+ and —are marked; note the effect of (-)Bay K 8644 was no different from the control or wash traces for
both enantiomers. Responses were generated using voltage steps of 10 ms duration to +10 mV from a
holding potential of ~80 mV. Vertical and horizontal scale bars represent 1 nA and 1 ms, respectively.
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diltiazem (500 uM) verapamil (500 uM)
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Figure 2-5. Effects of antagonists of L-type calcium channels (diltiazem, verapamil) and calmodulin
antagonists (W7 and calmidazolium) on sodium current in swimming motor neurons of P. penicillatus.
Tracings marked with an asterisk represent drug effects. Tracings are also shown before drug application
and after complete washing. Responses were generated using voltage steps of 10 ms duration to +10 mV
from a holding potential of -80 mV. Vertical and horizontal scale bars represent 1 nA and | ms,
respectively.
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Effect of Conus neurotoxins

The following Conus venoms and peptides were applied to motor neurons: crude
venom (1 mg ml™") from C. quercinus, C. textile and C. geographicus; purified peptides,
p-conotoxin GIIA (1 uM), pO-conotoxin MrVIA (0.5 uM) and the w-conotoxins GVIA
(1 uM) and MVIIC (1 uM). These Conus venoms and peptides had no effect (data not

shown).

Effect of capsaicin

The only drug examined to date which was active at comparatively low
concentrations was capsaicin (trans-8-methyl-N-vanillyl-6-nonemide), which produced a
rapid and noticeable blockade of sodium current at a concentration of 5 uM (Fig. 2-6A;
Table 2-1). At 25 uM the current was reduced by 90 %. However, the effect of capsaicin
is likely not specific since outward potassium currents were also strongly inhibited at

higher concentrations (300 pM) (Fig. 2-6B).



2. Na’ channel current in P. penicillatus: Pharmacological profile 35

A
25uM
SuM
1M _I
B

before

after 300 uM capsaicin

U=

Figure 2-6. Effect of capsaicin on sodium current in swimming motor neurons of P. penicillatus. (A)
Effects of 1, 5 and 25 uM capsaicin on sodium current. Tracings are also shown before drug application
and after complete washing. Responses were generated using voltage steps of 10 ms duration to +10 mV
from a holding potential of -80 mV. (B) Effects of capsaicin (300 uM) on total ionic current. Upper
traces: before application of capsaicin. Lower traces: after application of capsaicin. Responses were
generated using voltage steps from —40 mV to +60 mV in 20 mV increments. The holding potential was —
80 mV. Vertical and horizontal scale bars represent | nA and 1 ms, respectively.
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Structural differences in jellyfish a subunits may be responsible for the lack of
effect of typical sodium channel antagonists outside of capsaicin. Alternatively, some of
the uncharacteristic responses may be contributed by the unusual composition of lipid
membranes (Schetz and Anderson, 1993) or unusual sugar moieties on glycosylated
residues (Schetz and Anderson, 1995) expected to be present on cnidarian channels in

vivo.

DISCUSSION

Categorization of sodium channels according to TTX-sensitivity

On the basis of their susceptibility to tetrodotoxin, three classes of sodium
currents have been described: TTX-insensitive (100 uM), TTX-resistant (1-10 uM) and
TTX-sensitive (nanomolar range) (Anderson, 1987). Our data clearly show that the
sodium current of jellyfish swimming motor neurons can be classified as TTX-insensitive
since concentrations as high as 100 uM did not block these currents. These data confirm
the finding of Anderson, (1979) that propagation of action potentials in the swimming
motor neuron network of Polyorchis penicillatus is not affected by TTX at concentrations
up to 125 uM. An analogue of TTX, saxitoxin, at 25 uM also failed to block sodium

currents (Przysiezniak, 1993).
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TTX-insensitive sodium currents have been described in other cnidarians and
ctenophoran cells (Anderson, 1987; Anderson and McKay, 1987; Dubas et al., 1988;
Meech and Mackie, 1993), while the only truly voltage-gated sodium current recorded
from a protozoan (Actinocoryne contractilis) is also TTX-insensitive (Febvre-Chevalier
et al., 1986). Thus, although TTX insensitivity or resistance is relatively rare throughout
the protostome and deuterostome lineages (< 5% of all species, Hille (1987), it appears to
be a common feature of lower metazoan sodium channels.

[n mammals TTX-resistant channels have been described from cardiac muscle
cells, embryonic skeletal muscle and denervated skeletal muscle (Cohen er al., 1981;
Gonoi et al., 1985; Pappone, 1980). These TTX-resistant channels have a characteristic
order of effectiveness for di- and trivalent cation blockade. For example, in canine
Purkinje fibre sodium channels this order is: Zn** > Cd** = La’" > Ni** > Mn?* > Co?* >
Ba®* = Mg2+ = Ca®" (Hanck and Sheets, 1992), which is very similar to the order of
potency (La*" = Zn*" = Cd** > Ni** > Mn>" = Co> > Ca* > Ba®* > Mg?") observed in
this study. The TTX-insensitive sodium current recorded from neurons of the Cyanea
capillata motor nerve-net (Anderson, 1987) showed a similar Cd** sensitivity to that
recorded here for Polyorchis penicillatus motor neurons. It should be noted that Cd>*, at
much lower concentrations (0.3 mM) than were used in this study, completely blocks
calcium currents in the same Polyorchis penicillatus neurons as were used in this study
(Przysiezniak and Spencer, 1992). Calcium current in Cyanea capillata motor neurons

was blocked by 2 mM Cd** (Anderson, 1989).
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The high susceptibility of TTX-resistant channels to blockade by Zn** and Cd*" is
not apparent in mammalian brain and skeletal muscle TTX-sensitive channels (Frelin et
al., 1986). Structure / function analyses of the pore-forming a subunit in sodium channels
have shown that, in short segment 2 of domain I, a critical cysteine residue in cardiac
sodium channels and a tyrosine or phenylalanine residue in a similar position in brain and
skeletal sodium channels are critical residues of the TTX receptor site (Sather et al.,
1994). A tyrosine to cysteine mutation in skeletal muscle sodium channels and a
phenylalanine to cysteine mutation in brain sodium channels substantially lowers TTX
sensitivity and creates a high-affinity binding site for Zn>* and Cd*" (Backx et al., 1992;
Heinemann ef al., 1992a). Thus, the region that is responsible for high sensitivity to TTX

also produces a lower Zn>* and Cd** binding affinity.

Ca** blockade of sodium current

Ca”* blocked Polyorchis penicillatus neuronal sodium currents (Fig. 2-3) ina
dose-dependent fashion, at concentrations similar to those reported for canine Purkinje
fibre sodium currents (Hanck and Sheets, 1992). At 10 mM Ca®*, which is the normal
extracellular concentration of Ca*" in jellyfish, there was a 31 % blockade of sodium

current at 0 mV (Fig. 2-3). Ca®* blockade of sodium current under normal physiological
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conditions presumably occurs in many marine invertebrates. Despite extreme differences
in the extracellular fluid concentrations of Ca?* in marine (10 mM) and terrestrial (1-2
mM) animals (Hille 1992), the relative affinity of sodium channels for Ca** appears to
remain the same. Unlike Ba**, Ca’" caused a significant depolarizing shift
(approximately 20 mV) in the current-voltage relationship (Fig. 2-3A). One hypotehsis
to explain this phenomenon is that Ca*>* binds with higher affinity to a region close to the
voltage sensor than does Ba>* or Mg?*. Under the experimental conditions used here
(constant concentration of divalent cations), this current / voltage shift cannot be
explained by charge screening. (Worley III er al., 1992) have shown that Ca** binds to
the channel itself and does not interact with the surrounding lipid. The presence of Ca*"
binding sites on sodium channels may be an evolutionary marker of the common ancestry

of calcium and sodium channels.

Effectiveness of sodium channel agonists / antagonists

Although the local anaesthetics lidocaine and procainamide produced partial
blockade of sodium current in Polyorchis penicillatus neurons, there was no evidence of
the use-dependent blockade typical of the mode of action of these drugs in most sodium
channels (Hille, 1977). This result contrasts with the finding that the sodium current in

Cyanea capillata motor neurons shows use-dependent blockade by lidocaine (Anderson,
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1987). Similarly, veratridine, which modifies inactivation in most sodium channels
(Hille, 1992), produced partial blockade, but did not affect inactivation kinetics either in
Polyorchis penicillatus neurons (this study) or in Cyanea capillata motor neurons
(Anderson, 1987). Batrachotoxin, alpha-scorpion venom and sea anemone toxin, which
are also modifiers of inactivation, were also ineffective when applied to Cyanea capillata
neurons (Anderson, 1987). A Conus toxin, pO-conotoxin MrVIA, which, although being
a sodium channel ligand has structural similarities to the calcium channel blocking ®-
and 3-conotoxins; (Mclntosh er al., 1995), was without effect. In contrast, pnO-conotoxin
MrVIA blocks TTX-insensitive sodium channels in Aplysia californica neurons at 350
nM (Mclntosh et al., 1995).

The only pharmacological agent shown to have a relatively potent blocking effect
on the sodium current was capsaicin (Fig. 2-6A); however, the effect was non-specific as
outward currents were also affected (Fig. 2-6B). Capsaicin has been reported to block
both sodium and potassium channels in dorsal root ganglion neurons of guinea pig and
chicken. Despite its lipophilicity, it was shown to act from the outside (Petersen er al.,
1987). Our own unpublished data also indicate that capsaicin has no effect when applied

intracellularly to Polyorchis penicillatus motor neurons.
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Effectiveness of calcium channel agonists / antagonists

The calcium channel antagonists (dihydropyridines, verapamil, diltiazem) were
not effective blockers of sodium current (Figs. 2-4, 2-5) in the concentration range (20
nM to 50 uM) that is normally effective for L-type calcium channels (Hille, 1992). At
higher concentrations, these antagonists are known to lose their specificity for calcium
channels and begin to block sodium channels (Hille, 1992). Even at the high
concentrations used here, of all the dihydropyridines examined, only nicardipine, (+)Bay
K 8644 and nitrendipine showed any blocking effect (Fig. 2-4). The related compounds
nimodipine and nifedipine showed no blocking effect (Fig. 2-4). On the basis of the
blocking action of nicardipine and verapamil on the sodium current in neurons of the
subumbrellar motor network of Cyanea capillata, (Anderson, 1989) suggested that the
sodium channel responsible had the pharmacology of a calcium channel.

Drugs known to be calmodulin inhibitors, W7 and calmidazolium, have been
shown to inhibit calcium currents (Caulfield et al., 1991) and sodium currents (Ichikawa
et al., 1991) by directly acting upon channels (Hille 1992). Neither of these drugs had
substantial blocking effects on Polyorchis penicillatus sodium currents (Fig. 2-5).

Because the majority of dihydropyridines and other specific antagonists of L-type

calcium channels were ineffective blockers of the Polyorchis penicillatus sodium
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channel, we are obliged to conclude that the pharmacological profile of this channel has
little similarity to the profile expected for L-type calcium channels. Given that Na*
channels appear to resemble T-type Ca®" channels in structure (fig. 5-2) more than L or
non-L type Ca®* channels, the lack of sensitivity to L-type Ca>* channel antagonists is
consistent with this closer relationship with Na" channels with T-Type Ca’* channels.
Since it has been shown that a sodium channel can become Ca’*-selective after the
mutation of one amino acid in two domains of the pore region (Heinemann et al., 1992b),
it is attractive to suppose that hybrid Ca*"-Na" channels might be present in lower
metazoans. Nevertheless, despite the unusual sodium pharmacological profile of this
Polyorchis penicillatus motor neuronal channel, it is not clear that this particular channel

is more Ca**-like than other Na* channels.
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CHAPTER3 A CARDIAC-LIKE SODIUM CURRENT IN
MOTOR NEURONS OF A JELLYFISE>"

INTRODUCTION

In hydrozoans, such as the jellyfish Polyorchis penicillatus every cell in the
animal, except perhaps interstitial cells, are capable of generating action potentials.
Because the functional roles of these excitable cells are very different, one can expect to
find that the excitability properties of the cells are also diverse. The repertoire of action
potential shapes, firing frequencies and firing patterns is very rich (Satterlie and Spencer,
1987). Some of this richness in excitability properties presumably is provided by suites
of voltage-gated potassium currents that are known to have diverse electrical and kinetic
properties (Rudy, 1988). This physiological and functional diversity of potassium
channels is provided by four subfamilies of genes, Shaker, Shal, Shab and Shaw
belonging to the Shaker family as well as other potassium channel gene families (Chandy
and Gutman, 1995). It has been shown recently that the Shaker gene family is present in
Polyorchis tissues (Jegla et al., 1995). Although, at first glance, sodium channel proteins

appear to be functionally conserved, researchers have recognized some degree of

* A version of this chapter has been published. Grigoriev, N.G., Spafford, J.D., Przysiezniak, J. and
Spencer A.N. (1996) Journal of Neurophysiology. 76(4):2240-2249.
* This chapter was a collaborative effort between Grigoriev and Spafford.
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physiological and structural diversity (Goldin, 1995). For example TTX-sensitive and
TTX-resistant channels can be clearly distinguished by a wide range of
electrophysiological and pharmacological characteristics (Yoshida, 1994). In this study
we examined the electrophysiological properties of a TTX-insensitive sodium current in
swimming motor neurons (SMNs) of P. penicillatus. We describe a number of
electrophysiological features of this current that are "cardiac-like" rather than "neuron-
like". In contrast, a second neuronal type, the B neuron, has properties that are more
similar to most neuronal sodium currents. This divergence of physiological properties is

discussed with respect to the functional roles of the cells involved.

MATERIALS AND METHODS

Cell culture

Medium-sized jellyfish (diameter 20-30 mm) were collected in Bamfield and
Grappler Inlets (Vancouver Island, British Columbia) and maintained at approximately
10° C in flow-through aquaria. Cells were cultured using a method from (Przysiezniak
and Spencer, 1989) with slight modifications. Cells were exposed to collagenase for a
shorter period (1 hr instead of 4-5 hr), with agitation. Recordings were made using cell

cultures that were no more than three days old.



3. Na' channel current in P. penicillatus: Electrical and kinetic properties 48

Swimming motor neurons (SMNs) were identified by their large size (soma 30-50
um long, with processes up to 200 pm), clear cytoplasm and a nucleus surrounded by
membranous structures. Typically, isolated motor neurons were fusiform or lamelliform
but lacked dendrites. Neurons ranged in length from 80-200 pm and had a mean
capacitance of 41.3 pF (n =21). SMNs have a characteristic action potential that is
identifiabie in vitro and in vivo. Major features of the sodium currents, such as time to
peak, peak current, voltage-dependence, time course of responses, did not change with

the age of culture.

Whole-cell recordings

Whole cell, tight-seal recordings were made using electrodes of borosilicate glass
tubing (TW-150-4, World Precision Instruments), with resistances of 1-2 MQ when filled
with electrode solutions. Recordings were made at room temperature with an Axopatch-
1D amplifier (Axon Instruments), low-pass filtered at 3 kHz using a 4-pole Bessel filter,
and digitized using 2 Labmaster TL-125 acquisition board (Axon Instruments).

Cultures were viewed under phase contrast with a Nikon Diaphot inverted
microscope. Fine alignments of the micro-electrode near the cell surface were made with
a Peizo-electric driver (Burleigh). Stimulus control, data acquisition and analysis were

performed with pCLAMP 6.0 software (Axon Instruments) on an IBM-PC 486 computer.
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Leakage and capacitive currents were subtracted using -P/4 or -P/5 protocols,
from a holding potential of -80 mV, before test pulses eliciting active responses were
applied. Series resistances (Rs) were compensated optimally to minimize voltage errors
(Rs compensation was usually set to values of 80% or more). C, (membrane
capacitance) and R, values were obtained by minimizing the capacitive transient in
response to a hyperpolarizing voltage step. Only recordings that met the following
criteria were used in the analysis: 1) Peak uncompensated current was >2 nA; R, was 2
- 4 MQ before compensating for Rs. 2) Cp, and R, did not change by more than 10%
during experiments. 3) Leakage resistances were in the range of 100 MQ to 0.5 G<. 4)
After series resistance compensation, sodium currents reached their peak within 800 ps
using test pulses with voltage steps from -80 mV to +10 mV.

All experiments were performed at room temperatures (20°C - 22°C), which were close to
the surface water temperatures at the collection site (17°C — 20°C).

Lithium, guanidinium, and rubidium solutions were micro-perfused in bath solution
dispensed from a manifold with a dead volume of less than 1 ul. Flow, by gravity, was
controlled by electro-mechanical pinch valves and the rate of flow provided complete
solution exchange in 2s.  As soon as a current tracing superimposed on the previous
trace, this was recorded as the experimental trace (saturation) and washing was started.
The maximal effect was obtained from 30 s to 2 min after application of monovalent

cations.
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Solutions

Before use, all culture and recording solutions were filtered through cellulose
acetate membrane cartridges with 0.2 um pore-size. Artificial seawater, which contained
(in mM) 376 NaCl, 26 Na(SOq),, 41.4 MgCly, 10 CaCly, 8.5 KCl, 10 N-2-hydroxy-
ethylpiperazine-N -2-ethanesulfonic acid (HEPES)-hemisodium salt, gentamycin
sulphate 50 mg/ml, was titrated to pH 7.5 with HCl. Electrode solutions, which
contained (in mM) 50 NaCl, 2 MgCl,, 1 CaCl,, 10 HEPES-free acid, 11 ethylene glycol-
bis (B-aminoethyl ether)-N,N,N', N -tetraacetic acid (EGTA), 350 CsCl, 30 CsOH and 20
TEA-CI, were titrated to pH 7.5 with HCL. Standard bath solutions were calcium-free.
contained (in mM) 395 NaCl, 50 MgCl,, 30 N-methyl glucamine-HCI, 10 HEPES-
sodium salt, and titrated to pH 7.5 with HCI. All outward currents were totally blocked
within 5 min after break-through, and inward calcium currents were eliminated since the

external solution was calcium-free.

Data analysis

In Figs. 2, 3, 6 and 7, data points from all selected cells were averaged and curves
fitted to the means using the relevant functions. Thus the fitted curves could have
slightly different parameters than the mean values given in Table 3-1, where the deduced

parameters were averaged after curve fitting.
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RESULTS

Methods used for isolating sodium current

Sodium currents were isolated by blocking potassium currents with intracellular
administration of Cs*" and tetraethylammonium (TEA) and by eliminating calcium
currents by using a Ca**-free extracellular solution. The efficiency of this method for
isolating sodium currents was checked by using a sodium-free extracellular solution
when potassium and calcium currents were eliminated. Under these conditions, we have
not recorded any membrane currents in the voltage ranges used in this study. We cannot
exclude the possibility that a small component of the “sodium” currents recorded were in
fact carried by sodium ions permeating potassium channels. However, kinetic properties
of potassium currents in these neurons (Przysiezniak and Spencer, 1994) are quite
different from the kinetics of the sodium currents recorded in this study. Thus, if present,
sodium currents that permeated potassium channels must have been very small.

Table 3-1 summarizes the parameters and properties of the sodium current

recorded from swimming motor neurons of the hydromedusan Polyorchis penicillatus.
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Quantitative summary of parameters of sodium current
in swimming motor neurons of Polyorchis penicllatus

Parameter

mean = S.E.M. n

Imax?
ldensitya,b
Electrical properties©
Va¢
Ka®
Vid
Kid
Kinetical properties
Activation (time to peak)©
Time to lpeak a
B|
B2
Al1/Ap
[nactivation
Inactivation decayavf
T, (fast)
T, (slow)
Ai/A
T, (very slow)

Steady-state inactivation for
two components of decay®

V1, (fast)
Kz,

V1, (slow)
Kr,

Recovery from inactivation

T

T2
Al/A

time of half recovery (t1/2)
time of complete recovery

7.97 = 0.15 nA 2
0.20 £ 0.03 mA/em? 22

-19.68 + 0.42 mV 8
-5.81 £ 0.09 mV
-29.18 £ 0.53 mV 16

-4.40 £ 0.12 mV 16

0.74 + 0.06 ms 14
7.36 £ 0.15mV 14
147.1 £ 434 mV 14
3.97 £ 0.04 14
1.91 £ 0.07 ms 16
11.65 £ 0.55ms 16
2.02 + 0.04 16

241 £ 15.23 ms

LI

3117 £ 044 mV 16
-4.49 £ 0.14 mV 16
-24.26 £ 0.39 mV 16
-4.98 £ 0.29 mV 16

66.67 = 0.76 ms

[13.7 = 3.43 ms
4.47 £ 0.08
526 +29ms
500 £ 38 ms

00 00 0 o0 o0
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Footnotes for Table 3-1 (shown on previous page)

“Parameters calculated from maximal current generated from a voltage step to +10 mV
from -80 mV.

®Calculated from whole-cell capacitance (41.33 +/- 0.03 pF, n=22) assuming 1 pF/cm’.
Capacitance was read from dials after minimizing capacitive current on patch clamp
amplifier.

“Peak current data for each cell were fitted with a combination of a Boltzmann equation
and Ohm's law: [ = Guax X (Ve — E;) / {1+exp[(Va - V)/Ka]}, where V. is the command
voltage, Gmax is the maximal sodium conductance, E, is the fitted reversal potential of the
current, V, is the voltage of half-activation, and K, is the slope factor of the activation
curve in millivolts per e-fold change.

9For steady-state inactivation data, each cell was fitted with a Boltzmann equation: [ =
Imax /{1+exp[(Vpp-Vi)/Ki]}, where e is the peak current amplitude expected on the test
pulse response, [may is the maximal current fitted at non-inactivating prepulse voltages,
Vpp is the prepulse voltage, V; is the prepulse voltage causing half-inactivation, and K; is
the slope factor of the inactivation curve in mV per e-fold change.

“Time-to-peak data were fitted with two exponents: A; *exp(-V/B1) + Ax*(exp(-V/B»),
where V. is the command voltage, B, and B, are constants of the fast and slow
components, A / A; is the relative amplitude of fast and slow components, and [ / I is
the normalized current. Fitting was done using the Marquardt-Levenberg algorithm.

“Time constants (t1 and 12) and relative amplitude of fast and slow components of
inactivation (A/A;) were found by fitting sodium current inactivation decay with two
exponents: A; *exp(-T/t) + Ay*(exp(-T/z,), where T is time and I / I is the normalized
current. Fitting was done using the Marquardt-Levenberg algorithm.

®Cell recordings were fitted with two exponentials (same as in (e) but Vpp replaces V)
using the Chebyshev method. Each exponent was normalized to maximal currents and
fitted with a Boltzmann equation (same as in (d) but Vt; or V1, replaces V; and Kr,
replaces K;).

hRecovery from inactivation data was normalized to maximal currents (I/Ina) and curve
fitted with two exponents: I/ Imax=1- {A| *exp(-T/1;) + A, *exp(-T/t2)}, where T is
time.
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Sodium-selective inward current

Figure 3-1A shows a representative family of rapidly activating and inactivating
sodium currents generated in conditions where potassium and calcium currents were
eliminated. Maximal sodium current was produced in response to test pulses of + 10 mV
from a holding potential of - 80 mV. In this typical experiment the sodium current
reversed at +56 mV (Fig. 3-1C), which was close to the Nemnst potential for sodium (+ 52
mV). In conditions where there was no external sodium and the extracellular calcium
concentration was 100 mM, a small, slower activating and inactivating inward current
was seen (Fig. 3-1B) in addition to a family of very rapidly activating and inactivating
outward sodium-dependent currents (Fig. 3-1B and 1C). It should be noted that the
kinetics of the inward calcium current are very different from the sodium current and
measurement of the peak outward sodium current (Fig. 3-1B) does not indicate any
inward components, as shown in Fig. 3-1C. This show that these channels are highly

selective for sodium ions.
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Figure 3-1. Sodium selectivity and voltage dependence of sodium current in swimming motor neurons of
P. penicillatus. Potassium currents were blocked by using an electrode solution containing Cs*” and
tetracthylammonium (TEA). A) Representative sodium current responses observed using a calcium-free,
sodium-containing bath solution with (in mM) 395 NaCl, 50 MgCl,, 30 N-methyl glucamine-HCI, and 10
N-2-hydroxy-ethylpiperazine-N "-2-ethanesulfonic acid (HEPES) sodium salt and titrated to pH 7.5 with
HCL. Test pulses lasting 10 ms were applied from a holding potential of -80 mV, to a series of command
voltages (Vc) incremented from -50 to +80 mV in steps of +10 mV. B) Outward sodium current and a
slowly activating and inactivating inward calcium current observed using a sodium-free, calcium-
containing bath solution with (in mM): 100 CaCl, 50 MgCl,, 225 N-methy! glucamine-HCI, 10 HEPES-
sodium salt and titrated to pH 7.5 with HCl. Voltage-clamp protocols as for A. Vertical and horizontal

bars for both A and B are 1 nA and 1 ms, respectively. C) Current-voltage relationships of the peak
sodium currents in A (O) and B (®).
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Permeability to monovalent cations

The ionic permeability of the channel population, responsible for the sodium
current, to lithium, rubidium and guanidinium was measured. These channels were
almost as permeable to lithium as sodium (PLi/Pna = 0.941), but they were impermeable
to rubidium, whereas guanidinium was slightly permeable (Pguanidinium/Pna = 0.124; see

Table 3-2).

Electrical properties

Figure 3-2 shows the conductance / voltage and steady-state inactivation curves for
sodium current. Activation was first detected at approximately - 40 mV and was
maximal at + 10 mV. At - 15 mV, the current was almost completely inactivated and

became fully available at - 50 mV.
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Table 3-2

Ionic permeabilities of sodium current in

swimming motor neurons of Polyorchis penicillatus

versus sodium currents in other species?

Px /PNa
Polyorchis  Frog Squid Myxicola
Monovalention SMN nodeb axon® axond
lithium 0.941 0.93 1.1 0.94
guanidinium 0.124 0.13 0.178 0.17
rubidium <0.001 <012 0.025

57

“Relative permeabilities of sodium channels to the test ion (P« / Pna) were calculated from
the change in reversal potential (E,) by measurement of peak currents as shown in Fig. 3-
1C using voltage steps to +80 in 10 mV increments from -40 mV. Holding potential was

-80 mV. Changes in E; in lithium and guanidinium were -1.0 mV and -53.2 mV,

respectively. There was no current reversal in rubidium. Change in E, on substitution of
sodium with a monovalent ion (X): E«(x) - E{Na) = 58.17 logio P/Pna (X) / (Na), where
parentheses refer to ionic activities in the external solution, and reversal potentials are in

mV. LiCl, guanidinum chloride and RbCl (395 mM) were used in place of NaCl in the

standard bath solution which contained (in mM) 395 NaCl, 50 MgCl,, 30 N-methyl

glucamine-HCl, and 10 N-2-hydroxy-ethylpiperazine-N -2-ethanesulfonic acid (HEPES)

sodium salt and titrated to pH 7.5 with HCL.
®(Hille, 1971)

‘(Chandler and Meves, 1965)

4(Binstock, 1976), (Ebert and Goldman, 1976)
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Figure 3-2. Activation (®) and steady-state inactivation curves (O) for of sodium current in swimming
motor neurons of P. penicillatus. Activation curve was generated using test pulses lasting 30 ms, applied
from a holding potential of -80 mV, to a series of command voltages (V.) incremented from —60 to +30 mV
in steps of +10 mV. Activation data were normalized to maximal conductance (G / Gmax), then averaged
and fitted to the means with a combination of a Boltzmann equation and Ohm's law (Table 3-1, equation in
footnote c). Inactivation curve was generated using 20 ms test pulses to +10 mV following 2 s inactivating
prepulses (V) from -70 mV to +5 mV in 5 mV increments. Inactivation data were normalized to maximal
current (I / Ima), averaged and fitted to means with a Boltzmann equation (Table 3-1, equation in footnote

d). n =8 cells for activation and 16 for inactivation, error bars are S.E.
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Kinetical properties

The rate of activation of the sodium current was steeply voltage-dependent (Fig. 3-3)
and could be fitted with two exponents: (7.36 +/- 0.15 mV) and (147.1 +/- 4.34 mV).
Time to peak at maximal current was 0.74 +/- 0.06 ms. For all cells, the time course of
inactivation could be fitted with two exponents, fast (t;=1.91 +/- 0.17 ms at + 10 mV)
and slow (12 = 11.65 +/- 1.05 ms at + 10 mV). Most neurons (97.8 %) showed
inactivation kinetics that were almost identical (Fig. 3-4A). On the basis of fitted
inactivation data from 16 such cells, we obtained a ratio of 2.02 +/- 0.082 between the
amplitudes of the fast and slow inactivation components. However, two neurons showed
time courses of inactivation in which the fast component was dominant (Fig. 3-4B), and
three neurons showed inactivation where only the slow component is present (Fig. 3-4C).
Using 2-s pulses (data not shown) to - 20 mV, it was possible to see an additional, very
slowly inactivating sodium current with an inactivation time constant of 241 +/- 15.23
ms.

The voltage-sensitivities of fast and slow components of inactivation were examined
(Fig. 3-5). Both exponents showed similar voltage-dependence. The two components T;
and t ; exhibit different voltage sensitivities of steady-state inactivation (Fig. 3-6) with

the curve for t ; shifted to the right along the voltage axis relative to t, by 6.91 mV.
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Figure 3-3. Voltage-dependence of time to peak of sodium current in swimming motor neurons of P.
penicillatus. Time-to-peak data were collected using test pulses lasting 10 ms, applied from a holding
potential of -80 mV, to a series of command voltages (V.) incremented from —20 mV to +80 mV in steps of
+10 mV. Time-to-peak data were averaged and fitted to means with a double-exponential function (Table
3-1, equation in footnote €). n = 14 cells, error bars are S.E.
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Figure 3-4. Variation in inactivation kinetics of sodium current in swimming motor neurons (SMNs) of P.
penicillatus. A) Representative sodium current trace from an SMN where the fast component of
inactivation predominates. t, was calculated to be 1.76 ms and t, was 10.48 ms. Ratio of amplitudes of
the component currents (A /A,) showing fast and slow inactivation was 3.16. B) Representative sodium
current trace from a SMN showing a combination of fast (t;) and slow (t,) inactivation. t; was calculated
to be 2.18 ms and 1, was 11.94 ms. Ratio of the amplitudes of component currents (A /A,) showing fast
and slow inactivation was 1.94. For A and B, inactivation curve was fitted with a double exponential
function: A *exp(-10/1,) + A,*(exp(-10/1,), where T, (fast) and 1, (slow) are time constants and A/A; are
amplitudes of component currents showing fast and slow inactivation. C) Representative sodiumn current
trace from a SMN where only slow component of inactivation, T, = 10.67 ms, is present. Inactivation curve
was fitted with a single exponential function: A*(exp(-10/t). In A,B and C, 50 ms test pulses to + [0 mV
were given from a holding potential of -80 mV. Vertical and horizontal bars are | nA and 10 ms.
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Figure 3-5. Voltage-dependence of fast and slow components of inactivation of of sodium current in
swimming motor neurons of P. penicillatus. Fast (t,, O, left ordinate) and slow (12, @, right ordinate) time
constants of inactivation are plotted against the command voltage (V.). Voltage-clamp protocols and raw
current recordings were as for Fig. 3-2. Time constants were calculated using a double exponential
function (Table 3-1, equation in footnote f). n = 14 cells, error bars are S.E.
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Figure 3-6. Steady-state availability of fast (t,, O) and slow (t,, ®) components of inactivation as a
function of prepulse voltage (Vi) of sodium current in swimming motor neurons of P. penicillatus.
Voltage-clamp protocols and raw current recordings were as for Fig. 3-2. Time constants were calculated
using a double exponential function (Table 3-1, equation in footnote f). The current amplitudes of fast and
slow inactivation components were normalized to maximal current (I/ I,s,) then averaged and fitted to the
means with a Boltzmann equation (Table 3-1, equation in foomote g). n = 14 cells, error bars are S.E.
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Two distinct time constants of recovery from inactivation were apparent, 66.67 +/- 0.76
ms and 113.7 +/- 3.43 ms with complete recovery occurring within 500 +/- 38 ms, and

with a time to half recovery of 52.6 +/- 4.9 ms (Fig. 3-7).

A neuronal class with rapid recovery from inactivation

Another subset of central neurons, B neurons, have distinct morphologies and
excitability properties to SMNs in mixed cultures (Przysiezniak and Spencer, 1989). In
vivo these neurons produce short-duration spikes that commonly occur in bursts (Spencer
and Arkett, 1984). Using the same experimental conditions as for recordings of SMNSs,
sodium currents were recorded from five of these B neurons (Fig. 3-8). Inactivation of
sodium current in B neurons could be fitted with two exponents, with the fast component,
T 1, being similar to SMNs (approximately 2 ms) but the slow component, t 5, having a
much longer time constant of 88 ms (cf. 12 ms for SMNs). The sodium current recorded
from B neurons showed far more rapid recovery from inactivation (half recovery < 5 ms).
Figure 3-9A shows one such recording together with a comparable recording from a
SMN (Fig. 3-9B). Differences in the time courses of recovery from inactivation also are

shown graphically (Fig. 3-9C).
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Figure 3-7. Time course of recovery from inactivation of sodium current in swimming motor neurons of
P. penicillatus. Recovery from inactivation data were collected using a two-pulse protocol composed of a
100 ms inactivating prepulse applied from a holding potential of -80 mV to +10 mV, followed by a
recovery period of variable duration at -80 mV and a test pulse to +10 mV, lasting 20 ms. Peak currents
obtained in response to test pulses were normalized to prepulse values (I / [, then averaged and fitted to
means with two exponents (Table 3-1, equation in footnote h). n = 8 cells, error bars are S.E. Inset:
Graph using different time scale to show complete recovery from inactivation. n = 8 cells, error bars are not
shown as they are smaller than symbols.
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Figure 3-8. Sodium currents in swimming motor neurons (SMNs) and B neurons of P. penicillatus show
different kinetics of slow inactivation. Superimposed, representative current traces from a SMN (top) and a
B neuron (botrom) neuron using 50 ms test pulses to + 10 mV from a holding potential of -80 mV stepped
to +10 mV. Vertical and horizontal bars are 1 nA and 5 ms, respectively.
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Figure 3-9. Comparison of time courses of recovery from inactivation of sodium currents in swimming
motor neurons and B neurons of P. penicillatus. A) Current traces showing recovery from inactivation of
a typical B neuron. A two-pulse protocol was used consisting of a 10 ms, inactivating prepulse applied
from a holding potential of -80 mV to +10 mV, a recovery period at -80 mV of variable duration from 4 to
8 ms and a 10 ms test pulse to +10 mV. B) Current traces showing recovery from inactivation of a typical
SMN. A two-pulse protocol was used consisting of a 20 ms, inactivating prepulse applied from a holding
potential of -80 mV to +10 mV, a recovery period at -80 mV of variable duration from 8 to 86 ms and a 20
ms test pulse to +10 mV. C) Recovery from inactivation shown graphically for B neurons (®) and SMN
(O). Peak currents obtained in response to test pulses were normalized to prepulse values (I / I,s;) and
fitted with two exponents (Table 3-1, equation in footnote h). Vertical and horizontal bars are I nA and §
ms, respectively.
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DISCUSSION

Sodium is the major carrier of current for generation of action potentials

The sodium current that we describe is undoubtedly the major inward current
responsible for generating action potentials in swimming motor neurons. Anderson,
(1979) showed that bathing this motor network in a sodium-free solution abolished
propagated events but that a calcium-free solution supported continuous, bursting
activity. Nevertheless, at least two high-voltage activated (HVA-t and HVA-s) and a
possible low-voltage activated calcium current, have been described from these motor
neurons in addition to a rapid sodium current (Przysiezniak and Spencer, 1992). It is
important to note that the peak current carried by calcium (0.22 nA) (Przysiezniak and
Spencer, 1992), under normal ionic conditions, was far less than that carried by sodium
(8.0 nA, this study) and is therefore unlikely to support calcium-dependent action
potentials. We were able to confirm that sodium- and calcium-dependent currents are
separable and pass through different channel populations (Fig. 3-1B), although it is not
clear whether a proportion of the inward calcium current we recorded diffuses through
sodium-selective channels (Meves & Vogel 1973). Sodium and calcium currents are
distinguishable by their kinetics, with calcium currents being far slower (Table 3-1 in
(Przysiezniak and Spencer, 1992). Further separation of sodium- and calcium-dependent

currents is possible when pharmacological data is considered. Przysiezniak and Spencer
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(1992) reported that the HVA-t calcium current was blocked almost completely by 0.3
mM Cd** whereas 1 mM Cd** only blocked 45% of the sodium current (see Chapter 2),
and 100 uM nifedipine blocked HVA-s, yet the sodium current is insensitive to
nifedipine (see Chapter 2).

A noticeable feature of the action potentials of SMNs is that they have a variably
expressed plateau phase that has been shown to modulate transmitter release onto the
post-synaptic, epithelio-muscular cells (Spencer, 1981; Spencer et al., 1989). Because
the sustained calcium current, HVA-s, is almost two orders of magnitude smaller than the
very slowly inactivating component of the sodium current, we can be fairly certain that
the plateau of SMN spikes is maintained mostly by sodium influx. It was previously
shown that the duration of the plateau is determined by the relative amplitude of a rapidly
inactivating potassium current [k s, which becomes more available after a period of

hyperpolarization (Przysiezniak and Spencer, 1994; Spencer et al., 1989).

Similarity of Polyorchis motor neuronal sodium currents

to other sodium currents

As shown in Table 3-2, lithium, rubidium and guanidinium have very similar
relative permeabilities through these Polyorchis sodium channels when compared with
sodium channels in other species. This similarity presumably reflects a conserved pore

size that provides ionic selectivity (Hille, 1992).
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Although the slopes of the activation and steady-state inactivation curves of the
SMN sodium current are similar to those recorded for other sodium currents, the voltages
for 50% activation and steady-state inactivation (-19.7 mV and -29.2 mV, respectively)
are shifted some 40 mV in a depolarizing direction relative to many TTX-sensitive
sodium currents (eg. squid giant axon (Hille, 1992) and dorsal root ganglionic neurons
(Roy and Narahashi, 1992)).

In comparison, TTX-resistant currents often show strong depolarizing shifts
(Bossu and Feltz, 1984; Ikeda et al., 1986; Roy and Narahashi, 1992). A positive shift in
voltage sensitivity also was reported for the TTX-insensitive sodium current in
scyphozoan motor neurons (Anderson, 1987) as well as other cnidarian calcium
(Anderson, 1989; Przysiezniak and Spencer, 1992) and potassium (Anderson and
McKay, 1987; Dunlap et al., 1987; Holman and Anderson, 1991; Jeglaet al., 1995,
Przysiezniak and Spencer, 1994) currents. Although such positive shifts in voltage
sensitivity may be common in cnidarians, there are exceptions, such as the calcium
current in giant axons of Aglantha (Meech and Mackie, 1993). Other lower taxa such as
protozoans (Oertel et al., 1977), ctenophores (Dubas et al., 1988) and flatworms (Blair
and Anderson, 1993) have currents with similar depolarizing shifts in their activation and
steady-state inactivation curves. The apparent matching of voltage sensitivities of inward
and outward currents is required presumably for generation of action potentials, though
the reason why many excitable cells in lower taxa are operating in different voltage

ranges is as yet unclear. The in vivo resting potential of the swimming motor neuron
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network varies significantly from -25 mV to - 50 mV depending on the sum of synaptic
activity from afferent neurons at local sites (Spencer, 1981). This has significant
physiological consequences for the excitability properties of the network. For example, it
has been shown that the membrane potential just before generation of action potentials in
these neurons regulates the duration of the action potential (Spencer, 1981; Spencer et
al., 1989). It also may be functionally relevant that the steepest part of the steady-state
inactivation curve for sodium current (Fig. 3-2) falls within the voltage range of the
normal in vivo resting membrane potentials and it also might be expected that the time to
peak of action potentials, as well as the plateau, is modulated via the resting membrane
potential.

Activation of sodium current in Polyorchis motor neurons is complete in a range
of 0.7 to 3.7 ms which is similar to the range (0.6 - 5.0 ms) for canine cardiac Purkinje
cells (Hanck and Sheets, 1992) but slower than in many neurons such as scyphomedusan
motor neurons (0.8 - 1.4 ms at 22 — 25°C) (Anderson, 1987), squid giant axon (0.4 - 1.0
ms at 10°C) (Armstrong et al., 1973) and expressed mammalian brain sodium channels
(0.1 - 0.2 ms at 20 - 24°C (Fleig et al., 1994)).

The existence of two components of inactivation may reflect the presence of two
channel populations having different inactivation time constants, two kinetic modes of
inactivation in a single channel population (Fleig et al., 1994), or differential expression
of auxillary subunits (Isom et al., 1992). The first explanation seems unlikely because

the kinetics of inactivation would be the only parameter distinguishing the two channel
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populations. Our data does not help us to distinguish clearly between the latter two
explanations, because a rightward shift of the slow component in steady-state inactivation
curves along the voltage axis relative to the fast component (Fig. 3-6) has been reported
for both mechanisms (Fleig et al., 1994; [som et al., 1992). However, during activation,
there are no noticeable differences in the voltage sensitivities of the slow and fast
components of inactivation (Fig. 3-5), which was reported when the «-subunit of rat
skeletal muscle sodium channel was coexpressed with the B-subunit of human brain
(Cannon et al., 1993). Furthermore, expression of a-subunits alone produced
macroscopic current with two time constants of inactivation, which varied more than 10
fold. and possessed noticeable shifts in activation curves (Fleig et al., 1994). A five to
ten-fold difference between fast and slow components of inactivation in our data (Fig. 3-
5) is similar to the increase in the rate of inactivation of macroscopic sodium current
reported when B-subunits were coexpressed with a-subunits (Bennett ef al., 1993;
Cannon et al., 1993; Isom et al., 1992). Slow or fast components of inactivation would

predominate in neurons where the proportions of B-subunits to c-subunits are different.
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Similarity of properties of sodium current in SMNs

with those of cardiac Purkinje cells

Swimming motor neurons (SMNs) form an electrically coupled, compressed
network that is both the pacemaker and transmission route for motor spikes innervating
the swimming muscle sheets, which, when they contract, jet water out of the bell opening
(Spencer. 1981; Spencer, 1982). As in the heart, the spreading of excitatory waves in the
SMN network leads to synchronized contractions of muscle cells with a striated pattern,
tightly-coupled by gap junctions (Lin and Grigoriev, 1998). Like mammalian cardiac
Purkinje fibers, there is a 1:1 relationship between motor spikes and muscle contractions.
In both cases, the spreading of the excitatory wave is carried in a closed network that is
prone to re-entry. Once an ectopic wave is initiated, it impairs the ordered, directional
information that leads to synchronous contractions initiated by the pacemaker (Berne and
Levy 1998; Fye 1987) Both the heart and bell of jellyfish form fluid pumps. Because
there are similar physical constraints for effective pumping, the modes of muscular
contraction are similar.

SMN's in adult jellyfish, rarely produce spiking frequencies exceeding 1 Hz, and a
long refractory period ensures that swimming motor neurons do not fire prematurely.
Premature excitation of the swimming muscle would be ineffective because the bell of
the jellyfish would not have sufficient time to refill. The duration of the refractory period
is determined mainly by the kinetics of recovery from inactivation. Like other sodium

currents, such as those in rat dorsal root ganglia (Ogata and Tatebayash, 1993) and rat
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pituitary melanotroph (Kehl, 1994), recovery from inactivation in Polyorchis motor
neurons could be fitted by two exponents. Neuronal sodium currents generally show
rapid recovery from inactivation with half-recovery times (T,.) of approximately 5 ms,
as in giant axons of squid at 19° C (Hille, 1992) and Myxicola (Rudy, 1975). However,
the Polyorchis SMIN sodium current has a T, of 52.6 ms from a holding potential of -80
mV, whereas at -40 mV, which is closer to the resting membrane potential, the T, was
closer to 200 ms (unpublished). These values for T\, more closely resemble those
recorded for non-neuronal cells, for example, mammalian Purkinje cells and heart muscle
cells. They have T2 values of approximately 80-170 ms at room temperatures (Brown et
al., 1981a; Colatsky, 1980; Gettes and Reuter, 1974). Other striking physiological
similarities of these two systems include: encoding of information in the duration of their
action potentials and their slow conduction velocities. Concerning this latter feature, the
conduction velocities of action potentials in the SMN network is approximately 1.1 m s™
(Spencer, 1981), whereas the velocity in Purkinje fibers approximates 1.8-3.0 m s at 35
- 37 °C (Rosen et al., 1981; Schoenberg et al., 1975). Two parameters, the space constant
of the network and the density of sodium channels, have a major influence on conduction
velocity in such electrically coupled systems. It is probably significant that the density of
sodium channels in these two systems is similarly low (SMN = 0.2 +/- 0.03 mA/cm?, this
study; Purkinje fibres = 0.5-1.0 mA/cm?) (Fozzard et al., 1986) when compared with
systems having high conduction velocities such as a typical unmyelinated giant axon (4

mA/cm?) (Hille, 1992).
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Existence of more than one neuronal sodium current in Polyorchis

Using either histological and/or electrophysiological data, at least four distinct
neuronal types and associated networks can be identified in the central nervous system
(nerve rings) of Polyorchis (Grimmelikhuijzen and Spencer, 1984; Spencer, 1981;
Spencer and Arkett, 1984). One of these is the B neuron network, which makes
excitatory synaptic connections to both SMNs and tentacle smooth muscle. Unlike
SMNs, the morphology of B neurons is quite clearly typical of neurons in vertebrates.
The long and relatively fine processes of B neurons contrast with the blunt, short
processes of SMNs that are more reminiscent of epithelial cells or fibroblasts. In
addition, B neurons and SMNs have very different spike shapes and firing patterns. B
neurons produce rapid, short, constant duration spikes in a bursting pattern (Spencer and
Arkett, 1984) whereas spikes in SMNs are of long and variable duration and the firing
pattern is tonic (Spencer, 1981). Several properties of the sodium current that we
recorded from B neurons indicate that they possess a channel population that is distinctly
different from the channels of SMNs. The slow component of inactivation in B neurons
is slower than in SMNs (Fig. 3-8), whereas the rate of recovery from inactivation is

considerably faster in B neurons than in SMNs (Fig. 3-9). This rapid recovery from
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inactivation permits B neurons to fire spontaneously at frequencies as high as 10 Hz
(Spencer and Arkett, 1984).

Thus it is apparent that some diversity existed in sodium channel properties, and
presumably structure, early in the evolution of metazoans. Full-length sodium channel
sequences have been cloned from the hydrozoan species, P. penicillatus (see Chapters 4
and 5) and from species of other cnidarian classes, the scyphozoan Cyanea capillata
(Anderson et al., 1993) and the anthozoan Adiptasia pallida (White et al., 1998). They
show an overall match in similarity and identity of approximately 60% and 40%
respectively when compared with a representative sample of invertebrate and vertebrate
sodium channel genes (see Chapter 4). However the properties of all of these channel
proteins are not yet known. Our present data also suggest that there may have been
functional assortment of sodium channel subtypes to particular cell lineages in cnidarians
such that there are channels specific for true neurons whereas other channel subtypes can
be found in excitable, non-neuronal cells. There are likely functional representatives of
mammalian isoforms of other major family of voltage-gated channels besides sodium
channels. It has been shown recently that genes coding for several of the potassium
channel subtypes such as Shaker and Shal are present in Polyorchis (Jegla et al., 1995)
and a calcium channel in the scyphozoan Cyanea capillata (Jeziorski et al., 1997). We
must conclude that there was an explosive diversification of the genes coding for the
major voltage-gated channel families at a time before or during the earliest period of

metazoan radiation.
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CHAPTER 4 A PUTATIVE VOLTAGE-GATED SODIUM
CHANNEL ALPHA SUBUNIT (PPSCN1)
FROM THE HYDROZOAN JELLYFISH,
POLYORCHIS PENICILLATUS: STRUCTURAL

COMPARISONS AND EVOLUTIONARY

CONSIDERATIONS>®’

INTRODUCTION

Sodium channels are considered to be the most recently evolved members of the
voltage-gated superfamily, and apparently derived from calcium channels with four
domains (Strong et al., 1993). Although there are reports of voltage-gated sodium
currents recorded from protozoans, the channels identified as being responsible are either
poorly selective (calcium vs sodium) or are receptor activated (Hennessey, 1989; Saimi
Y. and Ling K.Y, 1995). Development of an ionic specificity for sodium rather than
calcium probably resulted from selection for ionic currents that could mediate high

frequency signaling and rapid propagation to coordinate the activities of multicellular

5 A version of this chapter has been published. Spafford, J.D., Gallin, W.J. and Spencer, A.N. (1998)
Biochemical and Biophysical Research Communications. 244:3:772-780.

® The nucleotide and deduced amino acid sequences reported in this chapter have been deposited in
GenBank (Accession #AF047380).
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organisms, and thus may have been coincident with the appearance of the Metazoa.
Calcium currents are poorly suited to this role since the influx of calcium during spike
trains could interfere with intracellular calcium signals and might lead to calcium
cytotoxicity (Hille, 1992).

Most evidence suggests that voltage-gated sodium-selective channels from this
superfamily appeared in an ancestral metazoan. The cnidarians are one of a group of
metazoan phyla that have uncertain relationships at the base of the metazoan
phylogenetic tree. The most balanced synthesis of current opinions regarding the
phylogeny of the Porifera, Placozoa, Mesozoa, Cnidaria, Ctenophora and Platyhelminthes
would place this latter phylum as being basal to all later metazoans with the former five
phyla being sister groups with an unknown “planuloid” ancestor of the Platyhelminthes
(Willmer, 1990). Thus the cnidarian condition should be partially representative of early
evolutionary diversification of voltage-gated channels. To date, cnidarian voltage-gated
sodium channel cDNAs have been isolated from the scyphozoan jellyfish Cyanea
capillata (CYNA1) (Anderson et al., 1993) and the anthozoan Aiptasia pallida
(AnemNal) (White et al., 1998).

We have cloned a full-length sodium channel cDNA, from the hydrozoan
jellyfish, Polyorchis penicillatus, that encodes PpSCN1 (Polyorchis penicillatus sodium
channel #1, GenBank Accession #AF047380) which based upon structural similarity, is a

member of the voltage-gated sodium channel family. Comparisons of PpSCN1 with

"The published GenBank script for PpSCNI1 is shown in Appendix A.
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aligned sequences of other sodium channels, reveal that many of the residues that are
considered to be critical for ionic selectivity, voltage sensing, and binding of TTX and
lidocaine in mammals differ in the Cnidaria. PpSCNI is the only o subunit presently
available to account for at least three electrophysiologically identified sodium channel
currents in P. penicillatus. The apparent absence of structural diversity of o subunits
suggests that the functional diversity of sodium channels in P. penicillatus may depend
on accessory proteins or post-translational modification of a subunits, or that there are
other sodium channel families present that are so structurally distinct as not to be isolated

by the methods used in this study.

MATERIALS AND METHODS

Collection of Polyorchis penicillatus

Medusae of P. penicillatus were collected by SCUBA from Bamfield Inlet, B.C.

and held in running seawater for several days until the gut contents were excreted or

absorbed.
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Design of PCR primers and analysis of DNA and amino-acid sequences

Protein sequences of sodium and calcium channels were retrieved from
GENBANK database using BLAST (Altschul ez al., 1990). Multiple alignments were
made using a modified progressive pair-wise alignment method of Feng and Doolittle
(Feng and Doolittle, 1987) in PileUp (GCG, 1995). Gap creation and extension penalties
were 3.0 and 0.10 respectively. MacVector 6.0 (Oxford Molecular Group), Gene
Construction Kit 2 (Textco, Inc.) and GCG v8.1 (Genetics Computer Group, 1995) were
used for alignments, assembly and analysis of DNA and amino-acid sequences.

Degenerate primers were designed based on the consensus regions of published
amino acid sequences of sodium and calcium channels (six known at the time). Primers
were made if they satisfied the following criteria: a) perfect consensus of known
invertebrate clones; b) low or no degeneracy near the 3’ end; c) overall degeneracy <
500; d) 17 to 25 bp in length; e) relatively high annealing temperature (calculation based
on the G:C content of the primers); f) expected size of PCR product between 100 bp to 2
kB; and g) homologous region in both sodium and calcium channels. In total, 19 sodium
channel and 12 calcium channel primers were synthesized using an ABI DNA synthesizer

(Perkin-Elmer).
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Using PCR to synthesize channel probes

Three sources of DNA were used as a template in the polymerase chain reaction
(PCR) to synthesize channel probes: 1) Genomic DNA extracted from jellyfish gonads;
2) First strand cDNA template derived from polyA mRNA extracted from nerve-enriched
tissues of P. penicillatus; 3) Three oligo-dT and random primed libraries constructed in
the lambda Zap [I vector (Stratagene, La Jolla). Details of the preparation and
construction of cDNA libraries were described previously (Gallin, 1991). The cDNA
libraries had a complexity of 2 x 10°.

A negative, no template control and a positive control PCR reaction with rat brain
II (SCN2A) sodium channel clone were included in each group of experiments.

When no or poor PCR products were recovered, PCR reactions were optimized by
adjusting the following variables: a) concentration of MgCL;; b) annealing temperature;
c) extension time; d) amount of template; e) number of cycles of the PCR; f) pH of the
reaction mix.

The likelihood of the sequenced DNA being putative channel sequence was
assessed using the following criteria: 1) The sequencing primer and polylinker sequenced
are readable at the front end of the sequence; 2) The sequence contains a possible match
with the degenerate primers at both ends of the insert; 3) There is an open reading frame
(ORF) with no stop codons after the primer sequence; 4) The deduced amino acid

sequence from the ORF sequence has a sequence most similar to known channel clones
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when the sequence is compared to known DNA sequences published in GENBANK
(search using TBLASTN); 5) The sequence similarity is greatest in the region of the
sequence that is most conserved in other known DNA clones; 6) The sequence is more
similar to invertebrate clones than vertebrate ones; 7) The sequence is of the approximate
size of known channel clones; 8) The DNA x DNA sequence identity with GENBANK
gives known channel clones the highest score (search using BLASTN); 9) The DNA
sequence is not a perfect match with any known clone; 10) The DNA hybridized to a
Northern blot of P. penicillatus RNA and yielded expected sized band(s) for a sodium
channel.

Using the above criteria, [ assessed many clones. As expected from using
degenerate primers in the PCR, [ had many failures. My first success came more than a
year later. It was a single clone that [ sequenced and analysed on Christmas eve 1993.

A positive PCR product coding for a sodium channel was obtained using a
sense primer (GGNATGCARYTNTTYGG) and an antisense primer
(TCDATCCAYTYNCCRCANA) designed from the conserved amino-acid sequence
bordering the putative pore region of domain II of published sodium channels. 20 pmol
of each primer were used in a PCR reaction (25 pl) with 200 ng P. penicillatus genomic

DNA as a template, (0.15 units) recombinant Pfu DNA polymerase (Stratagene, La Jolla)
and Taq polymerase, 20 mM Tris-HCI (pH 8.3 at 20°C), 25 mM KCl, 100 pg/ml gelatin,

50 uM each dNTP and 2.0 mM MgCl 2. Thermal cycles of 93°C, 45 s; 42°C, 1 min.;
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68°C, 1 min.) were repeated 5 times then cycles of (93°C, 45 s; 55°C, 1 min; 68°C, 1

min.) were repeated 30 times, followed by 10 min. at 72°C.

The resulting 138-bp DNA fragment from the PCR was too small to hybridize to a
Southern or Northern blot of P. penicillatus DNA, so a larger fragment was generated
using inverse PCR. The 138-bp DNA sequence was used to design two outward-facing
primers (GAATTCATTCATGATGATATTTCG and AGCTGCTTCCAATTCG) for
inverse PCR reactions. Ten template were prepared by digesting 200 ng P. penicillatus
genomic DNA with ten different restriction enzyme, circularized with T4 DNA ligase and
amplified under the same PCR conditions outlined above. Inverse PCR of a Tag/-
digested template was the only one to yield a positive PCR product.

The positive PCR fragment (941 bp) was used as a probe to screen cDNA

libraries. Duplicate Hybond-N nylon filters (Amersham, Little Chalfont) were lifted

from 20 plates with 5 x 104 plaque-forming units per plate. Hybridization was carried
out using the method of Church and Gilbert (Church and Gilbert, 1984). Two different
positive cDNA clones were isolated by hybridization screening of cDNA libraries (fig. 4-
1): PpSCN1.1Ac (3.7 kb) containing the 3’ end of the gene and PpSCNI1.2Ac (1.7 kb).
Positive clones were recovered in Bluescript SK- vector by co-infection with R408 helper

bacteriophage (Ausubel et al., 1997).
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DNA/mRNA isolation, RT-PCR and 5° RACE

Total RNA and genomic DNA were prepared from bell margins and tentacles of

P. penicillatus medusae by homogenizing the tissue in TRIZOL Reagent (Life

Technologies, Gaithersburg). Poly (A)+mRNA was purified on oligo-(dT) spun columns
from an Oligotex mRNA Midi Kit (QIAGEN, Chatsworth). The mRNA was used to

synthesize the 5° end of the cDNA by 5’ RACE (Chenchik et al., 1996). Approximately

1 pg of poly (A)+ mRNA was reverse-transcribed (RT) with an antisense primer
(TCTAGGATAATCTTCACC) based on the sequence near the 5° end of PpSCN1.1Ac, a
second strand was synthesized, blunt-ended and a Marathon adaptor (Clontech, Palo
Alto) was ligated to the 5’ end of the cDNA. PCR was performed with the cDNA
template, an antisense primer nested inside the RT-primer
(AGCTGCTTCCAATTCGGCT) and either a 5’ primer based on genomic sequence (see
Chapter 5) (CGCTGTTTTTGTTTGGTCCA) to yield a 1647 bp RT-PCR product
(PpSCN1.2Bc) or a 5° primer based on sequence of the Marathon adaptor, yielding a
larger 2185 bp 5° RACE product, PpSCN1.1Bc, that encompassed the 5’ end of the
mRNA (fig. 4-1). PCR (25 pul) was performed with 250 units/ml KlenTaql (Ab
Peptides, St. Louis) and 1.5 units/ml Pfu DNA polymerase (Stratagene, La Jolla), 20
pmol each primer, 50 mM Tris-HCI (pH 9.1), 16 mM ammonium sulfate, 3.5 mM

MgCl2, 150 mg/ml BSA and 50 uM each dNTP in a Perkin-Elmer 9600 Thermal Cycler,
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“hot-started” (Ausubel et al., 1997) with DNA polymerase mix added after 94° C, 1 min.
followed by thermal cycles of (94° C, 5 sec.; 60°C, 30 sec.; 68°C, 4 min.) repeated 30

times followed by 10 min. at 72°C.

Northern blot analysis, sub-cloning and DNA sequencing

DNA probes were *2P-labeled by incorporation of radioactive nucleotides in the
synthesis of DNA in PCR or labeled with random hexamers and the large fragment of
DNA polymerase I (Klenow). 32P-labeled probe was hybridized to a Northern blot with 5
ug per lane P. penicillatus poly (A)" mRNA. Northern blots were prepared on
Genescreen Plus nylon hybridization transfer membrane (Dupont NEN, Boston) with
hybridization conditions and protocol as described above for library screening (Church
and Gilbert, 1984).

PCR and cDNA fragments were digested with restriction enzymes into smaller
sized fragments (300-500 bp), subcloned into Bluescript KS+ vector and sequenced in
both directions using a Perkin-Elmer ABI 373A sequencer and an ABI Prism Dye-
Terminator Cycle Sequencing Kit. PCR products and gel-extracted DNA were purified
using silica-based DNA technology (Hengen, 1995) with an additional purification for

sequencing through QIAGEN-tip 20 columns (QIAGEN, Chatsworth).
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RESULTS AND DISCUSSION

Cloning and sequencing of the putative sodium channel gene from P. penicillatus

Fragments of the sodium channel gene PPSCN1 were isolated from P.
penicillatus genomic DNA amplifications in PCR using degenerate and inverse PCR
primers. A 941 bp PCR fragment was used to isolate two cDNA fragments
(PpSCN1.1Ac and PpSCNI1.2Ac in fig. 4-1), the former being an oligo-dT primed cDNA
with the 3” end of the gene and an AATAA consensus sequence upstream from a 32 bp
terminal poly (A) tail. The cDNA and genomic sequences (see Chapter 5) were used to
design primers for synthesizing the 5” end in RT-PCR (PpSCN1.2Bc in fig. 4-1) and 5’
RACE (PpSCN1.1Bc in fig. 4-1). Together, PpSCN1.1Ac and PpSCNI1.1Bc¢ form a full-
length cDNA with 241 bp and 448 bp, 5” and 3’ untranslated regions respectively and a
5085 bp open reading frame. Position 242 is considered the start site because it is the
first methionine in open reading frame containing an amino acid sequence that aligns
well with other known sodium channels. A Kozak consensus sequence is not present

immediately 5’ to the start site.
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The sequence of genomic DNA that spans the sodium channel cDNA (Accession
PPSCNI1GEN, #AF047379) (see Chapter 5) confirmed the cDNA sequence. Overlapping
partial fragments PpSCN1.2Ac and the PpSCN1.2Bc translate into identical amino acid
sequences, but differ at 15 positions, all 15 changes being synonymous substitutions in
the third position of the codon (degenerate code in fig. 4-2). These differences are likely
due to polymorphisms since tissues were pooled from many jellyfish to construct the
cDNA. Only one of the genomic clones, PpSCN1.1g was completely sequenced.

Since only one complete cDNA construct was sequenced (PpSCN1.1Ac and
PpSCNI.1Bc) and only partial overlapping fragments of other clones (PpSCN1.2Ac and
PpSCN1.2Bc), many more than the 15 polymorphisms reported here likely appear in
PpSCNI1. Since the genomic clone PpSCN1.2g was sequenced in a strategic manner to
confirm that the differences between the two cDNAs were due to polymorphisms rather
than errors introduced by the molecular cloning process (eg. Tag polymerase in the PCR,
misreading sequence data), likely many other differences could be catalogued between
the genomic clones, including the non-coding regions of the gene.

Genomic clones PpSCN1.1g and PpSCN1.2g were two out of sixteen positive
clones that were isolated from genomic libraries in lambda phage. Many of the clones
were likely replicates of one another because the clones came from amplified genomic

libraries. Six out of the sixteen positive clones were purified and mapped by restriction

enzyme analysis.
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Position 1246 in the full-length cDNA of PpSCNI1 served to distinguish between
different populations of sodium channel clones isolated from P. penicillatus. Position
1246 in PpSCNI1.1Ac is a guanosine residue which contributes to the six residue
consensus of a Hpal restriction site. This guanosine residue in PpSCN1.1Ac is an
adenosine in PpSCN1.1Bc. Consequently, PpSCN1.1Bc is not recognized by the Hpal
enzyme at this site. Four of the six genomic clones that were mapped appeared to contain
the Hpal site and two did not. One of these clones which contained the Hpal site was
completely sequenced (PpSCN1.1g). PpSCN1.2g was sequenced for comparison because
it did not contain a Hpal site at position 1246. A more thorough study involving
sequencing multiple full-length cDNAs and genomic clones will confirm whether the 1)
genetic variation found between the two cDNAs corresponds between the two genomic
clones described in this thesis; 2) whether there exists more than fifteen polymorphic

sites in the coding region of the two genes.
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cDNA Map
EcoRI EcoRI EcaRl
Hindill Hindlll Xhol Xbal Xhol
Hindill
- T © PpSCN1.1Ac
T T ppsent.ee " PpscNt2ac
7 ‘ppscNitzse « " 325bp

Figure 4-1. Restriction map of the cDNA transcript for PpSCN1. A large open box
represents the coding region and the 5” and 3’ untranslated regions by smaller boxes.
Below the map, the extents of the individual cloned fragments are indicated by lines and
the cDNA probe used in the Northern blot by fragment A (with arrowheads).
PpSCN1.1Ac and PpSCN1.2Ac were isolated from cDNA libraries by hybridization
screening. PpSCN1.1Bc and PpSCN1.2Bc are 5’RACE and RT-PCR products
respectively.
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TTATGTAAGTTATTTTTAAGTAGATTATTTTCTACCAATAGACATGAGAGAAACATTTTT 60
TAAATRATGAGTTGCTTTCGTCATAGGATGCATTTTACCTCTTAACTTATTTCTGTACGA 120
AAGTATATATTATTGTAGTCGCTGACACATAATCAGAAGTCAACAAAGACTCCAGCTTTT 180

TGTCAAATTTTGGTTAGATTATAACGATTTCATAGAATTAGGATGTCAAAGAACATTCCA 240
ARTGAAGCTTTCCTTCTCTACTGAATGGCTAAAAATTAAAARARAATATGTTACAAAATCT 300
M K L s F § T E W L K I K K N M L Q N L 20

*

TTTTATGACGCACTCATTAAATAATGTAGGACTGACTGTTTTTTATTTAGGACAATCGAC 360

FMTHS L NNV VGV LTV F YT L G Q S T 40
AGTCATATTAAATGCTTTCTATTTTGGAATAGTTTTTAATAAACAGARAAAAAARAGTCC 420
vI LNATFYFGTIVFNZ KU QTZ KIZ KTK KT B SF® 60
*
ACACTTTTTTCACTTCTCACACGGCCGTCCCACAAAATTTATTTTTGGATTTTTCACATT 480
H F FHF S H G RUZPT KT FTI F G F F T F 80

*

TATGGTGGTTGCTAATAAATTGGGAAAACAAGTCGTTTTTCGTTTTTGTAAAGARAAATC 540
M vV VA N K L G K Q V V F R F C K E K s 100

GCTGTTTTTGTTTGGTCCAGCAAGT TTYATTCGTAGAT TCAAYATATATATTTTTACTCA 600
L F L F GP A S F I RRUF NI Y I F T H 120

TCAATATTTTGAAATAGGGATTTTATTGACAATTGTAACCAACTGTGTGTTTATGGCGCT 660
Q Y F E I 6 I L L T I V T N C V F M A L 140
ISl

- Figure 4-2 continues on next page -

Figure 4-2. Nucleotide sequences of PpSCNl cDNA (upper) and its
deduced amino acid sequence (lower). The predicted protein shares the
topology of typical sodium channels, consisting of four homologous
domains (I, I1II, III, IV) connected by inter-domain, cytoplasmic
linkers. Each domain has six hydrophobic, transmembrane segments S1
through S& {underlined), with a voltage-sensing segment in S4 where
positive charged (R/K) residues repeat every third aminoc-acid along
the segment (thick-underlined residues) and a membrane—-penetrating,
pore-forming loop (P loop) between S5 and S6 (short-segments 1 and 2,
wavy underlining). There are 25 potential sites for phosphorylation
by protein kinase C (* below residues) and 5 sites for protein kinase
A (residues with inverted color). PpSCN1 has 8 possible N-linked
glycosylation sites predicted to be extracellular (~ below residues,
numbered 1 to 8). Six out of the eight potential glycosylation sites
in PpSCN1 (numbered 1,2,3,5,6 and 8) are conserved in homologous
positions in almost all sodium channels. Alignment of the
extracellular loops reveals that sites 2, 5 and 3, 6 are in homologous
positions in extracellular loop of the pore in domains I and III.
Their preservation in the same position in domains I and III suggest
that these N-glycosylation sites were likely present in the
extracellular loop of the first of twe domains, in the two-domain
ancestor.
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AAGTGATCCRCCAGCAGAAGCAGAATTTAT TTTTGCTGCCATATATACTTTTGARATGGT
S b p P A E A E F I F A 2 I Y T F E M V

Is2
TATAAARGATACTAGCTAAAGGTTTTATACTACATAAATATTCTTATTTGAGAAATGCATG

I K I L A K G F I L H K Y S Y L R N A W

*

GAATTGGCTTGATTTCCTGGTTGTTATACTAGGGTATAT TACCATGTCTCCACACATCAR
N W L D F L V V I L G Y I T M 8 P H I N
1s3
TAATTTGAGTGGAATAAGAACGTTTCGTGTACTGCGAGCT TTRAAAACCATATCCACTGT
N L S G I R T F R V L R A L KT I S T Vv
A1 Is4
CARAGGTTTAAAAGCAATGGTTAATACATTAATGAAGTCCATGAAAATGATGACTGATGT
_K G L K A MV NTTLMIEKSHMMKMMT D V
*
TCTAATATTAACGCTGTTTTTCATATCAATATTTGCCTTGATTGGTTTACAGCTATTCCC
L I L T L F F I S I F A L I G L Q L F p
1S5
TGGTAAATTAAGACAACGTTGTGTTCTGAAARATGGTAACAAAACYTTCGAAAAATCATG
G K L R QR CV L XK NGNTZKTTFTETK K S W
~2
GTATACTAATAAAGATAAYTTTTTGTATTTCGAAAARGAAGAAGT TATTTGTGGAAATGA
Y T N K DN F L Y F E KZETETUVTIOCGN E

AACRACGTCATGGAAATGTGACGCTGGTTATATTTGCTTAGCTGATGCAGGTAATAACCC
T T §s W K C DA G Y I C L A DA G N N P
A
3
GATGCATGGTTATGTCAGTTATGATAATTTCCTAAGTGCCATGTTRACAAGCTTGCAAGT
M H G Y vV §s Y DN E L S A M L T S L O ¥

TTGCACTTTAGATTAT TGGGAGAGTGTTTTTAARCAGTGTCCTTTCAGCTATGGGAGAGCC
¢ T L D Y W E S VvV F N S V L S A M G E F

ATATATGATTTATTTTTTACTGGCAGTATTCCTGGGACCATTTTACCTTTTAAATCTGGT
Yy M 1 v F L L A V F L G P F Y L L N L V

Iisé
ACTTGCAGTTGTTAGTGCTTCGTATGAAGCAGAAGTTAACGGGAATCCAGATGAAGAAGT
L AV V S A S Y E A E V N GNP D E E V

GGAACGGGAGAACATGGCTAAAATACGGAGAAGTGCTTCCGCATATTCTTTYGACGGTGA
ERENMAZ KTIRIR RSAPBaA YT s F D G E
*

ATATTGTGTTGAATACTTAACTGGTCCATCTCCAGTAGAAGAAATTGACGGTGAARARRNG
Yy ¢ v E Y L T G P S P V EE I D G E K R

ATACACTATACCTATTGAAGGTTCAARAAAGAAARAAAACAAAGATGTTGATGATGATTT

Yy T I P I E G S K K K K N K D V D D D L
* *

- Figure 4-2 continues on next page -
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ACAGCTACCACCAAAATTAGGAGACAATCCTACCATGAAGATTCGAGTGCAATACTTTTT
Q L P P KL G DNPTMIE KTIURUV QY F F
*
TTTTGTATTTGTATCAAGTTCTGCATTTGAAGGCTTCATTACATTCTGTATAATGCTAAA
F_V F VS s S A F EGF I T F C I M L N
IIs1
CACATGTTTAATGGCATCGGAACATTACAAAATGCCAARAAAATTGGARGATGCACTAAA
_.T ¢ L M A S E H Y KM P K KL E DA ATL N

TGTTTTTAATTATATATTTACAGCGACCTTTTGTATTGAAATGGGATTTAAAATACTAGC
V FN Y I F T AT F C I E MG F K I L A
IIs2
CTTTACTCCARAAGGTTATATACGAAATAGATGGAATGTCTTTGATGGTTTGCTGGTGAT
_F T P K G ¥ I R N R W NV F DG L L V I
* IIs3
TGTGAGCATTATTGATATAGTGT TATCCAACGCTGATGTTGTARAGGGARATCAACTAGC
v S I T D I V L 8 N A DV V K G N Q L A

TGTGTTAAAAGTGTTTCGCTTAATGCGGGTATTAMAAT TAGCACAGTCTTGGAARACAAT
V L KV F R L MR VL KL AUOQSWI KT M

IIs4
GGGTCAATTACTGAGCACAATAGCAAGTAGCATGGGTGCTCTTGGGAACGTCACAGTTAT
G QL L s T I A S S M G A LGNV T V I

TCTAGGTCTAATCATTTATATTTTTTCTGTTGTCGGCATGCAGCTGTTCGGKAAATATTA
L G L I I Y I F S VV G M QUL F G K Y Y
IIsS

CAATAAAGCCGAATTGGAAGCAGCTGGTGARGATTATCCTAGATACAATTTTGAAAATTT
N K A EL EWAA AGEUD Y PR YNT FENF

TGGGAATTCRTTCATGATGATATTTCGTATACTATGTGGCAAATGGATAGAACCACAATG
G N S F M M I F R I L C G K W I E P Q W

GGATTTACTAARATAGAACAAATCCGGCGTCTATACTGTATATTTTTTTTGTTTTTGTTAT
D LLNU RTNU PASTITLTVYTITFTFU VTF EFV I
~q
TGGTAGATGGGTGGTACTCAATTTGTTTTTGGCTTTATTACTAAGTTCATTTGGTGGCGA
G R W UV V L NTLFULATLTULTLTSTSTE FEFGG D
IIS6
TGCATTAAATGGCGGCGGAGATGATGATTCGGAAAAACCCAAAAAAAGCAGATTAARACG
AL NG G G D DD S EZ K P K KTZ KTSU RTIL K R
* *
TTTAATAGACTGGACTCGTAAAAAGAGAAACAAAAAATCAAAAACATGTATGGTCTCTGG
L I DWTRIEKTZ KT RINIEKTIEKSTSTZ KTET CMU VS G
* *
ACCACCCGAAGATCTGGAACT TTACACAGGTGAAATGATAGTGCTAGATAATAATGGAAA
P PEDTULTETLTYTGEMTIUVTILTUDINUNG N

- Figure 4-2 continues on next page -
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TTCTCATAAGAATGGTGACATTGARCAARATGACAATTATTTAARAGCCAGRAATTTCCTCG
S H K N G D I E Q N DN Y L K P E F P R

TCATGACTCGATACTATCGTCTTTACCGAACGGTATATCACTAACTAATGGAGATTTATC
H DS I L S S L P NGTI S UL TNGT DL S

*
TAAAAGACAGATTTCGGGTTCAGTAGATATAGATATTGCGTTGTCTTTAAACAGCGATAA
K R Q I G s vobpiIipiIliI aLsSULNZSDN

TGCAGTTAGTAACAAAACAATGAGTATTCATCCACAATCGTCAGCATCTGTAAAAATTGA
AV §S N K T M s I H P Q S S A S V K I E

*
AATTCAACGTGAAAAGACTTATGTTGATGACTGCCTATGTACACTTTGTTACCAATGTTC
I Q R E K T Y V DD CUL CTULCY Q C s

TTGTTGT TACACCAGTTACTTAAATGCGCCGTTTAGACGGTCGTGGCATAATGCAAGATT
c ¢ Y T S ¥ L N A P F R R S W HWN A R F
*
TTACACCAAACAGTTAATTGAGCATAAATATTTTGAAGGCGTTATTTTGTTTCTTATAGC
Yy T K Q L I E H K Y FE G V I L F L I A
IIIs1
TTTTAGTAGCTTGACCTTAGTATTTGAAGACATTGACTTACCTAAGCGTCCTACTTTAGA
F S s L T L V F E DI DUL P KR P T L E

AARGTTTTTACAATATTGTAATTACTTCTTCGCTGTCATATT TACAGTGGAATTACTTAT
XK ¥ L Q0 Y ¢C N Y F F AV I F T VE L L I

IIIS2
CAAGCTATTTGCACTTGGTTTCATGAAATACTTTACAAACTTTTGGAATTTACTTGATGT
K L F A L G F M K Y F T N F W N L L D V

CTTCATTGTGTGTATTTCATTGTCTTCGCTCTTCGGTRAAAGGTGCAAATTTAAAAGCGTT
F I v € I 8 L § S L F G K G A N L K A 1L
IIIS3
ACGTTCCTTAAGGGGTTTGCGACCTCTGAGGGCGATATCAAGAT TCGAAGGAATGAAAGT
R S L R G L R P L R A I 8 R F E G M K V
ITIs4
GGTCGTCAACGCGTTGTTATACTCAATACCCTCAATTGCARATGTATTGCTAGTGTGCGT
v v N AL L Y S I P S I A NV L L V C V

AGTATTCTGGTTAATATTTAGCATTATGGGATATAATCTGTTTGGTGGACAGTTCTTTTA
vV F W L I F S I M G Y NLF G G OQ F F Y
IIISS
TTGTGTGGATGGGAATTATACGAAACTACCTATTAGTGTGATTGACAACATGGCAATGTG
c v b G N Y T KL P I S V I DNMAMRC
~5
TTTGAATGAAACGAACAARAGCTAARAATTATTCATGGGTGAATAAAAATATCAACTTTGA
L N E TN KA AU KN Y S W V N KNI N F D
~6 ~7

~ Figure 4-2 continues on next page -
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TAATTCGATTAACGGATTTTTAGCTTTGTTTCARACGGCGACATTGGAAGGATGGTTTGA
N S I N G F L A L F Q T A T L E G W F E

AGCTATGGCTGATGCTTATGACTCGAGAGGTGTTAACATGCAACCTGGTGTTATGGTAAA
A°M A DAY D SR GV NM QP G VMV N

CTTTTGGAACCAGATATAT TTTGTGGTGTTTATTATACTTGGTGCATTCTTTATTTTAAA
F W N Q I ¥ F V V F I I L G A F F I L N
IIISsé6

TTTATTCATCGGTGTCATCATTGATAATTTTAATCGGTTAAARACAACAGTACGAAGACGG
L F I GV I I DN FNIRULIKOQ QY E D G

CGTGGGAATATTTCTGACACCTGGCCAARCGGAATTGGGTTAACACTTTGARAGCTGCCTC
v 6 I F L T P G Q R NW V N T L K A & S

GTTARAAAAACCCTCAAGAAGACTAACAAGGCCTACGAGCARATGGAGAGCAGCATTATT
L K K P S R RULBRZPT S KW RAA ATL F
* *

TGATTTTATACATACTAAATATTTCGAATTCTTTATCATGTCAGTTAT TTTATTAAACAT
D F I H T K Y F E F F I M S V I L L N M
Vsl
GCTCACTATGATGATCCAACATCATGGACAAAGTCAACAAGTATCACTTGCCTTAGAATA
_L T M M I Q H HG QS Q Q V S L ALE Y

TTTGAACTTTTTATTTACTGGCATATTCACGCTTGAAGCCAT TATTAGATTAACTGCTAT
L N F L F T G I FTLEW ATI I RTIL T A M
Ivs2 *
GAGATTGGAGTATTTCAAATATGGAATGAATGTATTTGATTTTGTTATTGTTGTCTTCTC
R L E Y F K ¥ G M NV F D F V I VvV VvV F S
IVvs3
GATTGCAGTGATAATAATGATCGAGTATGACGARAGAATTTTTCGTTTCACCTGGTTTATT
I A VvV I I M I E Y DEETFF V S P G L 13

TCGTGTTGTGCGAGTATTCAGATTAGGACGTTTATTAAGGTT TTTTGAAGGAGCTAAAGS

R VvV V R V F R L G R L L R F F E G A K G
Ivs4

TATCAGAARACTCTTATTTACAATTGTARAATCTGCACCAGCATTAAGCAATATTGGTAC

I R K L L F T I V K S A P A L S N I G T

ATTATTGTTTTTGATAACATTTATATACGCTATAATGGCTATGRAATCTATTTGGAACATT
L L F L I T F I Y A I M A M N L F G T L
Ivss
GGCACATCAGGGTGCTATTAATAAAGTGACTAACTTCGARACATTTGGCCGAAGTATGTG
A H Q G A I N KV T NEF E T F G R S M C

TTTACTGTTTCGTATATCAACAGCGGCCGGCTGGAATGGTGTACTAGATGCTGCTATGGT
L L F R I S T A A G W N G V L D A A M V

- Figure 4-2 continues on next page —
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AGGACCTCCTTTATGCAATGTCAATGCTACCCCAAGTAGTAGTATAAGTGAAGGAAACTG 4560
G P P L C NV N ATUP S S S I S E G N C 1440
~8
CGGTAATAAATTCGTTGCAGTAATATTTTTTGTATCGTATATAATTTTAATTGTCCTGAT 4620
G N K F V A YV I F F V S Y I I L I V L I 1460
IVsé6
TATTATAAACATGTATATAGCTGTTATACTGGAAAACTTTAACCAAGCTCAATCACAAGA 4680
I T N M ¥ I A V I L E N F N QA Q S O D 1480

TGAAGCTGGCATTACYGAAGACGATTTAGAAGCTTATTAYACMGT TTGGGAAGACTATGA 4740
E A GG I T E D DL E A Y Y T V W E D Y D 1500

TCCYAAAGCCACCCAATTTATAAAATATTCCCAATTACCCGATTTTATTGACGCTTTAGA 4800
P KA T Q F I K Y S QL PDZF I DATIL D 1520
* *
CGGTCCATTAAGGGTACCGAAGCCTAATTATTGGTTTTTAGAACAAAGTGATATAGCGAT 4860
G P L RV P K PN Y WP FLEOQSDTI A I 1540

AARAGATCGACATAGGTGTCATTGTCTAGACGTAATGACCGCTTTGAT TARAAGAGCTTT 4920
K D R HRCHCUL D VM T ATULTI KR A L 1560

GGGCGAAGATAACTGCAATGAAAACGAAGATATAAGAAGTGTCATGARAARAGTAGAAGA 4980
G E D N CNUEWNUE D I R S V M K K V E D 1580

TCGATATAAACAGATTTTTCCACAACGAGCGAAAGAAATAACTAAAGAGACAACACGTGE 5040
R ¥ ¥ Q I F P 0 R A K E I T K E T T R D 1600

*
CCGTTTAAAAATCGAARACTCGGCTGCCCGTCGTAT TCAACGTATATTTCGGAGGCACAT 5100
R L K I E N S A A R R I Q R I F R R H I 1620

CCTGATGGATGAAATTTACCAAATGACGAAT TCAAGAACAATGAGTTTAAGAGCTCGAGA 5160
L M D E I ¥ Q M TN S RTMS L R A R E 1640
*
ARARAAATTTAARACAARATTGAACAGCTAGTTACTGTTATGTGGEARACTCAARARRATAA 5220
K N L N K I E Q L V T VMW K T Q K N N 1660
*
TTTARTAGAGGAAGGGGATGACGAAAGTGAAGACAACGTCGATGARAAACAAGACGTTGA 5280
L I E E G D DE S E DNV DUEI K Q D V E 1680

AGAAAGAGAAGAAGAGGAAATGGATGAAGAAAAGAAAGAAGCTAACTAAGTGTTGTTCAT 5340
E R E E E E M D E E K K E A N - 1695

TTTTGTTGGAAGT TGCCAAATCCAATAGGGCGGATGAAAATTTAAACAGAATTGATTTAA 5400
AGAAATGTCCGTAAGTAAAAACAAAAGCTCACGTAAAAACATTTAACATAAACCAGTCAT 5460
TTAAARRRCGAGAACAAGTAGATAAATGTGTTAGTAATTCGATTARAAAGAGTTTATGTA 5520
AATGACAGGGATGTGACTTCATGTAAGAARAGATTCATGGAATAARATATCACCATATATAT 5580
ATGTACATATATATATATATATATATATATATAAACCTGTACGCAACTTCACAGATGTAC 5640
TTGTAAAGTACAAAACTAGCTACTGAATGTATTCCTGAAATACAACAGTCTAACAACAGA 5700
ATTTATGTACACATGTATTCTATGTCATTTTGTTTTCAAATGTTTTTATAATATCTACAC 5760
CGTTGCTGTTTTTGAAAAAAAAAAARAARRARAAAAARAARRANNAR 5806
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Topology and structure-function considerations for the

sodium channel protein (PpSCN1)

The deduced protein sequence of PpSCN1 has one of the smallest coding regions
of known sodium channels with four domains, having a coding region of 1695 amino
acids and a calculated molecular mass of 193 kDa. Omitting the termini and large loops
and considering the major membrane-spanning domains and short cytoplasmic linker
between domains III and IV, there is a high degree of similarity (~70%) between
PpSCNI1 and representative sodium channels (Table 4-1). These conserved regions are
implicated in the fundamental properties of sodium channels: selectivity, voltage-sensing,
activation and inactivation (Catterall, 1996). The high degree of similarity among such
evolutionarily distant species, cnidarians, insects and mammals, suggests that there must
have been strong functional constraints on these regions. In comparison, the amino- and
carboxyl-termini and inter-domain linkers between domains I and II and between
domains IT and III, and the extracellular loop in domain I, vary considerably more in
sequence and size (Table 4-1). Variable regions in sodium channels that are exposed to
the cytoplasm are reported to have structural motifs that may serve as phosphorylation
sites for protein kinases, associate with accessory channel subunits and bind cytoplasmic
proteins (Adelman, 1995). It is likely that, in the absence of strong functional constraints,
these variable regions have evolved to meet the unique requirements of cytoplasmic

regulatory environments in various tissues.
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Table 4-1

Comparisons Between Predicted Protein Regions in PpSCN1 with Similar
Regions in Representative NaChannel Amino Acid Sequences

Conserved Regions* Unconserved Regions**
Cading Size Size
. (amino (amino
Region acids) acids)
Channel GenBank (amino  o4Similarity %ldentity  (Ratio / %Similarity %ldentity (Ratio/
Description  Identifier acids) PpSCN1)
hydrozoan PpSCNI 967 (1.00) Has
scyphozoan CYNAI § 85.51 75.66 963 (1.00) §
anthozoan AnemNal 76.59 56.31 964 (1.00) §
Drosophila fly Para locus 69.82 45.89 962 (0.99) §
human skeletal SCN4A § 70.35 46.48 971 (1.01) E
human heart SCN5A 70.59 48.00 973 (1.00) §

*averages were calculated using n=5 conserved regions. These conserved regions are:
membrane-spanning Domains | to 4 (minus the extracellular loop in D1) plus the cytoplasmic linker between D3-D4

** averages were calculated using n=4 conserved regions. These unconserved regions are:
amino and carboxyl termini, extracetlular loop in DI and cytoplasmic linkers between DI and D2 and between D2 and D3
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PpSCNI shows an overall match in similarity and identity of 62.1% + 0.3 % and
39.5% £ 0.4 % respectively when compared with a representative sample of 12
invertebrate and vertebrate sodium channel genes®. Together PpSCN1 and the other
cnidarian sodium channel clones from a scyphozoan jellyfish (CYNA1) (Anderson et al.,
1993) and an anthozoan (AnemNal) (White et al., 1998) form a three-gene subgroup
within the sodium channel family, with an overall match in amino-acid similarity /
identity of 77.4% / 62.8%, and 65.8% / 47.0%, respectively. This sub-grouping can be
expected considering that the Cnidaria are thought to have branched quite early from both
the protostome and vertebrate lineages, some 800-1000 million years ago (Morris, 1993).

Although we cannot know the exact relationship between cnidarians and the
ancestor in which calcium-selective channels first began to show a specificity for sodium
ions, extant sodium channels in cnidarians may show traces of this evolutionary
modification. Both calcium-based (Anderson, 1989; Dunlap et al., 1987; Holman and
Anderson, 1991; Mackie and Meech, 1985; Przysiezniak and Spencer, 1992) and sodium-
based (Anderson, 1987; Anderson and McKay, 1987; Grigoriev et al., 1996a; Holman
and Anderson, 1991; Mackie and Meech, 1985) action potentials have been recorded in a
variety of cnidarians. Thus it would not be surprising if a four-domain channel were

identified in Polyorchis that was intermediate between sodium channels and calcium

® GenBank Accession #s: X14395, D14525, U93074, D17311, Y09108, M77235, U26707, D37977,
M81758, X01119, M32078, L19979



4. Na’ channel transcript in P. penicillatus: Structure of the cDNA 104

channels. However, PpSCNT1 has only limited sequence similarity to calcium channels’
with similarity / identity of 55.0% £ 0.3% and 28.8% * 0.2% (n=14).

Four negatively charged, glutamate (E) residues, one in the P-loop of each
domain, contribute to form a selectivity filter for calcium (boxed amino acids, fig. 4-3A).
In sodium channels two out of four of these negatively charged amino acids are replaced.
From flatworms to humans, the modified glutamate residues are in domains III and IV,
and are replaced by a positively charged lysine residue in domain III and a neutral amino-
amino acid, either alanine or glycine, in domain IV (fig. 4-3A). Cnidarian sodium
channels PPSCN1 and CYNAI (Anderson et al., 1993), on the other hand, have a
positively charged lysine in domain I and an alanine in domain [V, but the glutamate
residue in domain I and III remain unchanged (fig. 4-3A). This places the negatively-
charged amino acids opposite one another on either side of the pore rather than being
adjacent as in other sodium channels. The only known sodium channels that break this
two-negative charges rule for the selectivity filter are channels from squid optic lobe
(Heinemann er al., 1992) and sea anemone (White ef al., 1998) (fig. 4-3A) that have

negative charges in all but domain IV of the sodium channel.

? GenBank Accession #s: X99897, D14157, L12531, L 15453, D86600, U55776, U25119, U93075,
129529, D38101, L33798, M62554, U00690, AF023602
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A

D2 SS2 D3 §S2 D4 SS2
hydrozoan (PPSCN1) X ARG WN
scyphozoan (CYNA1) A :’[; GWN
anthozoan (AnemNa1) SEMG W L
hum. skeletal (SCN4A) SE8IG W D
hum. heart (SCN5A) sillc wo
calcium channel GiBlA wa
B

D4, S6

hydrozoan (PPSCN1) FvsytaL (e vi xR "ﬂJ
scyphozoan (CYNA1) FVSY 1l I LIRRLI T I NMRRI 1&(!'..
anthozoan (AnemNa1) FTTFILFTEAL 1 1 1 NMRR! x‘
flatworm (BdNa1) LISYLI |INESFVIVNMREI ABSE
hum. skeletal (SCN4A) FCSY 1| | SE@L I vV NMRI AGHE

c
hydrozoan (PPSCN1) L AQRS WK T M
scyphozoan (CYNA1) QL AfdJS WK T M
anthozoan (AnemNat1) Bl AfJs waT M

hum. skeletal (SCN4A) Hls wp T L

hydrozoan (PPSCN1)
scyphozoan (CYNA1)
anthozoan (AnemNa1)
hum. skeletal (SCN4A)

Figure 4-3. Alignments of functionally significant regions of PpSCN1 and homologous amino-acid
residues from representative genes of: A) short segment 2 (SS2) of domains [ to [V; B) selected residues of
the cytoplasmic linker between domains III and [V (IDIII-IV) and the complete segment 6 of domain IV
C) segment 4 of domains [I and [V. sodium channel gene sequences: scyphozoan jellyfish (CYNAL),
anthozoan sea anemone (AnemNal), turbellarian flatworm (BDNA 1), human skeletal muscle (SCN4A) and
human heart (SCN5A) have the following Accession #s in GenBank: L15445, AF041851, U93074,
M81758 and M77235, respectively. A human calcium channel gene (CACNLIAL), Accession # L29529,
is shown in fig. 4-3A.
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Close to the residues responsible for ion-selectivity in the P-loop of domain [ is a
hydrophobic residue that is considered to be responsible for tetrodotoxin (TTX)
sensitivity. Tyrosine (Y) or phenylalanine (F) at this position confers extreme TTX
sensitivity (nanomolar range) to mammalian brain or skeletal muscle sodium channels
(inverted sequence, fig. 4-3A). Mutagenesis of this site in the skeletal muscle sodium
channel to a cysteine (C), as is found in cardiac TTX-resistant sodium channels, produces
a 730-fold increase in TTX resistance (Backx ef al., 1992), whereas, the reverse (CtoY)
mutation in the cardiac channel increases TTX sensitivity (Satin et al., 1992). Cnidarian
channels, PpSCN1, AnemNal (White ef al., 1998) and CYNA1 (Anderson et al., 1993),
have tyrosine residues at this position creating a site that should be sensitive to TTX.
However, all sodium currents recorded in coelenterates, including species from all three
cnidarian classes and a ctenophore, are insensitive to TTX, even at concentrations of 100
nmol (see Chapter 2) (Anderson, 1987; Anderson and McKay, 1987; Dubas et al., 1988).
Current models incorporate the P-loop residues responsible for sodium selectivity into the
TTX-binding site (Noda et al., 1989; Terlau et al., 1591), so perhaps the unusual
arrangement of residues responsible for sodium-selectivity contributes to the unusual
TTX-insensitivity in cnidarian channels.

The highly conserved inter-domain linker between domains III-IV is believed to
play an essential role in fast inactivation of sodium channels (Catterall, 1996). This
linker is 54 amino acids long in PpSCN1 and is the same size (53 or 54 amino acids) in

most sodium channels. Three hydrophobic amino acids (IFM) are conserved in almost all
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known channels, including the jellyfish channels, PpSCN1 and CYNAI (Anderson e al.,
1993), (fig. 4-3B). The only exception in sodium channels is the sea anemone channel,
AnemNal (White er al., 1998). AnemNal has a phenylalanine (F) residue close to the
appropriate position, but does not have an equivalent [FM motif and has a larger sized
inter-domain linker (56 amino acids) preventing an unambiguous alignment of
homologous residues (fig. 4-3B). It is believed that this region in sodium channels may
fold over the open channel and stabilize the “lid” when it obstructs the open channel
(Catterall, 1996). The receptor for this “lid” has been reported to include four, conserved
hydrophobic residues (F, Y, V/I and [) in domain IV, segment 6 of sodium channels in
higher phyla (McPhee et al., 1995). This differs in cnidarian channels, with the exception
of AnemNal (White er al. 1998) where F is replaced by V in jellyfish channels PPSCN1
and CYNALI (Anderson et al., 1993) and F by A in flatworms (highlighted residues, fig.
4-3b). The phenylalanine and tyrosine residues are critical for binding of the local
anaesthetic lidocaine and for its characteristic use- and voltage-dependence (Ragsdale et
al., 1994). When a F1764A mutation is made in a rat brain channel, creating a flatworm-
like sequence, use-dependent lidocaine block and inactivation were severely impaired
(Ragsdale et al., 1994). It will be interesting to determine if the sequence differences
affect inactivation and lidocaine sensitivity in the flatworm and jellyfish channels when
they are expressed in vitro.

In sodium channels, the fourth transmembrane segments have repeating positive

charges that typically number 4, 5, 5 and 8 in domains I through IV respectively. Current
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models have these charges acting as voltage-sensors, moving through the membrane in
response to membrane depolarization and changing the conformation of the protein to

open the channel pore (Yang et al., 1996). All three cnidarian channels differ from this

pattern by lacking the Sth charge of domain II (where Q replaces R/K) and by replacing

positive charges in domain [V by a negatively charged residue, either E or D for R/K in

the 6th residue in jellyfish channels PPSCN1 and CYNAI (Anderson et al., 1993) (fig.
4-4), or F for the 1* residue in AnemNal (White ef al., 1998). Variations from the “4-5-
5-8” charge pattern in S4 are rare. Besides the cnidarian channels, only the channel
cloned from squid optic lobe (Sato and Matsumoto, 1992) and a channel expressed in
mamimalian heart and uterus (SCN6A) (Felipe et al., 1994; George et al., 1992) show
different patterns.

Mammalian brain and heart sodium channels are modulated by protein kinase A
at sites in the cytoplasmic linker between [ and II Cukierman, 1996), but none of these
structural motifs are found in homologous positions in PpSCN1 (fig. 4-2) nor are they
well conserved among mammalian channels. A highly conserved, modulatory site for
protein kinase C site is located in the short, cytoplasmic linker between domains III and
[V (Cukierman, 1996). The only channels not possessing this site are in cnidarians,
PpSCN1 and CYNAI (Anderson et al., 1993), flatworm (Jeziorski et al., 1997) and
mammalian SCN6A (George et al., 1992). The relative sparcity of modulatory sites for

protein kinases in cnidarian channels like PpSCN1 in comparison with mammals and the
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variability in number and placement of modulatory sites in mammals indicates that these

sites were introduced under the selection pressures of individual channel types.

Diversity of sodium channels

Sodium channels appear to have evolved from calcium channels to allow high
frequency signaling and rapid propagation (Hille, 1992) and appear to be far less diverse
than either calcium or potassium channels. Calcium channels consist of at least 3 major
metazoan classes (T-Type, L-type and non-L-type) that further subdivide in mammals
into 7 different families (Stea et al., 1995). Potassium channels are even more diverse,
consisting of 3 metazoan structural classes, with one of the classes breaking down into 8
metazoan families, with multiple subfamily members in some families that come close to
the total number of different mammalian sodium channel genes known to date (Wei et
al., 1996).

Nonetheless, sodium channels do show diversity in functional and
pharmacological properties. For example, “slow” sub-threshold, sodium currents have
been identified in Purkinje cells (French and Gage, 1985). Many voltage-gated sodium
currents been characterized by their inactivation kinetics, ranging from very fast (Hille,
1992), to slow (Alonso and Llinas, 1989), to non-inactivating (Taylor, 1993). Sodium

channels with different inactivation kinetics can influence action potential shape and play
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significant physiological roles in mammals (Campbell, 1992). In P. penicillatus, at least
three different sodium currents are present. There is a slowly activating and slowly
inactivating sodium current in the electrically excitable epithelium, which is inhibited by
high concentrations of internal calcium (Grigoriev and Spencer, 1996b). In contrast, “B”
neurons in P. penicillatus have short duration, sodium-dependent action potentials
(Spencer and Arkett, 1984), and the sodium current responsible for the action potential
shows rapid inactivation and recovery from inactivation (<5 ms) (Grigoriev et al.,
1996a). The rapid inactivation recovery rate enables “B” neurons to fire at frequencies as
high as 10 Hz (Spencer and Arkett, 1984). Lastly, there are sodium currents

in swimming motor neurons (SMNSs) which are similar to mammalian cardiac channels
with rates of recovery from inactivation ~10 fold slower than typical mammalian neurons
(Grigoriev et al., 1996a). These properties have probably arisen by convergence since in
both cases (SMNs and cardiac muscle) these cells act as pacemakers for fluid pumps

(Fye, 1987).

In mammals, separate o subunit genes are responsible for the electrical and
pharmacological differences between neuronal, skeletal muscle and cardiac sodium
channels(Goldin, 1995). A least a dozen mammalian sodium channel genes are known,
many of which have alternatively-spliced variants (Goldin, 1995). The properties of
sodium channels in mammals are also modified by the presence of subunits and by
phosphorylation (Adelman, 1995), thus creating ample structural and hence functional

diversity. In comparison, no more than two pore-forming o subunit genes have been
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detected so far from any single invertebrate species (cnidarians, nematodes, mollusks,
insects). Even though jellyfish have functionally diverse sodium currents, PpSCNI1 is the
only sodium channel a subunit in P. penicillatus that we have detected. Only one ~6.0
kb mRNA transcript hybridized on Northern blots to a genomic probe that spanned the 5’
end of the cDNA or a cDNA probe downstream, near the 3’ end of the transcript (fig. 4-
5). In addition, only a single copy of PpSCNI1 is evident from Southern blots probed
along the length of the gene with genomic fragments (see Chapter 5). No alternatively
spliced variants appear to exist in PpSCN1, since the region spanning the full-length
mRNA in genomic DNA was sequenced and no additional exons were found (see
Chapter 5). However, the molecular techniques used to isolate PpSCN1 were designed to
clone a sodium channel gene of close similarity to known channels, there may be other
sodium-selective channel genes present in P. penicillatus with very different structures.
In mammals the kinetical properties of o subunits can be modified by co-
expression with small accessory,  subunits (Goldin, 1995). Full expression of the
Drosophila o. subunit requires an accessory subunit, TipE that is not homologous to the
mammalian § subunit (Feng ef al., 1995). We have not yet attempted to express
PpSCNI, but it is probable that, like the other invertebrate o subunit clones (cnidarian
(Anderson et al., 1993; White et al., 1998), flatworm (Jeziorski ef al., 1997) and
molluscan (Dyer et al., 1997; Rosenthal and Gilly, 1993; Sato and Matsumoto, 1992), it

requires unique accessory subunits for expression.
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None of the non-arthropod invertebrate genes (eg. Cnidarian, molluscan,
flatworm) appear to express even in the presence of TipE from fly or the mammalian
subunits (Anderson and Dunn, 1997). It may be that some of the functional diversity of

sodium channels in invertebrates may be accounted for by the presence of accessory
subunits and/or post-translational modification of o subunits and that o subunit diversity

is limited.
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Figure 4-4. PpSCN]1 identified in P. penicillatus polyadenylated mRNA using Northern
blot hybridization analysis. *?P-labeled probes were a genomic fragment (lane 1) and a
cDNA fragment (lane 2). Methylene blue stained standards (lane 3) and P. penicillatus
total RNA (lane 4). Total RNA in lane 4 appears undegraded with ribosomal bands at 3.8
and 1.0 kb. The cDNA probe is near the 3” end (illustrated in fig. 4-1). The genomic
probe is 6.41 kb and spans the cDNA from positions 477 to 2224 at the 5’ end of the
gene.
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CHAPTERS5 GENOMIC ORGANIZATION OF A VOLTAGE-
GATED NA" CHANNEL (PPSCN1) IN A
HYDROZOAN JELLYFISH*!!;
IMPLICATIONS FOR THE STRUCTURAL
EVOLUTION OF VOLTAGE-GATED NA* AND
CA*" CHANNELS

INTRODUCTION

The simplest extant eumetazoans with a discrete nervous system are cnidarians,
which have only two germ layers (diploblastic). Extant cnidarians are structurally very
similar to fossilized cnidarians in the Ediacarian fauna, suggesting that the genes
responsible for physiological functions are also likely to be reminiscent of an ancestral
phenotype. In the hydrozoan jellyfish, Polyorchis penicillatus, “swim motor neurons”
have rapid, transient Na"-selective currents that are kinetically and electrically like Na*

currents in mammals (Grigoriev et al., 1996). However, they are insensitive to classical

' A version of this chapter has been submitted for publication. Spafford, J.D., Spencer, A.N. and Gallin,
W.J. (1998) Mol.Biol. Evol.

"' The nucleotide and deduced amino acid sequences reported in this paper have been deposited in
GenBank (Accession # AF047379). The published GenBank script for PpSCN1 is shown in Appendix B.
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Na' channel agonists and antagonists, including tetrodotoxin, even at high concentrations
(100 uM) (see Chapter 2).

We have recently determined the sequence of a full-length cDNA of a Na*
channel a subunit (PpSCN1) isolated from this jellyfish, coding for a 1695 amino acid
protein (see Chapter 4). It has the typical topology of Na* channels, consisting of four
homologous domains, each domain containing six transmembrane segments.

We have sequenced the complete genomic region spanning the cDNA of PpSCN1
and present here a detailed analysis of our findings. Na* channel genes share closely
related homologous sequences, from jellyfish to mammals. Alignments of these genes
underscore possible structural-functional similarities and differences. Given the long
evolutionary history that separates cnidarian and mammalian channel genes, it provides
an opportunity to evaluate the tolerance of structural features to evolutionary change, and
hence to adaptive structural changes taken by different channel types. We show that
most of the introns are conserved between Na* channel genes in P. penicillatus and
mammals, with a significant percentage even shared with Ca®* channels. The
conservation extends to the details of intron splice sites, including a recently discovered
Ul2-type splice site that employs a rarely used set of small nuclear ribonucleoproteins.
Such conservation places the intron splicing mechanisms and the primary exon
arrangement of Na* channels to at least the common ancestors of diploblasts and

triploblasts, ~600 million to 1 billion years ago (Morris, 1993).
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MATERIALS AND METHODS

Genomic DNA Isolation and Construction of Libraries

Genomic DNA was isolated from a pool of gonads dissected from approximately
200 adult medusae of Polyorchis penicillatus. The material was rapidly frozen and stored
at —80°C until extraction. The frozen tissue was then ground to a powder in liquid
nitrogen using a mortar and pestle and the powder was resuspended in a Proteinase
K/SDS extraction buffer (Ausubel et al., 1997) and digested at 50°C for 6 hours. The
solution was then extracted several times with phenol and chloroform. DNA was
precipitated from the aqueous phase with 0.5 volumes of 7.5 M ammonium acetate and 2
volumes of ethanol. The DNA was spooled out, washed twice with 70% ethanol, dried
briefly under vacuum and redissolved in 20 ml of TE buffer (10 mM Tris-HC], pH 8.0, 1
mM EDTA).

To prepare DNA for constructing libraries, 100 ug aliquots of DNA were digested
in 500 pl reactions with 5 units of Sau3A for 5 and 10 minute periods. At the end of the
incubation the reactions were stopped by adding EDTA. The reactions were pooled and
resolved on a 0.3% agarose gel. DNA between 15 and 30 kb was excised from the gel
and harvested using a GeneClean II kit (Bio 101, La Jolla). The size-selected DNA was
then dephosphorylated with alkaline phosphatase (Ausubel ef al., 1997) to avoid double

insertion. The insert material was ligated into BamHI-cut, EMBL3 arms (Stratagene, La



5. Na® channel gene in P. penicillatus: Structure of the gene 122

Jolla) and the ligations were packaged using GigaPack Gold reactions (Stratagene, La
Jolla). The resulting phage were titrated and then amplified to yield four independent

libraries, each with a complexity of 2X10°.

Isolation of PpSCN1 genomic clones

Fragments of the Na" channel gene PPSCN1 were isolated from P. penicillatus
genomic DNA by PCR using degenerate and inverse PCR primers (details described in
Chapter 4). A 941 bp PCR product (probe B, fig. 5-1) was *2P_labeled and used to isolate
a full-length cDNA (GenBank Accession # AF047380, described in Chapter 4) and
genomic clones PpSCN1.1g and PpSCN1.2g.

DNA probes were *2P-labeled by incorporation of radioactive nucleotides in the
synthesis of DNA in PCR or labeled with random hexamers and the large fragment of

DNA polymerase I (Klenow). Duplicate Hybond-N nylon filters (Amersham, Little

Chalfont) were lifted from plates with 5 x 104 plaque-forming units per plate.
Hybridization was carried out using the method of Church and Gilbert (Church and
Gilbert, 1984), performed at 65°C in 0.5 M Na", no formamide and washing was

performed at 65°C in 40 mM Na'".
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Southern blot analysis, subcloning and DNA sequencing

EcoRI-cut genomic fragments (probe A, C to E, fig. 5-1) and probe B were **P-
labeled and used to probe a Southern blot of genomic DNA (5 ug of DNA per lane) from
P. penicillatus. DNA probes were *2P-labeled by incorporation of radioactive nucleotides
in the synthesis of DNA in PCR or labeled with random hexamers and the large fragment
of DNA polymerase I (Klenow). Southern blots were prepared using a standard protocol
(Ausubel et al., 1997) and a Genescreen Plus nylon hybridization transfer membrane
(Dupont NEN, Boston) with hybridization conditions as for library screening using the
method of (Church and Gilbert, 1984). Genomic DNA and PCR fragments were digested
with restriction enzymes, subcloned into pBluescript KS+ vector (Stratagene, La Jolla)
and sequenced in both directions with a Perkin-Elmer ABI 373A sequencer using an ABI
Prism Dye-Terminator Cycle Sequencing Kit. PCR products and gel-extracted DNA
were purified using silica resin (Hengen, 1995) with an additional purification for
sequencing through QIAGEN-tip 20 columns (QIAGEN, Chatsworth). Exon/intron
boundaries were determined by comparing the genomic sequences with the
corresponding Na" channel cDNA sequence (PpSCN1) and identifying consensus

acceptor and donor sites in the genomic sequence.
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Analysis of DNA and amino-acid sequences

MacVector 6.0 (Oxford Molecular Group), Gene Construction Kit 2 (Textco, Inc.)
and GCG v8.1 (Genetics Computer Group, 1995) were used for alignments, assembly
and analysis of DNA and amino-acid sequences. Sequences for other proteins were
retrieved in the GenBank database using BLAST (Altschul er al., 1990). Multiple
alignments were made using a modified progressive pair-wise alignment method of Feng
and Doolittle (Feng and Doolittle, 1987) in PileUp (GCG, 1995). Gap creation and
extension penalties were 3.0 and 0.10 respectively. Aligned amino acid sequences were
imported into PAUP v3.1.1 (Swofford, 1991) to generate the most parsimonious gene
tree. Regions of low sequence similarity between Ca®>* and Na* channels were not
included in the data matrix. These regions are the amino and carboxyl termini, the
cytoplasmic loops and the extracellular loop between segments 5 and 6 in domain .
Minimum length trees were found using a heuristic search method with 25 repeats. Each
character state change was scored using a step matrix that reflected the minimum number
of nucleotide changes that were required for a given change in amino acid. Statistical
support for the tree was evaluated by 100 replicate bootstraps (Felsenstein, 1985) as
implemented in PAUP. The phylogenetic tree was displayed using TreeView 1.5 (Page,
1996). PlotSimilarity (Genetics Computer Group 1995) was used to plot the running

average of the similarity among aligned Na" channel sequences from PileUp.
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RESULTS

Cloning and description of PpSCN1

A 941 bp PCR product (probe B, fig. 5-1) was used to isolate two genomic
fragments, PPSCNI1.1g (13.5 kb) and PpSCN1.2g (28 kb) from genomic libraries by
high-stringency hybridization screening. The complete 13,941 bp region spanning the
cDNA was sequenced from genomic clone PpSCN1.2g and compared to the cDNA (fig.
5-1,top). The clone covers the full-length 5774 bp mRNA transcript, which has a 5085
bp open reading frame coding for a 1695 amino-acid protein. No alternative exons were
found in the gene. Sequencing of part of the coding region of PpSCN1.1g and analysis of
restriction digest maps confirms that both genomic clones probably represent the same
gene. At least 15 synonymous differences are present in the coding regions of PpSCNI.
These differences are likely due to polymorphisms since tissues were pooled from many
jellyfish to construct the cDNA and genomic libraries.

Only the expected gene, PpSCN1 was clearly discernible on Southern blots
probed at high stringency with DNA fragments (A-E) that cover most of the coding
region of the Na" channel gene (fig. 5-1). Other bands in Southern blots of fig. 5-1 were

faint, inconsistent, and have high molecular weights, indicative of incomplete digestion.
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Genomic Map and Southern Biots
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Figure 5-1. Restriction map illustrating intron / exon structure (top) and Southern blot analyses (bottom) of
PpSCNI gene. Exons are numbered 1 to 21 and represented by open boxes; the 5’ and 3’ untranslated
regions are indicated by thinner open boxes. Lines with tipped arrows span genomic fragments A to E used
to probe Southern blots. Each S. blot contains 5 lanes of genomic DNA from 5 pg of P. penicillatus DNA
per lane digested with EcoRlI, Pstl, HindIIl, Xbal, Xhol, respectively.
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The coding region of PpSCN1 consists of 21 exons, ranging from 54 bp to 1656
bp in length for an average of 275 bp (boxes in map of fig. 5-1). 20 intervening
sequences separate the exons and they range in size from 78 bp to 2332 bp, with an

average of 408 bp (lines separating boxes in map of fig. 5-1).

Phylogenetic comparisons

The most parsimonious phylogenetic tree based on aligned amino acids of genes
from the major subdivisions within the Na*” and Ca*" superfamily is illustrated in fig. 5-2,
with bootstrap values shown at the branch nodes. According to the tree, Na* channels
must have evolved very early in metazoan history, from ancestors resembling the T-type
more than the non-L or L-type Ca®* channels. The divergence of Na” channels likely
occurred before the separation of the protostomes and deuterostomes, since the L, non-L
and T-type Ca** channels are clearly found in the protostomes (eg. nematodes and
arthropods) and the deuterostomes, and the single cnidarian Ca®" channel is included

within the L-type subclass and not basal to both L-type and non-L type subclasses.
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Figure 5-2. Phylogenetic tree of selected voltage-gated Ca2+ andNa' channels generated using maximum
parsimony. Bootstrap values for each branch point are shown. Genes that are underlined are described in
Table 5-1. The percentage of intron sites shared with PpSCNI1 are shown after those genes in which the

intron-exon structures have been determined.
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Together PpSCN1, from the hydrozoan jellyfish Polyorchis penicillatus, and
CYNAL, a scyphozoan jellyfish (Anderson et al., 1993) form a deeply branched, two
gene subgroup within the Na* channel family (fig. 5-2), with an overall match in amino-
acid similarity / identity of 77.4% / 62.8%. More distantly related to PpSCNI1 is an
anthozoan gene (AnemNal) (White et al., 1998) with an overall match in similarity /
identity to PpSCN1 of 65.8% / 47.0%.

The out-group for the gene tree (fig. 5-2) consists of voltage-gated cation
channels from two yeast species Saccharomyces cerevisiae and Schizosaccharomyces
pombi (GenBank Accession #s: X87941, Z98981, respectively). The yeast genes share a
close similarity with metazoan Na* and Ca®* channel classes having a cation channel
structure with four domains. They have homologous residues that line the selectivity
filter that, based on sequence, likely provide Ca2+-selectivity or selectivity for Na* and

Ca®" ions (Sather er al., 1994). The tree contains the following animal genes, (with their

common names, accession numbers): Na” channels: SCNI1A (rat, X0363 8), SCN2A (rat,
X03639), SCN3A (rat, Y00766), SCN4A (human, M81758), SCN5A (human, M77235),
SCN6A (human, M91556), SCN8A (mouse, U26707), SCN9A (rat, AF000368),
SCN10A (mouse, Y09108), Fugu rubipes (puffer fish, D37977), Electrophorus electricus
(electric eel, X011119), Halocynthia roretzi (ascidian, D17311), Loligo opalescens
(squid, L19979), Loligo bleekeri (squid, D14525), Aplysia californica (sea hare,
U66915), Para (fruit fly, M32078), DSC1 (fruit fly, Y00461), Bdelloura candida

(flatworm, U93074), Aiptasia pallida (sea anemone, AF041851), Cyanea capillata
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(scyphozoan jellyfish, L15445), Polyorchis penicillatus (hydrozoan jellyfish, AF047380);
T-type Ca®* channels: Rattus norvegicus (rat, AF027984) Caenorhabditis elegans
(nematode, U37548); non-L type Ca®" channels: class A (human, X99897), class B
(rabbit, D14157), class E (rat, L15453), Discopyge ommata (marine ray, L12531), Loligo

bleekeri (squid, D86600), Drosophila melanogaster (fruit fly, U55776), Caenorhabditis

elegans (nematode, U25119); L-type Ca** channels: class C, (human, L29529), class D
(rat, D38101), class S (human, L33798), Cyprinus carpio (carp, M62554), Drosophila
melanogaster (fruit fly, U00690), Caenorhabditis elegans (nematode, AF023602),

Cyanea capillata (scyphozoan jellyfish, U93075).

Genomic structure of PpSCN1 compared to other cation channel genes

Genomic structures of PpSCN1 and other Na" and Ca* channels are compared in
Table 5-1 (underlined in the phylogenetic tree, fig. 5-2). Since intron positions may
appear close together by chance without having a common origin, a shared intron
position is defined in the strictest sense: [t separates the coding region in the identical

phase of the codon of aligned amino-acids in a region of high homology.
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Table 1. General Description of Genomic Structures of Ca?* and Na* Channel Genes

Size of
Size of Coding
Coding Region % ot # and (%) of

Region  Spanning in # of Alternate Intron Sites
GenBank - {amino Genomic Invariant / Optional  # of Shared with
Channel Description Identifier acids) DNA (bp) Exons Exons Introns PpSCN1

hydrozoan jellyfish PpSCN1 Na* 1695 13.1 21 0 20
fruit fly (Drosophila) Para Na* 2157 60+ 17+ 7 16+ 13+ (65%+)
fruit fly (Drosophila) DSC1 Na* 1622+ n.r.* 12+ nr.* 11+ 3+ (15%+)
human skeletal SCN4A Na* 2016 32.5 24 nr.* 23 17 (85%)
human heart SCNSA Na* 1836 80 27 nr.* 26 17 (85%)
mouse sensory SCN10A 26 17 (85%)

=

“none reported
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An alignment of amino acid sequences of PpSCN1 with a representative Na*

channel, the TTX-sensitive human skeletal muscle (SCN4A) (George et al., 1993;

McClatchey et al., 1992) and a representative Ca* channel, human L-type, Class C, Ca**
channel from human fibroblasts (CACNL1A1) (Soldatov, 1994), is shown in fig. 5-3,
with intron positions indicated by a bar. A closer examination of the aligned,
homologous DNA sequences surrounding the intron splice is described in Table 5-2.
Eighty-five percent of intron splice junctions in PpSCN1 are found in mammalian Na*
channels. Most of the same locations of introns were also reported for a Na* channel
gene expressed in brain and spinal cord (SCN8A) (Plummer et al., 1997). In Drosophila
melanogaster, 15% and 65% of the known intron sites in DSC1 and Para are found in the
homologous position in PpSCN1, although the full genomic structure is not known for
either of these fly genes (Loughney et al., 1989; Salkoff et al., 1987). The intron
positions are highly conserved in Na" channels from jellyfish to mammals, in spite of the
lack of similarity of intron sequences and large difference in intron sizes among the Na”
channel genes. The average intron sizes in the Na* channel genes listed in Table 5-1 are
~2.7 to ~7.7 times greater than in PpSCNI1.

Since Na" channels are considered to be derived from Ca* channels, it might be
expected that there would be some vestige of their common history in their genomic
structures. Five introns shared among jellyfish and mammals Na* channel genes are also

found in mammalian L and non-L type Ca®* channels (fig. 5-3, Table 5-1).
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PPSCN1 MKLSFSTEWLKEBRKNMLE 32
SCN4A MARPSLCTLVPLGPECLRPFTRES[BAAIE QR 45
CACNLIA1 3
PPSCN1 VFYLGSTVILFYFGIFNKQK HFEFHFSEBGRPERK@ I FoF 14
SCN4A HRKPRSDLEAGKN{PM I YGOPPIBEVIGIPLEDLDPEAYSNK %0
CACNLIA1 HIPTPALSWQAAIDAAKLMGSAGATITVSSTQ 80
PPSCN1 122
SCN4A 132
CACNL1A1 125
PPSCN1 155
SCN4A 168
CACNL1A1 170
PPSCN1 200
SCN4A 213
CACNL1A1 215
PPSCNT - - - - oo N 229
SCN4A - . - .ol NB 242
CACNLIA1 TKADGANALGGKGAGFDgS 260

- Figure 5-3 continues on next page -

Figure 5-3. Intron splice junctions (vert1ca1 bars) in the aligned amino-acid sequences of
PpSCN1, human skeletal muscle Na™ channel (SCN4A) and a human L-type Ca®*

channel (CACNL1A1) genes. Intron splice sites for PpSCN1 are labeled I to 20 and
shown as described for SCN4A (McClatchey et al., 1992; George et al., 1993) from
accession numbers L04216 to L04236 and for CACNL1A1 (Soldatov, 1994) from
accession numbers Z26256 to Z26287. Single lined, top and bottom borders surround the
residues for the putative transmembrane segments 1 to 6 in domains 1 through 4. Short
segments 1 and 2 (SS7 and SS2) are indicated by double lined top and bottom borders.
Putative N-type glycosylation sites for the extracellular loop in D1 and D3 are indicated
by inverted residues. Similar amino-acid sequences are shaded.
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PpSCNt
SCN4A
CACNL1A!
PpSCNt
SCN4A
CACNL1A1
PpSCN1
SCN4A BLDCNL
CACNLIAT  D[EIFREBER - - - - - -
PpsCNt (R - - - - - PESEER v
SCNaA G- - - - - oMcClyT
CACNLIA1  Y§GPSFPGMLEc 1Y
12

PpSCN1 GGDO- - -Bsex rRIEsHRARL KKRNB BT c TS G P PE[0B €
SCN4A SDEPIGEMNNLQ ! A I GRENNL GG FIMAF LLG L Lo <RSP k D | MBS
cacnLiat - sAQKEEEEEKERMELARTASPEKKGE L vERPEVGESKEEK IFLKS

13
PpSCN1 RvHGEM I viofnBBsHkNG- - - - TE@NBANY LKPEFPREDSBLSS
SCN4A BGEABIGAGEAGE ETAPEDEKKHPPHEPBLKKONH! LNHIMGADG
cacnuial [ TEBoGEsPr Al i MOOLQPNENEBDKSPYPNPET - - - - - - - - . ..
PpSCN1 LNGSTGDLSKRQISGSVDIDILSLNSNAVSNKMIHP-
SCN4A PlIS SEBEMDELNF I NNPYLTIQVP I ABJEESDLEBMP TE E EfRDRRFSEP
CACNLIAT - - - o - v oo e e e e e e e
PPSCNT - - - - e e o e e e e e e
SCN4A epsklkPPQPLYDGNSSVCSTADYKP P[HE
CACNLIAT - -« - - o oo e e oL TGEHE
PPSCN1 BLET L EYGcBc@Y TsYANAPFRE
SCN4A G recAlgvEEBwriGER Y vOIRSQGRGIHKHN
CACNLIA1 LSELHLKEBVPHPEASIHFFIFSE

- Figure 5-3 continues on next page - —
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PPSCN1 960
SCN4A 1082
CACNL1A1 950
PPSCNT 995
SCN4A 123
CACNL1A1 992
PPSCN1 1040
SCN4A 1168
CACNL1A 1037
PpSCN1  DARVENCINCRSRNEE v TMH G R "I’N RcLrBvioNnMBMCL " 1080
SCN4A SEREN v AR | _;,Nw ERFDIBEVN 1208
CACNL1A slssxo--- EBeckleNY I TYKDG 1079
PPSCNT 1120
SCN4A 1253
CACNL1A1 1124
PPSCN1 1180
SCN4A 1297
CACNL1A1 167
PPSCN1 1225
SCN4A 1341
CACNL1A1 1206
PPSCN1 1260
SCN4A 1387
CACNL1A1 1253
PPSCN 1304
SCN4A 1431
CACNL1A1 1208

- Figure 5-3 continues on next page - —
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PpSCNT 1338
SCN4A 1465
CACNL1A1 1343
PpSCNt 1383
SCN4A 1510
CACNL1A1 1388
PPSCNT 1424
SCN4A 1552
CACNL1A1 1430
PpSCN1 NV Bs -85 ! s 1468
SCN4A DPYLE NP -GS VK 1596
CACNLiAT AP Ef e B 1474
PPSCN1 1514
SCN4A 1634
CACNL1A1 1511
PpSCN1 1559
SCN4A 1647
CACNL1A 1548
PPSCN1 ~ LGEDNCNENEDI!RSVMKKVEDRYKQIFPQRAKEITKETTRORLK I 1604

PpSCN1 ENSAARRIQRIFRRHILMDEI YQMTNSRTMSLRAREKNLNKIEQL 1649
PpSCN1 VIVMWKTQKNNL | EEGDDESEDNVDEKQDVEEREEEEMDEEKKEA 1694

PpSCN1 N 1695
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Table 5-2

Catalogue of Intron Splice Sites in PpSCN1 and Shared Sites in a Representative
Na® Channel (SCN4A) and a Calcium Channel (CACNLI1Al)

Channel Exon Donor site Acceptor site Intron
# Name Size Exon|Intron...Intron|Exon size

U2-Type (GT-AG) consensus: |GTRAGT..YYNYAG]|

1 PpSCN1 475 GGA TTT TTC|GTTACA..TTTTAG|ACA TTT ATG 2332
G F F T F M
SCN4A AAT AAG AAG|GTCTGG..CCTTAG|ACC TTC ATC
N K K T F I
*2 PpSCN1l 128 ACT CAT CaA| |A TAT TTT GAA 261
T H R Ul2-Type Y F E
SCN4A ATC CAT GC| intron |G CTG TTC AGC
I H A (see | L F S
CACNL1Al GAA TGG AA| Table 5-2) |A CCA TTT GAA
E W K P F E
3 PpSCN1 80 GAA GCA GA|GTAAGT..TTTTAGIA TTT ATT TTT 78
E A E F I F
SCN4A AAT GTG GAIGTAAGT..CCCCAGIG TAC ACC TTC
N v E Y T F
*4 PpSCN1 128 ATA CTA GG|GTARAGA..GTTTAG|G TAT ATT ACC 505
I L G Y I T
SCN4A ATG ATG GC|GTGACG. .ACCCAG|G TAC CTG ACA
M M A Y L T
CACNL1A1l GIT GTT GG|GTAAGT..TTCTAG|G CTT TTT AGT
v \"4 G L F S
*5 PpSCN1 91 ACT GTC AAA G|GTARAAC. .TTTAAG|GT TTA AAA 469
T v K G L K
SCN4A GIC ATC CCA G|GTACTG. .GGTCAG|GG CTG AAG
v I P G L K
CACNL1A1l GGA GTC CCA A|GTAAGT..CCGCAG|GT CTC CAG
G v P S L Q

"Intron Sites shared in Na® and Ca?’ channels

- Table 5-2 continues on next page —
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Channel Exon Donor site Acceptor site Intron
# Name Size Exon|Intron..IntroniExon size
U2-Type (GT-AG) consensus: |GTRAGT..YYNYAG|
6 PpSCN1 245 ACG TCA TGIGTAAAT..TATTAGIG AARA TGT GAC 1115
T S W K C D
SCN4A GAT GCT GG|GTAAGA..TCCTAG|G CAC TGC CCT
D A G H Cc P
*7 PpSCN1 114 TTT AAC AGT|GTAAGT. .ATTTAG|GTC CTT TCA 572
F N S \'4 L S
SCN4A TTC CAG CTG|GTACAG..TCCCAG|ACC CTT CGA
F Q L T L R
CACNL1A1l CIG TAC TGG|GTACGT..TCTCAG|GTC AAT GAT
L Y W v N D
8 PpSCN1 138 CCA GAT GAA|GTAAAT..TTTAAGIGAA GTG GAA 156
P D E E v e
9 PpSCN1 378 TTT AAT TAT|GTAAGA..TTCCAG|ATA TTT ACA 111
13 N Y I F T
SCN4A GGC AAC CTC|GTAGGG..CCCTAGIGTC TTC ACA
G N L v E T
10 PpSCN1 189 TTT CGC TTAI!GTAAGA..TTATAG|ATG CGG GTA 109
F R L M R \
SCN4A TTC CGT CTG!GTAGGG. .TGGCAG|CTG CGG GTC
13 R L L R v
11 PpSCN1 351 AGA TGG GTG|GTAAGT..TTTCAG|GTA CTC AAT 301
R W v v L N
SCN4A AAT CTT GTGIGTGAGT..CCCCAG|GTC CTG AAC
N L \ v L N
12 PpSCN1 177 CCAR CCC GAA|GTACGT..TTATAG|GAT CTG GAA 267
P P E D L E
13 PpSCN1 70 AAT GGT GAC A|GTBRAGA..CTACAGITT GAA CAA 115

N G D

I E Q

‘Intron Sites shared in Na' and CaZ?' channels

- Table 5-2 continues on next page —
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Channel Exon Donor site Acceptor site Intron
# Name Size Exon{Intron..Intron|Exon size
U2-Type (GT-AG) consensus: [GTRAGT..YYNYAG|
14 PpSCN1 417 TTG ACC TTA|GTAAGT..TTATAG|IGTA TTT GAA 431
L T L v F E
SCN4A GGG GCT CTGIGTAGGC. .CCCCAG|GCC TTC GAG
G A L A F E
15 PpSCN1 174 ATT GTG TGT|GTAAGT..TTGCAG|ATT TCA TTG 266
I \' C I S L
SCN4Aa ATC GTG GAT|GTGAGT..CTACAG|GTC TCC ATC
I v D v S I
*16 PpSCN1 105 GGA ATG AAA|GTAAGT..TTCCAG|GTG GTC GTC 179
G M K \'4 v v
SCN4A GGC ATG AGG|GTGGTG. .CCCCAG|GTG GTG GTG
G M R \'4 \'4 v
CACNL1Al GGG CTA AAG|GTGAGT..CTGCAG|CAT GTG GTT
G L K H v v
17 PpSCN1 279 TTT CAA ACG|GTAATT..CTACAG|GCG ACA TTG 247
F Q T A T L
SCN4A CTG CAG GTGIiGTGAGT..TCTCAG|GCC ACC TTC
L Q v A T E
18 PpSCN1 54 TCG AGA GGT!|GTAAGT..TATTAG|GTT AAC ATG 246
S R G v N M
SCN4Aa TCC CGG GAG|)GTGAGT..CCACAG|AAG GAG GAG
S R E K E E
19 PpSCN1 246 AGG CCT ACG|GTAATG..TTTCAG|AGC AARA TGG 107
R P T S K W
SCN4A CGG CCC CAG|GTACAG..CTGCAG|AAC AAG ATC
R P Q N K I
20 PpSCN1 271 TCG ATT GCA G|GTATGT..TTTTAG!TG ATA ATA 292
S I A v I I
SCN4A TCC ATT GTG G|GTGAGC..TCGCAG|GC CTT GCC
S I v G L A
21 PpSCN1l 1656 GAA GCT AAC taa.. 447 bp 3" UTR

E

A

N e

*Intron Sites shared in Na*' and Ca*' channels
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Intron positions relative to the protein sequence

All the conserved introns between mammals and jellyfish occur in the major
membrane spanning domains I through [V and the short, inter-domain linker between
domains III and IV (ID3-4), which are regions of highest sequence similarity between
Na' channels (fig. 5-4). In fig. 5-5, the intron locations are superimposed on the
predicted membrane topology (shown to scale) of PpSCN1 and representative Na*
channels. The intron locations that are unique to mammals or to each channel species
(PpSCN1, Para, SCN4A, SCNS5SA) are located primarily in the regions of the greatest size
and sequence differences between PpSCN1 and other Na* channel genes. These intron
locations are in the cytoplasmic linkers between domains ID1-2 and ID2-3 and the
extracellular loop between segment 5 and the membrane-penetrating, pore-forming P
segment (short-segments [ and II, fig. 5-5) between segment 5 and segment 6 in domain I
(D1/85-P). An intron located near the 5’ end of ID3-4 (fig. 5-4), is the only intron
present in a conserved region in mammalian genes not found in PpSCN1. Although the
intron is not found in Para from D. melanogaster as well, it is present in a Na* channel of
the same species (DSC1) (Salkoff e al.,, 1987) and in a Na™ channel from the sea hare,

Aplysia californica (Dietrich et al., 1997).
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Figure 5-4. Running average of similarity among aligned amino acids of Na" channel genes, PpSCN||
(hydrozoan jellyfish), SCN4A (human skeletal muscle) and SCNSA (human heart). Intron sites for
PpSCNI are labeled from 1 to 20; Intron numbers 8, 12 and 13 are unique to PpSCN1. The one intron site
unique to SCN4A is labeled with (s), the four unique intron sites for SCN5A are labeled with (i) and the
shared intron sites unique among mammalian genes (SCN4A, SCNSA, SCN10A) are labeled with (M).
The sliding window of comparison for the plot was 10 bp. Similarity scores of 1.5 are perfect matches and
values less than 1.5 (depending upon the evolutionary distance) for non-matches. The four membrane
spanning domains are indicated by boxes, with the extracellular loop and pore-lining region between
segments 5 and 6 indicated by dark boxes.
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Figure 5-5. Locations of introns (small boxes) in relation to the membrane topology of Na* channel genes
PpSCN1 (hydrozoan jellyfish), Para (fruit fly), SCN4A (human skeletal muscle) and SCNSA (human
heart). Longer, shaded boxes in the fruit fly gene Para indicate regions where alternative and optional
exons are located. “Intron splice junctions that are shared between SCN4A and SCN5A are conserved in
SCN10A, isolated from mouse sensory neurons.
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SCNI10, isolated from mouse sensory neurons, is closely related to SCNS5A, as
shown by, the gene tree of fig. 5-2, the same number of introns and the similar
arrangement of intron splice sites (fig. 5-4). The slight differences in location of introns
between SCN10A and SCNS5A are due to the same variably located introns that
differentiate SCNSA from SCN4A.

In fig. 5-6, an alignment of the extracellular loop in domain I (D1/S5-P) is shown
with the corresponding homologous region in domain III (D3/S5-P) for jellyfish and
mammalian channels, PpSCNI1, SCN4A and SCNS5A, respectively. S5-P is bordered by
glycosylation sites (labeled A and B, fig. 5-6), that are in similar positions in almost all
Na" channels in D1 and D3. C-terminal from B is another conserved glycosylation site in
D3 of many Na' channels, site C (although not present in SCN4A, fig. 5-6). Site B in D1
is conserved in the homologous position in most L and non-L type Ca’* channels as well
(see positions of CACNLI1AL in fig. 5-3). The divergence of the D1/S5-P in SCN4A and
SCNS5A relative to the homologous region in PpSCN1 and D3 domains, appears to
correspond to insertion or deletion of N-glycosylation rich sequences bordered by the
conserved N-glycosylation site A at the 5° end and the mammalian specific intron at the
3’ end. These N-glycosylation rich sequences add 6 and 2 glycosylation sites in SCN4A

and SCNSA, respectively (fig.5-6).
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end of 88 A
PPSCNID1 GLAGLFPGKLRQRCV - -LKN:IKTFEKSWYTNKD ....................
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SCNSAD! GLQLFMGNLRHKCV - - - - - I
PPSCN1I03 GYNLFGGQFFY-cv----DGlly™---. - .. o . e
SCNAAD3 GVNLFAGKFYY-Cl -+ -~ - R S
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Figure 5-6. Aligned amino acids of the N-glycosylation rich extracellular loops between segment 5 and
the membrane-penetrating, pore-forming P segment between segments 5 and 6 in domains 1 and 3 for Na*
channel genes PpSCN1 (hydrozoan jellyfish), SCN4A (human skeletal muscle) and SCNSA (human heart).
Potential N-glycosylation sites are shaded and outlined “N” residues. Conserved N-glycosylation residues
between Na* channels are labeled A, B and C. A vertical bar is shown where introns interrupt the amino-
acid sequences.
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Intron/exon boundaries

The majority of the introns of PpSCN1 are present before the first base position of
the codon (see Table 5-2), that is phase 0 (65%), with the remainder after the first base
position, phase 1 (15%) and after the second base position, phase 2 (20%). The phase
positions of exons tend to cluster together, for example, intron placement in phase 2
occurs between exons 2 to 4, and phase 0 between exons 7 to 12 and 14 to 19. This
creates an excess of symmetrical exons (63%) exons that begin and end with the same
phase.

19 of 20 introns in PpSCN1 conform to the standard U2-type splice junction
sequences in eukaryotes, delimited by donor and acceptor site sequences with GT and
AG respectively (Table 5-2) (Padgett et al., 1986) with a consensus for the 5° splice
donor sequence of GTAAGT, with a match with the consensus at each position,
respectively 100%, 100%, 95%, 90%, 70%, 60%, and a consensus for the 3’ splice
acceptor sequence of TTWYAG with a match to the consensus of 80%, 90%, 85%, 90%,
100%, 100%. 43% of the standard GT-AG introns have potential branch sites that fit the
relatively weak consensus for eukaryotes (-YY-TRAY) up to 43 bp upstream from the 3’
splice junction, with an average distance of 24 + 3 bp. With at least 5 of 6 nucleotides
matching the branch consensus, there are potential branch points for all the introns
between 12 bp to 37 bp upstream from the 3’ splice junction with average distance of 22

+2 bp.
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Intron 2 of PpSCN1, like the homologous intron in most Ca** and Na* channel
genes, resembles a class of introns spliced by a rare, U12-type spliceosome (Table 5-3).
The homologous intron position in Ca** and Na* channels has either GT-AG or AT-AC
sequences delimiting the donor and acceptor sites, with PpSCN] fitting within the former
category (Table 5-3). Intron 2 of PpSCNT is likely spliced by a Ul2-type and not the U2-
type based on the following characteristics of the intron sequence: 1) There is a perfect
match with the Ul2-type’s 5’ splice donor sequence (GTATCCTTT). 2) The closest
potential branch site (TTTCTTAACACT) closely resembles the more extensive
consensus sequence of the Ul2-type (TTTCTTAACYNY), with matches in 10 of 11
nucleotide positions of the consensus. 3) The branch site consensus lies very close (13
bp) to the 3" splice acceptor site (YAG) like the shorter distances of potential branch sites
of the Na" and Ca®" channel genes listed in Table 5-3 (range of 9 bp to 12 bp). In
comparison, the branch site of the U2-type normally is 18bp to 40 bp upstream from the
3" splice junction in metazoans, but is quite variable and can be found as far as 150 bp

upstream (Wu and Krainer, 1996).
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Table 3
Consensus Sequences of a Rare U12-type Intron Conserved in PpSCN1 and Most Ca®* and Na°® Channels*
channel channel 5 Donor Splice Site 5 Acceplor Splice Stte
type name Exon | Intron Presumptive Branch Site Infron | Exon
M2TYDe ATACInony  consensus: | IEHENREINENS - - ORNEREENCNS - . . . - - . - L §

non-L type Ca™  NCACNL1A4 GAA TGG ccu_ —T--‘--ccu-ncccrrr can
Na'  PSCNAA ATC c;nsm—sc —----Gccc'mcrsrrcaec
L

F s
Na°  hSCNSA GTTcACTm—'-_ ----- AcGlB G cTC TTC AAC
vV H 8§ t F N
Na® mschNea ATACATTC NN ccENNTEEE - - - - cTclBll i AGTC TTC AGC
I H s v F s
WH2-Type GT-AG introns: consensus: T |GTATCCTTT. .TTCCTTAACYNY. ... .... YAG| A
LtypeCa®™ NCACNLIAT GAA TGG AAIG_C--_--CTTTCT-GIACCA TTTGAA
E F €
Ltype Ca™ hCACNL1AZ GAA TGGAAIG_ IA_AIA--TTTTTT-GIACCA TTT GAC
F E
Ltype Ca® hCACNLIA3 GAA TGGAA[G_C c_----ccrc-eu;ccc TTC GAG
E W K F D
Na®  PpSCN1 ACT CAT cA | GEINENNENN - -T_A‘TTACTAAAIGIATATTTTGAA
T #® R Y F E
Na”  mscNita GTc cac Te iGN - WEEERNA TG -caccTcafllc ic TGG TTC TCC
vV H S W F s
U2-Type GT-AG ntron; consensus: [GTRAGT....... YY.TRAY. . .YYYYYYY.YAG|G
L-type Ca* €19 GAA TGG AA | IENAGTHATT Ll\ic‘ATTTT-GIACCA TTC GAG
E wW K P F o

GTHETTC ATHA
AT TAC AATEAAA
*Shaded residues match the UJ12-Type AT-AC intron consensus

*The complete intron ssquence is shown for the nematode gene (Egi-19) with two possidilities for the branch site consensus
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DISCUSSION

PpSCN1 and the evolution of Na* channel genes

Voltage-dependent Na® channels constitute a multi-gene family of channels, likely
with members in all metazoan phyla, from cnidarians to mammals (Goldin, 1995). To
date, the exon-intron structure has been determined for four out of twelve of the Na*
channel isoforms that have been characterized in mammals (Goldin, 1995). Three
mammalian genes in which the genomic structure is known are associated with
genetically-related diseases: hyperkalemic periodic paralysis and paramyotonia congenita
(SCN4A) (Cannon, 1994; George et al., 1993; McClatchey et al., 1992), long QT
syndrome (SCN5A) (Wang et al., 1996) and motor endplate disease (SCN8A) (Burgess
et al., 1995; Plummer et al., 1997). Outside of mammals, partial genomic structures have
been reported for fruit fly genes in D. melanogaster, Para (Loughney et al., 1989) and
DSCI1 (Salkoff et al., 1987). Cnidarians are the simplest metazoans with discrete nervous
systems and express typical, rapid, transient voltage-gated currents carried exclusively by
Na". As shown in the phylogenetic tree based on amino-acid sequence homology (fig. 5-
2), the cnidarian Na* channel genes are deeply branched with respect to the other
metazoans. This is consistent with fossil evidence and organism phylogeny which place
the divergence of the cnidarians early in metazoan history, ~600-1000 million years ago

(Morris, 1993).
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The close similarity of sequence among Na" channels permits the alignment of
many of the regions containing introns, thus allowing us to evaluate whether they are
homologous sites. 85% of the intron splice-junctions are conserved between jellyfish and
mammalian genes in which the genomic structure has been described. It is a striking
level of conservation considering the enormous time since cnidarian and mammalian
lineages separated. It is likely that the primary arrangement of most exons is retained
from the earliest Na* channels in the common ancestor of the metazoans.

Ion channels appear to have evolved in a pattern that is similar to other major
multi-gene families (Iwabe et al., 1996). Gene duplications and subsequent divergences
lead to novel paralogues with distinctive functions, like L, non-L and T-type Ca**
channels and Na" channels, before the protostome-deuterostome separation (fig. 5-2)
(Ohta, 1991; Ohta, 1994). Paralogues subsequently evolved within sodium and calcium
channels, giving rise to further branching, such as the A, B, E, C, D and S classes in
calcium channels. In Ca®* channel genes of L-type, (class C, D, S) and non-L type Ca**
channels in mammals (class A), one quarter of the intron sites are in homologous
positions to those in PpSCN1 and mammalian Na* channel genes. This indicates that
some of the introns are probably descended from a common ancestor of the L and non-L
type Ca® channels and Na* channels. The original form of the first Ca2* channel is
unclear, but since there is a single cation channel gene in yeast genomes with a shared

Na*and Ca®" channel homology (Van Der Aart et al., 1996), it is possible that the four-
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domain ancestor originated before the radiation of eukaryotes (protists, plants, fungi,

animals), at least a billion years ago.

Structural evolution within the sodium channel gene family

Comparative analysis among channels provides an approach to evaluating the
tolerance of structural features to evolutionary changes, and to hypothesizing which
differences are due to adaptive structural changes taken by different channel types. In
general the level of similarity between Na” channel regions can be ranked into three
groups: 1) Highly conserved regions, specifically the membrane spanning portions of the
domains (D1 through D4), and the short, cytoplasmic linker ID3-4; 2) Regions of
intermediate similarity found in the extracellular loops; 3) Regions of lowest similarity in
the long intracellular loops ID1-2 and ID2-3, and the amino- and carboxyl- termini
(Catterall, 1996; Fozzard and Hanck, 1996).

Ca’* channels (L and non-L types) share a similar pattern of sequence
conservation as Na" channels, but differ by having approximately twice as many introns
as Na" channels (Hogan et al., 1994; Ophoff et al., 1996; Peixoto et al., 1997; Soldatov,
1994; Yamada ez al., 1995). Over one-third of these introns are found in the relatively
long C-terminus of most Ca®>" channels, after the position of the last intron in Na*
channels (DIV, S3). In all cases the intron sites conserved among Ca®>* and Na* channels

are found in the most highly conserved regions of the protein sequence while the intron
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sites that are unique to specific genes are found in the unconserved regions. The
uniqueness is not due to an inability to align highly divergent sequences, since the
number and phase of those introns in the long extracellular loop, D1/S5-P and
intracellular loops ID1-2 and ID2-3 differ among the various channels.

The low sequence similarity suggests that these regions are not involved in the
fundamental and shared characteristics of Na*and Ca* channels such as ion selectivity,
voltage-sensing, activation and inactivation (Catterall, 1996). The structural variety of
these regions probably represents a range of changes during evolution, some that led to
features tailored to individual cellular environments.

For example, the highly divergent [D1-2 has a range of sizes (see fig. 5-5) from
PpSCNT1 (97 aa) to the long cytoplasmic loop in the fruit fly gene, Para (384 aa).
Phosphorylation of the long ID1-2 loops found in the Na™ channels of rat brain SCN2A
(329 aa) and heart SCNSA (299 aa) at protein kinase A (PKA) sites results is an increase
or decrease in the size of the channel current amplitude (Cukierman, 1996). In rat heart
cells, activation of PKA, causes Na" channels to become more Ca** permeable (Santana
et al., 1998). Para contains two consensus PKA sites, one of which is contained in an
alternatively spliced exon A, shown to be associated with expression of high Na* current
density (O'Dowd et al., 1995). On the other hand, SCN4A has a short ID1-2 loop (126
aa) similar in size to PpSCN1 and contains no consensus sites for phosphorylation by

PKA. The high variability in size, sequence and number of PKA sites in ID1-2, suggest
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that phosphorylation site-rich fragments in ID1-2 have evolved in each channel subtype
for specialized regulatory roles.

Like ID1-2, the extracellular loop S5-P in D1 is variable among Na" channels,
ranging from 72 aa (PpSCN1) to 121 aa (SCN4A). S5-P in Na' channels is also
approximately twice the size in D1 (mean + S.E.M. = 86 + 2.69, for n=20'2) than the
corresponding region in D3 (42 + 0.85 for n=20'%). Despite their differences in size and
sequence in Na" channels, an obvious kinship between the extracellular loops in D1 and
D3 is evident by the high density of N-linked glycosylation sites in both these loops
(average £ S.E.M. = 6.2 * 1.2 sites, range = 4 to 10 sites, n=20'%) and the presence of two
conserved glycosylation sites in homologous positions in Na" channels from jellyfish to
mammals. In an alignment of D1/S5-P and D3/S5-P, it appears that N-glycosylation rich
sequences between the conserved N-glycosylation sites in the mammalian Na* channels
are largely responsible for the major differences in extracellular loop sizes in D1 between
these channels and PpSCN1 (fig. 5-6). The role of N-glycosylation in Na* channels is
not clear, but in general N-glycosylation is reported to stabilize the proteins’ secondary
structures, folding, processing and directing newly-manufactured channels to the plasma
membrane (Fozzard and Hanck, 1996). Differences between the density and distribution
of N-glycosylation sites may be key elements in differential expression of channel
subtypes. Furthermore, the closeness of the N-linked glycosylation sites to the pore-

forming P-loop, in D1 and D3, suggests that channel differences in sialation may be

2 Na" channel genes are the same as those in the phylogenetic tree (fig. 5-2).
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responsible for differences in ion permeability and the effectiveness of pore-occluding
toxins (Recio-Pinto et al., 1990).

Thus it appears that changes in the numbers and locations of introns are
associated with the large evolutionary changes seen in regions of low sequence

conservation.

Genetic diversity and alternative-splicing in sodium channels

The complete genomic region spanning the Na* channel cDNA of PpSCN1 has
been sequenced. This gene does not appear to contain alternative-spliced variants.
Northern and Southern blot analysis support this. Only a single ~6.0 kb mRNA transcript
is discernible on a Northern blot, using cDNA and genomic probes created from the 5°
and 3’ ends of the Na" channel, respectively (see Chapter 4), and only the predicted
PpSCNI1 gene is evident using 5 genomic probes based on fragments along most of the
Na" channel (fig. 5-1). Synonymous substitutions were found in the DNA sequence in
PpSCNT and are likely polymorphisms since tissues were pooled from many jellyfish to
construct the cDNA and genomic libraries and most of the differences that appear
between the cDNAs (9 out of 15) were identified in the two genomic clones, with
PpSCN1.1g corresponding to cDNA fragments PpSCN1.1Ac and PpSCN1.1Bc, and
PpSCN1.2g to cDNA fragments PpSCN1.2Ac and PpSCN1.2Bc. Numerous sequence

variations have been reported for other cation channel genes and were considered either
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polymorphisms, cloning artifacts or possible variations due to post-transcriptional RNA
editing (George et al., 1993; Ophoff et al., 1996; Peixoto et al., 1997).

Alternatively-spliced variants of Na* channels have been found in a few
vertebrate genes (SCN2A, SCN3A (Belcher et al., 1995; Gustafson et al., 1993; Sarao et
al., 1991; Schaller et al., 1992) and SCN8A) (Burgess et al., 1995), but so far, there is
considerably more diversity due to the presence of at least a dozen separate pore-forming
a subunit genes (Goldin, 1995). In comparison, we have been able to isolate only the
single gene PpSCNI1 in P. penicillatus (see Chapter 4) and no more than two pore-
forming o subunit genes have been detected so far from any single invertebrate species
(cnidarians, nematodes, arthropods, mollusks). The fruit fly, for example, appears to use
post-transcriptional modification of the same gene as a strategy to generate genetic
diversity in Na* channels (see Para, fig. 5-5) as well as in Shaker K* channels (Kamb er
al., 1988; Schwarz er al., 1988) and Ca** channels (Peixoto et al., 1997). Without
alternative-splicing in Na" channels, it may be that P. penicillatus compensates for the
lack of genetic diversity in o subunits by alterations in phosphorylation (Cukierman,
1996) and or activity of accessory subunits as has been shown for other Na* channels
(Adelman, 1995).

The question of whether alternative exons originate as far back as the two domain
precursor of Ca?* and Na* channels has been raised by Plummer and coworkers (1997).
They discovered that similarly placed protein segments, which span part of segment 3

and segment 4 in D1 and D3 of the vertebrate Na* channel SCN8A, are each encoded by
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alternative (neonatal and adult) exons, with a relatively short intron separating the
neonatal form, which lies upstream from tne adult form in the gene. The positions of the
alternative exons in SCN8A are equivalent to exons numbered 5 and 16 in PpSCN1. If
exons numbered 5 and 16 in PpSCN1 are to be regarded as homologues, intron-splice
Jjunctions must have “slipped” nucleotide positions 5 bp and 8 bp, respectively from each
other since D1 and D3 diverged in the two domain precursor of Ca®* and Na* channels
(fig. 5-7). If the shared homology of exon 5 and 16 in PpSCN1 extends to Ca>* channels,
then the equivalent splice site numbered 15 in PpSCN1 for Ca®>* channels would either
have “slipped” at least 26 bp, or have been secondarily lost in Ca®* channels (fig. 5-7).
Apparent intron slippage is not likely due to an alignment ambiguity of amino-acid

sequences because there is also a difference in intron phase for each pair.
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PpSCN1 D1
SCNBA D1
CACNL1A1 O1

CACNLIAID3 YFNILODLLVYVS

AWNWLODFLVV ILIRY TTMSPHIN---«c---- LKAMV
PWNWLOFSVIMM
GWNLLDFI IVVY

LFSAILEQA. ..GKGAGFDVKALRAFRVLRPLRLVSGVP

FWNLLOVF I VC
AWCWLOFL ! VA

Figure 5-7. Positions of introns in an alignment of amino acid sequences from segments 3 and 4 in

domains | and 3, with the position (inverted residues) and phase of introns indicated for Na" channel genes
PpSCNI1 (hydrozoan jellyfish) and SCN8A (mouse brain and spinal cord), and an L-type Ca®" channel gene
(CACNLIAL). The alternatively transcribed exons in adult mice in domain 1 (SA) and domain 3 (18A) of
SCNBA are shaded. To save space, ten amino acids are removed in CACNL1A1 between S3 and S4 in D1.
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Allowances for intron slippage (up to 12 bp) has been advocated by those
proposing an early appearance of introns in evolution, because it provides a greater
percentage of introns in homologous positions between prokaryotes, Archaebacteria and
eukaryotes (Gilbert and Glynias, 1993; Long et al., 1995). Recently, allowances for
intron slippage and the “introns early“ viewpoint have been criticized because of the
extremely high slippage rates of introns that is required to correlate boundary positions of
protein coding units, and a lack of evidence that intron slippage is a wide-spread
phenomenon (Logsdon et al., 1995; Rzhetsky et al., 1997, Stoltzfus et al., 1997).
Without intron slippage it is difficult to argue for the possible homology of alternative
exons (Plummer et al., 1997), or introns (George et al., 1993) in the two domain
precursor of Ca®* and Na* channels. More definitive support for an early appearance of
alternative exons or introns in a two domain precursor of Ca®>" and Na* channels may
come from a more extensive phylogenetic survey of genomic structures in Ca?* and Na*
channels. At the present time, outside of the closely-related SCN2A, SCN3A and
SCNB8A Na" channels in mammals, only a Drosophila non-L type Ca®* channel contains
a homologously-placed, alternative-spliced variant for exon #5 in PpSCN1 (Peixoto et
al., 1997) and only vertebrate orthologues of SCN8A contain multiple alternative-spliced

variants of exon #16 in PpSCN1 (Plummer et al., 1997).
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Evolution of the U2 and U12 spliceosome mechanisms

in calcium and sodium channels

The homologous intron in SCN4A to intron #2 of PpSCN1 has been shown to be
processed by a rare “Ul2-type” pre-mRNA splicing machinery (Hall and Padgett, 1996;
Tarn and Steitz, 1996; Wu and Krainer, 1996). This type of intron uses a different set of
small nuclear ribonucleoproteins to the standard U2-type and is more rare, likely
represented by less that 0.1% of total introns (Sharp and Burge, 1997).

Based on intron sequences, the U12-type spliceosome mechanism appears to be
retained in the homologous position in almost all members of the voltage-gated Ca**
channels (L and non-L type) and Na* channels, from jellyfish to mammals. The stability
of this splice site is striking when it is considered that it is retained throughout the
evolution of two functionally different metazoan ion channel classes at a single site.
Having two mechanisms in a single gene means that shuffling during non-homologous
DNA recombination will juxtapose intron-exon boundaries that are spliced under
different, incompatible spliccosome mechanisms (Sharp and Burge, 1997). The
incompatibility of the two splicing mechanisms has been demonstrated for the
homologous U12-type intron in the mouse Na* channel gene, SCN8A, where mutations
at the mouse locus “motor endplate disease”, lead to a possible matchup of U12 and U2-
type splice sites resulted in exons being skipped in order to maintain compatible donor

and acceptor splice sites (Kohrman et al., 1996).
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It has been proposed that the U12-type is the rare splicing mechanism because of
its more extensive recognition sequence at the 5’ donor splice and branch sites compared
to the U2-type (Kohrman et al., 1996). The accumulation of mutations in consensus
sequences should, over time, iead to a conversion of a U12-type splice site to one
recognized by a U2-type rather than to the modifications required to convert a U2 to a
Ul2-type (Sharp and Burge, 1997). We surveyed genomic sequences for this family of
ion channels and found one apparent case of the conversion of the U12 to U2-type ina C.
elegans clone described by (Lee et al., 1997). Egl-19 appears to operate under the U2-
type splicing mechanism, based on the recognition sequences that are closer to the
consensus for the U2-type than the U12-type splicing mechanism (Table 5-3). The 4", 5%
and 6" position from the 5’ donor sequence of the U12-type are invariant as TCC in all
known genes (Sharp and Burge, 1997), but Egl-/9 has AGT which matches the U2-type
consensus. The whole intron is displayed for Eg/-/9 in Table 5-3, but the two
possibilities for the U12-Type branch site are a poor fit.

Voltage-gated Ca*" and Na* channels have a wide distribution of AT-AC and GT-
AG sequences delimiting the donor and acceptor sites in the U12-type intron of voltage-
gated Na* and Ca’* channels, suggesting that the conversion between GT-AG and AT-
AC appears to be common. GenBank database searches reveal that AT-AC and GT-AG
are present in introns for both the U2 and U12-type introns but the AT-AC boundaries are
much less abundant (Dietrich et al., 1997; Sharp and Burge, 1997). One rare U2-type

intron, with AT-AC boundaries, was identified in introns numbered 21 and 25 in Na*



5. Na® channel gene in P. penicillatus: Structure of the gene 161

channels SCN4A and SCNS5A, respectively, located at the 5° end of the conserved,
cytoplasmic linker between domains III and [V (Wu and Krainer, 1997). This rare AT-
AC, U2-type intron may have been introduced in Na" channels and secondarily lost in
PpSCN1, since this intron appears to be missing in Ca®* channels but present in at least
one Na" channel of fruit fly (DSC1) and in the sea hare, Aplysia california (Dietrich et
al., 1997).

A comparative approach provides valuable insights into the understanding of the
structure and function of voltage-gated Na” channels. In this chapter it is shown that the
arrangement of exons and different intron splicing mechanisms are remarkably conserved
from jellyfish to mammalian Na" channels, with partial conservation of intron positions
in L and non-L type Ca** channels. Regional differences in Na” channels appear to
correspond to potential adaptive roles among channel types, for example,
phosphorylation by protein kinase A, glycosylation and post-transcriptional modification.
Outside of the specialized modifications in Na" channel genes, the organization and
fundamental composition of the genetic template for Na* channels has undergone few
changes since it was laid down in the common ancestors of diploblasts and triploblasts,

~600 million to 1 billion years ago (Morris, 1993).
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CHAPTER 6 GENERAL DISCUSSION AND CONCLUSIONS

IMPLICATIONS FOR THE EVOLUTION OF VOLTAGE-GATED SODIUM CHANNELS
FROM A STUDY OF SODIUM CURRENTS AND CHANNELS FROM THE
HYDROZOAN JELLYFISH, POLYORCHIS PENICILLATUS

This thesis describes a study of cnidarian Na" channels and currents using
molecular biological and electrophysiological techniques, undertaken with the aim of
looking for clues concerning the evolution of Na’ channels. It features a detailed
description of a sodium current in swimming motor neurons (SMN) (Chapter 2 and 3), a
partial description of another sodium current in B neurons (Chapter 3), and the structure
of a full-length sodium channel gene and transcript (Chapter 4 and 5) from Polyorchis
penicillatus.

Functional comparisons between currents from jellyfish and triploblasts, and
alignments of their genes underscore possible structural-functional similarities and
differences. Similarity of features of the jellyfish gene and currents to those in
triploblasts is suggestive of possible ancestral features that may be present in Na*
channels of the first nervous system-bearing animals, the common ancestor of cnidarians
and other metazoans that lived ~600 million to 1 billion years ago (Morris, 1993). The

use of cnidarians as a means to provide insight into evolution of metazoan nervous
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systems is best stated by George Mackie, “There really is no better group in which to
look for clues ™.

The four most important issues that were addressed in the first five
chapters of this thesis will be discussed in this, the final and sixth chapter. These four
issues are phrased as questions (A to D):

A) What are the common features of sodium channels in jellyfish and other
metazoans? Did Na" channels of jellyfish and mammals arise from the same gene in a
common ancestor?

B) What are the features of Na* channels that are shared with Ca* channels, the
presumed ancestors of Na* channels? Do Na” channels in jellyfish resemble Ca®*
channels more than other Na* channels?

C) How does the structural and functional diversity of Na* channels in P.
penicillatus compare to the diversity in mammals? Why are there functionally diverse
Na" currents in jellyfish? What are the structures that are responsible for the
electrophysiologically separable Na* currents described in SMNs and B neurons (Chapter
3)?

D) What are the major differences between jellyfish and other metazoan Na*

channels? Are the poorly conserved regions the result of changes arising from the

13Excerpt from the first paragraph addressed at the plenary lecture by the “grandfather of
jellyfish neurobiology” George O. Mackie for the NATO Advanced Research Workshop:
“Evolution of the First Nervous Systems”, St. Andrews University, Scotland, July 1989.
(See title page for full quotation).
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absence of selection acting upon channel types or are some of the differences between
different channels due to unique adaptations of individual channel types?
The last section, E, of this final chapter incorporates the research findings in this

thesis in a unifying proposal for the evolution of voltage-gated ion channels.

A. COMMON FEATURES BETWEEN
JELLYFISH AND MAMMALIAN NA" CHANNELS

Na" ions play a role as the major inward current responsible for the upstroke of
action potentials in swimming motor neurons (SMNs) of the jellyfish Polyorchis
penicillatus as in most neurons of metazoans. In Chapter 3, [ show that the plateau of
SMN spikes is maintained mostly by sodium influx since the very slowly inactivating
component of the Na* current in SMNs is almost two orders of magnitude larger than the
sustained Ca®* current, HVA-s. Maintenance of the plateau by Na* ions has functional
consequences since the variably expressed plateau phase has been shown to modulate
transmitter release onto the post-synaptic, epithelio-muscular cells (Spencer et al., 1989;
Spencer, 1982). Considering that the cnidarians are the simplest extant organisms to
have Na'-dependent action potentials and a discrete nervous system, it is likely that the
first appearance of Na* currents as major carriers of action potentials occurred in nervous

systems of ancient animals resembling the cnidarians. The next question to be addressed
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is whether cnidarian and Na* channels of other metazoans are derived from the same
gene in common ancestors.

The structural features of Na* channels contained in the major membrane-
spanning domains and short cytoplasmic linker between domains III and [V, where there
is a high degree of similarity (~70%) between the putative amino acid sequence of the
jellyfish clone PpSCN1 and representative Na” channels from non-cnidarian species (see
Chapter 4), are implicated in the fundamental properties of Na* channels: ion selectivity,
voltage-sensing, activation and inactivation.

The critical residue differences that are considered to distinguish the pores of Na”
channels from Ca®* channels in mammals (Heinemann et al., 1992) are similar but not
identical to the residue differences in the jellyfish Na* channel PpSCN1 (Chapter 4). A
highly conserved pore was also suggested by the very similar relative permeabilities to
monovalent cations in SMNs when compared with Na* channels in other species
(Chapter 3).

Besides ion selectivity, other major features that appear to be conserved in
jellyfish Na" channels include the property of channel opening (activation) and
subsequent inactivation. In Na" currents of SMNs, the rate of activation was typical of
other metazoan Na" currents in being rapid and steeply voltage-dependent (see Chapter
3). The structural elements that current models propose to be responsible for voltage-

sensitive opening of Na" channels are conserved in the jellyfish Na* channel PpSCN1
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with repeating positive charges every third amino acid in the 4™ transmembrane segments
of each of the four domains (Chapter 4).

[nactivation, as for many other Na* currents, was rapid and could be fitted with
two exponents in SMNs (Chapter 4). The fast component of inactivation is thought to
involve the short highly conserved cytoplasmic loop between domains III-IV, which is 54
amino acids long in the jellyfish Na* channel clone PpSCNI1 and is the same size (53 or
54 amino acids) in most Na” channels (Catterall, 1996). In particular, the most critical
residues of the inactivation receptor for fast inactivation decay are three hydrophobic
amino acids (IFM) that are conserved in almost all known Na" channels (Catterall, 1996),
including the jellyfish channel, PpSCNI1.

Not only is there similarity in the structure and function of jellyfish and
mammalian Na* channels, but the organization of exons (coding regions) in Na* channel
genes are also very similar (Chapter 5). 85% of the intron splice sites partition the coding
region in the same homologous position in mammalian channels from human skeletal
muscle SCN4A, human heart SCN5A and mouse sensory neurons SCN10A (Chapter 5).
The intron positions are highly conserved in Na* channels from jellyfish to mammals, in
spite of the lack of similarity of intron sequences and large differences in intron sizes
among the Na“ channel genes (Chapter 5).

One intron in the jellyfish Na* channel PpSCNI, intron 2, is homologous to an
intron in 2 Na* channel gene from human skeletal muscle (SCN4A) that is known to be

spliced by an extremely rare U12 type spliceosome likely represented by less than 0.1%
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of total introns (Sharp and Burge, 1997). Despite the rarity of the intron type, the Ul2-
type splice site appears to be retained in the homologous position in almost all Ca*" and
Na" channels, including intron 2 in PpSCN1, based on intron sequences.

The similar arrangement of exons and their different spliceosome mechanisms,
the high conservation of major structural features between jellyfish and mammalian Na"
channel genes and their recorded currents, suggest that Na™ channels likely originated in
the common ancestors of diploblasts and triploblasts, ~600 million to 1 billion years ago

(Morris, 1993).

B. CONSERVED FEATURES BETWEEN JELLYFISH AND MAMMALIAN NA®

CHANNELS AND CA%* CHANNELS

The immediate ancestral molecules to the Na* channels were likely Ca®* channels
with four domains. The kinship of Na* channels and Ca** channels can be traced in their
domain similarities. Each domain of the Na* channel has a greater structural similarity to
the corresponding domain in Ca®>* channels than to any other of its own domains or to any
other gene (Strong et al., 1993).

A common origin of Na* channels and Ca®* channels is also apparent in the

placement of intron splice sites. 25% of the intron splice sites found in the jellyfish Na*
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channel clone PpSCN1 and mammalian Na" channel genes are also found in homologous
positions in mammalian Ca®* channels (Chapter 5).

The most parsimonious phylogenetic tree based on aligned amino acid sequences
of channel proteins suggests that Na” channels resemble T-Type Ca®* channels more than
non-L or L-type Ca*" channels (Chapter 5). Na* channels also resemble T-Type Ca**
channels kinetically. They are both transient, inward currents that are rapidly activating
and inactivating.

As few as two residue differences (Heinemann er al., 1993) or phosphorylation of
residues (Santana ef al., 1998) in the pore separate Ca’" from Na” selectivity. With such
small differences distinguishing Na* and Ca’* channels, in comparison to the large sizes
of each of the proteins, one may expect channels to exist with characteristics of both
channel types, including a channel with intermediate selectivity or pharmacology
between Na” and Ca®* channels. A suitable place to start looking for hybrid Ca**-Na*
channels is in the cnidarians, given their basal position in the Metazoa and the apparent
simplicity of their nervous system.

In SMNs, Na" currents are not sensitive to typical Na” channel drugs, including
tetrodotoxin (Chapter 2). However, despite their lack of definition by conventional Na*
channel pharmacology, they do not have a pharmacological profile that is similar to Ca**
channels either. In SMNs, Na* currents are clearly distinct from Ca’* currents in their
kinetics and pharmacology (Chapter 2), as are most Na* and Ca®" currents observed in

neurons of other metazoans (Hille, 1992).
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The structure of the Na* channel gene, PpSCNI1, from P. penicillatus also is
clearly distinct from Ca®* channels. PpSCNT1 is deeply branched in the most
parsimonious phylogenetic tree of Na* and Ca’* channels, but groups with other Na*
channels in overall structural similarity. PpSCNI, like all Na* channels isolated to date,
is more distantly related to Ca*" channels than it is to other Na* channels (Chapter 4 and

5).

Consistent with the clear placement of jellyfish Na* channels in the classification
of metazoan Na“ channels is the placement of the other voltage-gated ion channels
studied in P. penicillatus. Subfamily members of voltage-gated K channels such as the
Shaker and Shal relatives have been cloned from P. penicillatus and expressed in
Xenopus oocytes (Jegla et al., 1995; Jegla and Salkoff, 1997). The characteristics of the
expressed K" currents resemble the fly and mammalian homologues to such a degree that
they have been used as alternative models for studying voltage-sensitivity (Grigoriev et
al., 1997), K*-sensitive C-type inactivation (Grigoriev et al., 1998) and modulation of K*
channels by accessory subunits (Jegla and Salkoff, 1997). Ca®* channel homologues are
also likely to be present in P. penicillatus, given that an L-type Ca”" channel has been
recently cloned and expressed in Xenopus oocytes from a scyphozoan jellyifish, Cyanea
capillata (Jeziorski et al., 1997a). Thus, all things considered, it appears that the
diversification of the ion channel families (K*, Ca** and Na*) precedes the appearance of
cnidarian-like forms at a time before or during the earliest period of the metazoan

radiation. This in turn suggests that a transitional Na*-Ca®* channel hybrid is probably
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not present in Cnidaria because they have a “fully evolved” suite of differentiated ion

channels.

C. DIVERSITY OF SODIUM CHANNELS AND CURRENTS
IN POLYORCHIS PENICILLATUS

Sodium channels do not appear to have as much structural and functional
diversity as the other voltage-gated ion channels, the K and Ca®" channels. The relative
absence of diversity in Na" channels likely relates to its very specialized role in high
frequency signaling and rapid propagation (Hille, 1992). Nonetheless, sodium channels
do show diversity in functional and pharmacological properties. Many voltage-gated
sodium currents have been differentiated by their inactivation kinetics, ranging from very
fast (Hille, 1992), to slow (Alonso and Llinas, 1989), to non-inactivating (Taylor, 1993).
Different inactivation kinetics of sodium channels can influence action potential shape
and play significant physiological roles in mammals (Campbell, 1992).

In P. penicillatus, at least three electrophysiologically distinguishable sodium
currents are present. There is a slowly activating and slowly inactivating sodium current
in the electically excitable epithelium, which is inhibited by high concentrations of
internal calcium (Grigoriev and Spencer, 1996). In contrast, “B” neurons in P.
penicillatus have short duration, sodium-dependent action potentials (Spencer and Arkett,
1984). In Chapter 3, it was shown that the sodium current responsible for the action

potential of “B” neurons shows rapid inactivation and recovery from inactivation (<5 ms)
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(Grigoriev et al., 1996). The rapid inactivation recovery rate enables “B” neurons to fire
at frequencies as high as 10 Hz (Spencer and Arkett, 1984). Lastly, in Chapter 3 that are
kinetically similar to mammalian cardiac channels, with rates of recovery from
inactivation ~10 fold slower than typical mammalian neurons (Grigoriev et al., 1996),
were described in swim motor neurons (SMNs). The non-neuronal like morphology of
SMN:s and the slow inactivation recovery rate of their Na” currents indicate that these
neurons have properties that are more “cardiac-like” than “neuron-like”. An argument
can be made that the non-neuronal properties of the “cardiac-like” current in SMNs may
have arisen by convergence since in both cases, the spread of excitatory waves occurs in
a syncytial network that is prone to re-entry. In the heart and network of SMNss, a slow
recovery rate from inactivation prevents re-entry and disruption of the rhythmic input that
leads to synchronous contractions of the heart and jellyfish bell (Fye, 1987).

In mammals, expression of different a subunit genes is responsible for the
electrical and pharmacological differences between neuronal, skeletal muscle and cardiac
sodium channels (Goldin, 1995). A least a dozen mammalian sodium channel genes are
known, many of which have alternatively-spliced variants (Goldin, 1995). The properties
of sodium channels in mammals are also modified by the presence of accessory subunits
and by phosphorylation (Adelman, 1995), thus creating ample structural and hence
functional diversity.

In comparison, no more than two o subunit genes have been detected so far from

any single invertebrate species (cnidarians, nematodes, mollusks, insects). Even though
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jellyfish have functionally diverse sodium currents, PpSCN1 is the only sodium channel
o subunit in P. penicillatus that we have detected (Chapter 4 and 5).

In mammals the kinetic properties of o subunits can be modified by co-expression
with small accessory, B subunits (Goldin, 1995). Functional expression of the
Drosophila o subunit requires an accessory subunit, TipE that is not homologous to the
mammalian  subunit (Feng et al., 1995). We have not yet attempted to express
PpSCNI, but it is probable that, like the other invertebrate a. subunit clones (cnidarian
(Anderson et al., 1993; White et al., 1998), flatworm (Jeziorski et al., 1997b) and
molluscan (Dyer et al., 1997; Rosenthal and Gilly, 1993; Sato and Matsumoto, 1992)), it
requires unique accessory subunits for functional expression.

Although no alternatively spliced variants were found in the jellyfish gene,
PpSCNT1 (Chapter 5), one invertebrate, the fruit fly, Drosophila melanogaster, appears to
use alternative splicing of a single gene as a strategy to generate functional diversity in
Na® channels (see Para, fig. 5-5) as well as in Shaker K* channels (Kamb er al., 1988;
Schwarz et al., 1988) and Ca?" channels (Peixoto et al., 1997). Without alternative-
splicing in Na* channels, it may be that P. penicillatus compensates for the lack of
genetic diversity in o subunits by alterations in phosphorylation (Cukierman, 1996) and
or activity of accessory subunits as has been shown for other Na* channels (Adelman,
1995). It also may be that there are other sodium-selective channel genes present in P.

penicillatus with sufficiently different structures that the molecular techniques used to
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isolate PpSCN1, which were designed to clone a sodium channel gene of close similarity

to known channels, could not detect.

D. ADAPTIVE FEATURES OF JELLYFISH AND
OTHER METAZOAN NA" CHANNELS

Comparative analysis among channels provides an approach to evaluate the
tolerance of structural features to evolutionary changes, and to hypothesize which
differences are due to adaptive structural changes taken by different channel types.
Between Na” channels, major differences in sizes and sequences exist in the amino- and
carboxyl-termini, the extracellular loop in domain I (D/S5-P), and the cytoplasmic loops
between domains I and II (ID1-2) and between domains II and III (ID2-3) (Chapter 4 and
5).

In all cases, the intron sites conserved among jellyfish and mammalian Na*
channels are found in the most highly conserved regions of the protein sequences while
the intron sites that are unique to specific genes are found in the unconserved regions
(Chapter 5). The differences between Na* channels are not solely due to an inability to
align highly divergent sequences, since the number and phase of those introns in the long
extracellular loop, D1/85-P and intracellular loops ID1-2 and ID2-3 differ among the

various channels.
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The differences between the jellyfish and mammalian genes correspond to
sequences that are rich in phosphorylation sites and structural motifs for binding
cytoplasmic proteins (cytoplasmic loops ID1-2, ID2-3 and the carboxyl-terminus) and
glycosylation sites (extracellular loop in domain I) (Chapter 5).

Phosphorylation of the long cytoplasmic loops in ID1-2 in mammalian brain and
heart channels at protein kinase A (PKA) sites leads to a change in the current size of the
channels (Cukierman, 1996). In mammalian heart cells, activation of PKA causes Na*
channels to become more Ca** permeable (Santana ef al., 1998). Para, a Na' channel
from fruit fly contains two consensus PKA sites, one of which is contained in
alternatively spliced exon A, shown to be associated with expression of high Na* current
density (O’Dowd et al., 1995). On the other hand, the Na* channel in mammalian
skeletal muscle has a short cytoplasmic loop like the jellyfish channel PpSCN1 and
contain no consensus sites for phosphorylation by PKA. The high variability in size,
sequence and number of PKA sites, suggest that phosphorylation site-rich fragments in
ID1-2 have evolved in each channel subtype for specialized regulatory roles.

Like ID1-2, the extracellular loop in D1 (D1/S5-P) is variable in size, yet has an
obvious kinship with the corresponding extracellular loop in D3 by the high density of N-
linked glycosylation sites in both of these loops and the presence of two conserved
glycosylation sites in homologous positions in Na* channels from jellyfish to mammals.
In an alignment of the extracellular loops in domains [ and III (D1/S5-P and D3/S5-P), it

appears that N-glycosylation rich sequences between the conserved N-glycosylation sites
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in the mammalian Na* channels are largely responsible for the major differences in
extracellular loop sizes in domain I between these channels and PpSCN1 (Chapter 5).
The role of N-glycosylation in Na* channels is not clear, but in general N-glycosylation is
reported to stabilize the proteins’ secondary structures, folding, processing and directing
newly-manufactured channels to the plasma membrane (Fozzard and Hanck, 1996).
Differences between the density and distribution of N-glycosylation sites may be key
elements in differential expression of channel subtypes. Furthermore, the closeness of
the N-linked glycosylation sites to the pore-forming P-loops in domains I and III, suggest
that channel differences in sialation may be responsible for differences in ion
permeability and the effectiveness of pore-occluding toxins (Recio-Pinto et al., 1990).
Thus it appears that changes in the numbers and locations of introns are
associated with large evolutionary changes seen in regions of low sequence conservation.

These changes appear to correspond to specialized features of individual channel types.
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E. HYPOTHETICAL EVOLUTION OF VOLTAGE-GATED ION CHANNELS

The time will come I believe, though I shall not live to see it,
when we shall have very fairly true genealogical trees of each
great kingdom of nature.

Charles Darwin

The advent of molecular cloning has produced large databases of cloned genes
across the major kingdoms of life, making it attractive to build phylogenetic relationships
of ion channels from trees generated from gene structures and functional characteristics

gathered from electrophysiology.

A. Structural evolution of ion channels

The simplest K" channels have two transmembrane segments (2TM) bounding the
pore-forming, P-loop and belong to the inward rectifier family in metazoans (fig. 6-1).
They also can be thought of as the most functionally simple, stripped down channels
consisting primarily of the K*-selective elements, which in the absence of an extracellular
block by divalent cations, are open at all potentials (Hille, 1992). The other structural

classes appear as modular additions to this two-transmembrane (2TM) construction (fig.
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6-1). Probable derivatives of the 2TM structural class are the 4TM, double-barreled
pored K* channels (fig. 6-1).

The 6TM class of K" channels are voltage-sensitive, which is conferred primarily
by extra segments (S1 through S4) to the 2TM construct. The signature feature of
voltage-sensors are positively-charged amino acids every third residue in 4™ segments
typified by the Shaker subclass and Ca®* and Na* channels (Table 6-1).

Each class of the ion channels can be differentiated by their trademark ion
selective pore. Mapping by open channel blockers, cysteine-scanning mutagenesis
(Sather er al., 1994) and most recently analysis by X-ray crystallography (Doyle et al.,
1998) have established that the pore of these channels has a very narrow selectivity filter
formed by residues in the P-loop (see highlighted residues in Table 6-2). Site-specific
mutations of a very few residues in the selective filter of the P-loop can alter the apparent
selectivity of channels from K™ to more Ca®*-like (Heginbotham et al., 1992), Ca?* to
more Na'-like and Na* to Ca’* (Heinemann et al., 1992). These mutagenesis studies of
ion channel pores underscore how potentially few residues separate these highly
divergent, structural and functional classes. They also hint at an evolutionary progression
of the ion selective filter, and the ion channels themselves, from channels that are
selective for K* to Ca®* to Na".

K"-selectivity appears to be conferred primarily by a “GYG” motif in the P-loop
(Doyle et al., 1998). Ca®>" channels appear to have gaps in the homologous position of

the “YG” of K* channels (Table 6-2). They have a pore that resembles the binding sites
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of calcium chelators like (ethylenediaminetetraacetic acid) EDTA, with the carboxylic
acid groups from the four negatively charged residues, glutamates (E) or aspartates (D) of
each domain, forming a high-affinity pocket for Ca** ions (McCleskey, 1994).

Bacterial species contain both the 2TM and 6TM structural classes, so either class
may be more ancient. Possible caveats to an early origin of K* channels are that the
bacterial channels may be the result of convergence or alternatively, are recent imports
from eukaryotes. Both processes are considered rare, but cannot be dismissed. However,
it would seem quite improbable for convergence to take place in 6TM K" channels of two
different bacterial species (Table 6-2) and for an additional 2TM K* channel to evolve
with the surprisingly conserved K” pore-loop with the trademark “VGYGD” motif (Table
6-2). General structural trends are found between the major transport families and ion
channels, suggestive of convergence in overall design, but have overall low sequence
identities (Jan and Jan 1994; Saier, 1994).

Additional support for an early appearance of 6TM K" channels is the
phylogenetic support in basal eukaryotes. 6TM K" channels are firmly established in the
protists with 6 unique genes so far isolated from the Paramecium tetaurelia, all of which

have the trademark “VGYGD” selective pore (Jegla and Salkoff, 1996).



6. General Discussion 184

[, ] G-E G-K G-A
Metazoans
Metazoans / Fungl L T R ¥ aT™ ‘:?rq-cp e
ccames o A M M - T Y S
T ‘/V ‘——’_/
[]
>
2
g aem oofd cope ova- avao
g cocamewr T[] M N
H ;
S I I
[=]
>
. - are-
P M G-t 1
thetazoans / Plants m“mc&rcm;v;‘l\l:(wm— cZM ’I.I\ ' <
- %
<
[ 2
3
I H
=
- Yoo . aveo =
- | Koume! TR cscmpairose 5
oM LT
:nmmu-h/ /v;l\-l\ Bactera

Figure 6-1. Parsimonious relationships among the structural classes of ion-selective channels with two,
four and six transmembrane segments (2TM, 4TM, 6 TM). Above each channel structure are the amino-
acids that are expected to be important in ion selectivity. The earliest channels may not have been voltage-
sensitive (voltage sensors indicated by “+”s) considering that K" channels from singled celled organisms
(bacteria and Paramecium) and the only non-metazoan Ca** channel found in two yeast species do not have
a well conserved pattern of charges in 4 segments. Both the 2TM and 6TM structural classes exist in
bacterial species, so either structural class may be more ancient. CNG and closely-related EAG and plant
inward rectifying channels are shown intermediate between K™ and Ca®* channels, because of the overall
structural sumlanty with K” channels and the Ca*"-like pore of CNG channels. Na" channels differ from
K" and Ca® in being an almost exclusive property of metazoans. Na" channels are likely derivatives of a
Ca®" channel resembling a T-Type channel with four domains.
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Figure 6-2. Phylogenetic tree of representative invertebrate and vertebrate voltage-gated K~ channels
generated using maximum parsimony. Bootstrap values for each branch point are shown. The tree
contains the following genes, (with their common names, accession numbers): Bacteria: (Escherichia coli,
L 12044); Slo: Caenorhabditis elegans (nematode, Z68104), Mus musculus (mouse, U09383); SK:
Caenorhabditis elegans (nematode, U39744), Homo sapiens (human, U69883); KQT: Caenorhabditis
elegans (nematode, U41556), Homo sapiens (human, U40990); Shal: Polyorchis penicillatus (hydrozoan
jellyfish, U78642), Drosophila melanogaster (fruit fly, M32660), Mus musculus (mouse, M64226); Shaw:
Drosophila melanogaster (fruit fly, M32661), Homo sapiens (human, AF055989); Shab: Drosophila
melanogaster (fruit fly, M32659), Homo sapiens (human, AF026005); Shaker: Polyorchis penicillatus
(hydrozoan jellyfish, U32923), Drosophila melanogaster (fruit fly, M17211), Homo sapiens
(human,L02752); Protist: ciliate Paramecium tetaurelia (ciliate: Pak1, U19907; Pak2, U19908); CNG:
Caenorhabditis elegans (nematode, Z19157), Bos taurus (cow, Q00194); Plant IR: Arabidopsis thaliana
(thale-cress: AKT1, U06745; KATI1, M86990; AKT3, U44745), Solanum tuberosum potato (SKTT1,
X86021); Eag: Drosophila melanogaster (fruit fly, Q02280), Mus musculus (mouse, U04294); Elk:
Drosophila melanogaster (fruit fly, U04246); Erg: Caenorhabditis elegans (nematode, Z35596), Homo
sapiens (human, U04270).
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Table 6-1. Charged Amino Acids in 4th Segments of Representative lon-Selective Channels

Accession Domain
#  Species Name Channe! Description® # Amino Acid Sequance of S4 Segments

L12044  Escherichia coii 6TM K+ channel keh Besicrecirriveiero JHEB

UI9907 Paramecium fetaurelia  6TM K+ channel PaK1 saanyuimL Bv TEvEE

19908 Pak2 FoLavioLvi ot LR

U32922 Polyorchis penicillatus 6TM OR Vg K+channe! (Shaker) iShak1

U32923 _ Polyorchis penicilatus jShak2

268104 Caencrhabditis elegans  6TM OR Slo K™ channel nSio

268104  Caenorhabditis elegans nSlo2

U41556 Caenomabditis elegans  6TMOR KQT K" channel nKQT?

U39744  Caenorhabditis elegans 6TM OR SK K" channel ASK1

X86021  Solanum tubesasum 6TM IR K+ channel SKT1 VSSLFA

MBBI90  Arabidopsis thaliana 6TM IR K+channel KAT1 VKHLFT

735596  Caenohabditis clegans  6TMOREag K™ channel nerg tvBvar

219157  Caenorhabdits elegans ~ 6TM ORCNG K” channel nCNGH vilincLealTe

XB7941  Saccharomyces carevisceae 4x5TM Vg Ca™channel xeraa1 1 G I[f F.P tat L@ tfivnvoTe
2 WLSIFHISEF g4vi 1 sEnL T
3 LsE FReLTALEALEALBeL T
4 1BMGFFLLVIFLFI I PANDTLTE

US5776  Drosophila melanogaster  4x6TM Vg Ca’"chanvel (non-Ltype) Dmcat 1 D L vierLlLvsc i ps
2 v i KqY WS S LRN
3T vigvLRrLET
4 F L QGYTI ?

83075  Cyanea capillata 4x6TM Vig Ca™"channel (L type) Cycat 1 E v PLELVSGVPS
2 v ] VTRIYWESLSN
3L viRPLEA nBaHo
4 F tv@LLSsaGDG! T

L0456  Homo sapiens 4x6TM Vig Ca™ channel (T type) GG 1 A PLRA I nBvesuE]
2 a VLELVREFLPAL Q]
3 s TP LRV sBa §§
4 € rAgviidLL@mave

M81758  Homo sapiens 4XETM Vg Na channel SCN4A 1 A TITvIPGLEr
2 v SWPTLNL
3 A PLIBALSBIFEG
4 L L1Rcals

M32078  Polyorchis penicillatus 4x6TM Vg Na® channe! PpSCN1 1 G TISTVKG L.A
2 vy KSWPTLNM
] HA Il SEFEG
4 L BFrecafic

M91556 Homo sapiens 4x6TM Vg Na” channel SCNEA 1 T R R
2 LLf B
3 E LP LIS Mg E
4 LvarrLLoTi i HMLUIGL GOEG PRV

“TM = transmembrane segment(s), IR = inward rectifier, OR = outward recitifer, Vg = Valtage-Gated
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Table 6-2. Amino Acid Sequences of Putative Pore-Forming Loops in Representative lon-Selective Channels

Domain

Accession

Channel Description® Amino Acid Sequence of P-

Species Name

4

1
1

CFIR
aco
ENaC
TGA
mscL

2x 6TM CFTR Cf channed
Epithelial Na™ channel (Y subunit)

10 T™ high affinity K~ uptake transporter  KdpA
10 T™ low affinity K~ uptake tansporter

2 TM mechanosensitive channel

12 T™ Vg CT channe!

Xenapus laevis
X60433  Torpedo californica
X77933  Rattus norvegicus
K02670 Escherichia coli
X56783 Escherichia coli

Escherichia coli
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sket
Keh
Lag
PaK1

2ZTM K« channet / transportar

6TM K+ channel / transporter
6TM K+ channel / ransporter

2TM IR K" channel

U28005 Saccharomyces cersvisiae  8TM OR Two-Pore K channel

X05067 Bacillus stearothermophilus ~ 6TM K+ channel / transposter

237969 Streptomyces lividans
L12044  Escherichia coli
U19%07 Paramecium fetaurelis

nirk

U40347  Caenorhabditis elegans

AvIiIvvTrTH

I FF
FYw

§$S
TS

4TM OR Two-Pore K channel

112018  Caenorhabditis efegans

SFITMTTEE
WA I VTMT TERES

ADSVYFVLVTMS THE

6TM OR Vg K+ channel (Shaker)

6TM OR KQT K’ channe!

6TM OR Slo K™ channel (maxi-K)
6TM OR SK K" channel

6TM IR K+ channel

4TM OR Two-Pore K™ channel
6TM IR K+ channet

U32822 Polyorchis penicillatus
U41556 Caenorhabditis elegans
268104 Caenorhabditis elegans

U33632 Homo sapiens

SNSLWFE A1 TEFMLINGES

nSlo
nSK1
SKT1
KAT1

U39744  Caenorhabditis elegans

W

w

F
VYSFYWSTLILT

6TM OREag K" channel

Solanum tuberosum

M86990 Arabidopsis thaliana
235506  Caenorhabditis efegans

X86021

nerg
nCNG1

6TM OR CNG K" chamnet

NIVNSMELVYFVIMSA.  -NT

SLPNSFLSLFI

X87941

Saccharomyces cereviseae  4x6TM Vg Ca™ channel
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AF04185%  Aiptasia pallida

4X5TM Vg Na“ channel

L15445 Cyanea capillata
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The cyclic nucleotide-gated (CNG) channels seem to be intermediate between K*
and Ca** channels with a pore that resembles Ca?* channels and an overall structural
similarity to K™ channels (Yau and Tsung-Yu, 1995). In particular, CNG channels
belong to a family including closely related plant inward rectifying and Eag channels that
are similar in sequence (fig.6-2) and share a cyclic nucleotide binding site (fig. 6-1) (Yau
and Tsung-Yu, 1995).

The four domains of Na* and Ca** channels have a weak structural similarity to
the single domain of K* channels and thus must have diverged substantially if their
origins were from K channels (fig. 6-3). The domains of cation channels resemble the
voltage-gated, SK or KQT subfamily of K* channels more closely than the CNG
subfamily, as might be expected from the apparent likeness of the CNG subfamily pores

to Ca** channel pores (fig 6-3).

B. Emergence of separate roles played by Ca®" and Na* ions

The concentration of Ca®* and Na* ions are kept low in cells, so that open
channels have a steep electrical and chemical gradient driving these cations into cells
(Guyton, 1997). Unlike these cations, potassium is the predominant cation in cells and is
tightly-linked to maintaining the ionic and electrical state of cells (Guyton, 1997).

Ca®* and Na* ions differ in their roles as inward currents. Ca®* ions are a major

link between depolarization and cell activity, being the on / off switch for cellular
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processes like contraction, secretion, gene regulation and metabolism (Hille, 1992b).
Likely because of this intimate connection with cytoplasmic activity, cells are extremely
sensitive to Ca®* ions, with a normal intracellular concentration of Ca®* in the 20 to 300
nM range, but never exceeding 1uM in an excitable cell (Hille, 1992b). Ca’* ions are
tightly regulated by Ca* transport and sequestering proteins present in the plasma
membrane and in membrane-bounded organelles, like the mitochondria and the
sarcoplasmic reticulum in muscle (Hille, 1992b).

On the other hand, Na" ions are more tolerated in cells with concentrations that
may reach up to SmM (Hille, 1992b). It is the absence of a link to cell processes that
allows Na" ions to exploit the steep electrochemical gradient to a greater extent than Ca?*
ions. One role that Na" ions play is to drive the uphill transport of other ions (antiport
with H" or Ca®") and solutes (eg. cotransport of glucose, amino-acids) via the
electrochemical gradient in non-excitable cells (Guyton, 1997).

In excitable cells, the major role for Na" ions is to create a rapid voltage change
across membranes by large, rapid fluxes of ionic current through voltage-gated Na*
channels. Channel densities for Na* channels, for example, may exceed 2000 channels /
um? in nodes of Ranvier to take advantage of the steep electrochemical gradient for Na*
ions (Chiu, 1980; Conti er al., 1976). The steepness of the upstroke created by the Na*
current is one of the parameters responsible for the fast propagation of action potential

waves.
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Figure 6-3. Phylogenetic tree of the four domains of representative Ca>” and Na" channels, rooted with K"

channels and generated using maximum parsimony. Bootstrap values for each branch point are shown.
The tree contains the following genes, (with their common names, accession numbers): K* channels:

Bacteria: (Escherichia coli, L12044); KQT: Caenorhabditis elegans (nematode, U41556), Homo sapiens

(human, U40990); Stal: Polyorchis penicillatus (hydrozoan jellyfish, U78642), Drosophila melanogaster
(fruit fly, M32660), Mus musculus (mouse, M64226); Shaker: Polyorchis penicillatus (hydrozoan jellyﬁsh,

U32923), Drosophila melanogaster (fruit fly, M17211), Homo sapiens (human,L02752); T-type Ca**

channels Caenorhabditis elegans (nematode, U37548), Rattus norvegicus (rat, AF027984); non-L type

Ca®" channels: Drosophila melanogaster (fruit fly, U55776), Homo sapiens (human, X99897); L-type
Ca®" channels: Cyanea capillata (scyphozoan Jellyf sh, U93075); Drosophila melanogaster (fruit fly,
U00690); Homo sapiens, (human, L29529); Na* channels: Polyorchis penicillatus (hydrozoan jellyfish,
AF047380); Drosophila melanogaster (fruit fly, M32078), Homo sapiens (human, M81758).
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Ca*" ions can carry the action potential without Na'-selective channels, for
example in the pacemaker of the mammalian heart where the pacemaker signal is
relatively slow, or the enteric nervous system, where slow Ca®* oscillations and
contractions of the gut are mediated by external Ca®* ions through Ca®* channels
(Guyton, 1997). An intermediate system uses both Ca** and Na* channels in the same
waveform, for example in the ventricular action potential of the mammalian heart. A
very steep waveform of the action potential is required to generate a rapidly transmitting
signal that reaches all parts of the ventricle quickly, so contractions are synchronized.
Ca® is carried in the plateau of the waveform, and the amount of extracellular Ca®*
flowing through Ca** channels corresponds to the strength of the ventricular contraction
(Guyton, 1997). In its most differentiated state, the cation current is carried almost
exclusively by Na" ions, propagating rapidly along long, thin axons of nervous tissue that
terminate, for example at the motor end plate (Guyton, 1997). Unlike cardiac muscle,
skeletal muscle contracts in the absence of extracellular Ca>* ions, thus providing an

effector that is more separated from the afferent signal carried by the nervous system.
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C. Evolution of Na* from Ca** channels

Na" channels likely evolved late from Ca?* channels resembling T-type channels
by small structural changes, and not independently from K" channels (fig. 5-2). Na*
channels also resemble T-Type channels kinetically. They are both transient, inward
currents that are rapidly activating and inactivating.

The kinship of the channel domains can be traced in Na* and Ca** channels,
suggesting that there was a period of selection following each duplication round,
allowing each domain to alter its structure. In the topology of the most parsimonious
trees of Na* and Ca®" channel domains, domains I and III as well as domains I and IV of
both channel types appear to be more similar to each other than the domains within each
channel type separately (fig. 6-3) (Strong et al., 1993). This suggests that the Na" and
Ca’* channels both evolved from a primordial single chain, four domain channel that had
already undergone two rounds of duplication.

The close kinship between Na* and Ca®* channels is evident in the similarity of
their channel pores. Most Na* channels have two negatively charged residues, and a
positively charged (K), and neutral (A) residues in the position where the four negatively-
charged residues reside in pore of Ca’* channels (Table 6-2). Modification of the non-
negatively charged “K” and “A” residues in Na" channels to negative charges
(Heinemann ef al., 1992b) or phosphorylation of protein kinase A sites (Santana et al.,

1998) can produce Ca®* rather than Na* selectivity. Unlike the highly selective 1000:1
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fold selectivity of the Ca** channel for Ca®* ions over their nearest competitor, Na*
channels are only 10:1 times more selective for Na* ions over Ca’* ions (Hille, 1992b).
The lower affinity of Na” ions for Na™ channels is not surprising, considering that they
lack the double charge of Ca’* ions and their channels lack the symmetrical, high affinity
pocket of Ca”* channels. Thus, the transition from Ca®* to Na* channels appears to be a
small step, only a matter of a couple mutations disrupting the high-affinity “EGTA”-like

binding sites of Ca®* channels.

D. Cnidaria and the evolution of Na* channels

The development of Na™ channels, as specialized proteins for producing rapid,
transcellular signals with high frequency signalling capability, is a cornerstone of the
evolution of metazoan nervous systems. Nervous systems bearing Na” channels likely
evolved out of necessity in multi-cellular organisms, which have tissues, as well as cells,
acting as semi-autonomous, but interacting units. These require a high level of
coordination and feedback.

Cnidarians are the simplest extant eumetazoans with a discrete nervous system
and have rapid, transient Na" currents. They are diploblastic animals and are considered
to have split from the main lineage early in metazoan evolution (Morris, 1993; Wainright

et al., 1993). Cnidarians may provide clues to possible primitive, features of ancestral
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Na"* channels and thus, cnidarians are suitable organisms for providing possible clues to
ancestral nervous systems. Na" currents in the hydromedusa, Polyorchis penicillatus are
unusually insensitive to classical Na" channel drugs, like tetrodotoxin, but do not have a
pharmacological profile that is altogether “Ca**-like” either. Na* currents in swim motor
neurons (SMNs) and B neurons have differing electrophysiological features that may be
shaped respectively, by the convergent “cardiac-like” or “neuronal-like” roles that they
may play. A Na' channel gene isolated from P. penicillatus has major structural features
of typical Na" channels, especially in areas responsible for ion selectivity, voltage-
sensing, fast-inactivation and glycosylation. Homology extends to position of introns
and the different intron splicing mechanisms employed between P. penicillatus and
mammalian Na* and Ca®" channel genes. The similarity of features of Na* channels and
currents in P. penicillatus suggest that the organization and fundamental composition of
the genetic template for Na” channels has undergone few changes since it was laid down
in the common ancestors of diploblasts and triploblasts, ~600 million to 1 billion years

ago (Morris, 1993).
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tatttttaag
gttgctttcg
tattgtagtc
tggttagatt
tccttetcta
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aatgctttct
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gttagtgctt
aacatggcta
gaatacttaa
cctattgaag
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gtatcaagtt
atggcatcgg
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ctgagcacaa
atcatttata
gaattggaag
ttcatgatga
aatagaacaa
gtggtactca
ggcggcggag
tggactcgta

1093 g

tagattattt
tcataggatg
gctgacacat
ataacgattt
ctgaatggct
ataatgtagg
attttggaat
acggccgtcce
tgggaaaaca
caagtttcat
ttttattgac
cagaatttat
gttttatact
ttgttatact
cgtttcgtgt
ttaatacatt
tcatatcaat
gtgttctgaa
ttttgtatte
acgcetggtta
atgataattt
agagtgtttt
tggcagtatt
cgtatgaagc
aaatacggag
ctggtccatc
gttcaaaaaa
gagacaatcc
ctgcatttga
aacattacaa
cagcgacctt
tacgaaatag
tgttatccaa
taatgegggt
tagcaagtag
ttttttectgt
cagctggtga
tatttcgtat
atccggegtce
atttgttttt
atgatgattc
aaaagagaaa
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tctaccaata
cattttacct
aatcagaagt
catagaatta
aaaaattaaa
actgactgtt
agtttttaat
cacaaaattt
agrtcgttett
tcgtagattc
aattgtaacc
ttttgctgec
acataaatat
agggtatatt
actgcgagct
aatgaagtcc
atttgccttg
aaatggtaac
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tatttgctta
cctaagtgcce
taacagtgtc
cctgggacca
agaagttaac
aagtgcttcc
tccagtagaa
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taccatgaaqg
aggcttcatt
aatgccaaaa
ttgtattgaa
atggaatgtc
cgctgatgtt
attaaaatta
catgggtgct
tgtcggcatg
agattatcct
actatgtggc
tatactgtat
ggctttatta
ggaaaaaccc
caaaaaatca

gacatgagag
cttaacttat
caacaaagac
ggatgtcaaa
aaaaatatgt
ttttatttag
daacagaaaa
atttttggat
cgtttrtgta
aatatatata
aactgtgtgt
atatatactt
tcttatttga
accatgtctc
ttaaaaacca
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attggtttac
aaaactttcg
gaagttattt
gctgatgcag
atgttaacaa
ctttcagcta
ttttaccttt
gggaatccag
gcatattctt
gaaattgacg
aaagatgttg
attcgagtgce
acattctgta
aaattggaag
atgggattta
tttgatggtt
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gcacagtctt
cttgggaacg
cagctgttcg
agatacaatt
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attttttetg
ctaagttcat
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aaaacatgta

aaacattttt
ttctgtacga
tccagetttt
gaacattcca
tacaaaatct
gacaatcgac
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ttrttcacatt
aagaaaaatc
tttttactca
ttatggcgcect
ttgaaatggt
gaaatgcatg
cacacatcaa
tatccactgt
tgactgatgt
agctattccc
aaaaatcatg
gtggaaatga
gtaataaccc
gcttgcaagt
tgggagagcc
taaatctggt
atgaagaagt
ttgacggtga
gtgaaaaaag
atgatgattt
aatactttect
taatgctaaa
atgcactaaa
aaatactagc
tgctggtgat
atcaactagc
ggaaaacaat
tcacagttat
ggaaatatta
ttgaaaattt
aaccacaatg
tttttgttat
ttggtggcga
gattaaaacg
tggtctctgg

202
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2521
2581
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2701
2761
2821
2881
2941
3001
3061
3121
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3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
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5221
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5341
5401
5461
5521
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accacccgaa
ttctcataag
tcatgactcg
taaaagacag
tgcagttagt
aattcaacgt
ttgttgttac
ttacaccaaa
ttttagtagc
aaagttttta
caagctattt
cttcattgtg
acgttcctta
ggtcgtcaac
agtattctgg
ttgtgtggat
tttgaatgaa
taattcgatt
agctatggcet
cttttggaac
tttattcatc
cgtgggaata
gttaaaaaaa
tgattttata
gctcactatg
tttgaacttt
gagattggag
gattgcagtg
ccgtgttgtg
tatcagaaaa
attcatcetgeree
ggcacatcag
tttactgttt
aggacctcct
cggtaataaa
tattataaac
tgaagctggc
tcctaaagcec
cggtccatta
aaaagatcga
gggcgaagat
tcgatataaa
ccgtttaaaa
cctgatggat
aaaaaattta
tttaatagag
agaaagagaa
ttttgttgga
agaaatgtcc
ttaaaaaacg
aatgacaggqg
atgtacatat
ttgtaaagta
atttatgtac
cgttgectgte

gatctggaac
aatggtgaca
atactatcgt
atttcgggtt
aacaaaacaa
gaaaagactt
accagttact
cagttaattg
ttgaccttag
caatattgta
gcacttggtt
tgtatttcat
aggggtttgc
gcgttgttat
ttaatattta
gggaattata
acgaacaaag
aacggatttt
gatgcttatg
cagatatatt
ggtgtcatca
tttctgacac
ccctcaagaa
catactaaat
atgatccaac
ttatttactg
tatttcaaat
ataataatga
cgagtattca
ctcttattta
ttgataacat
ggtgctatta
cgtatatcaa
ttatgcaatg
ttcgttgcag
atgtatatag
attactgaag
acccaattta
agggtaccga
cataggtgtc
aactgcaatg
cagatttttc
atcgaaaact
gaaatttacc
aacaaaattg
gaaggggatg
gaagaggaaa
agttgccaaa
gtaagtaaaa
agaacaagta
atgtgactte
atatatatat
caaaactagc
acatgtattc
tttgaaaaaa

tttacacagg
ttgaacaaaa
ctttaccgaa
cagtagatat
tgagtattca
atgttgatga
taaatgcgcce
agcataaata
tatttgaaga
attacttctt
tcatgaaata
tgtcttcget
gacctctgag
actcaatacc
gcattatggg
cgaaactacc
ctaaaaatta
tagectttgtte
actcgagagg
ttgtggtgte
ttgataattt
ctggccaacg
gactaacaag
atttcgaatt
atcatggaca
gcatattcac
atggaatgaa
tcgagtatga
gattaggacyg
caattgtaaa
ttatatacgc
ataaagtgac
cagcggccgg
tcaatgctac
taatattctt
ctgttatact
acgatttaga
taaaatattc
agcctaatta
attgtctaga
aaaacgaaga
cacaacgagc
cggctgcccg
aaatgacgaa
aacagctagt
acgaaagtga
tggatgaaga
tccaataggg
acaaaagctc
gataaatgtg
atgtaagaaa
atatatatat
tactgaatgt
tatgtcattt
aaaaaaaaaa

tgaaatgata
tgacaattat
cggtatatca
agatattgceg
tccacaatcg
ctgcctatgt
gtttagacgg
ttttgaaggc
cattgactta
cgctgtcata
ctttacaaac
cttcggtaaa
ggcgatatca
ctcaattgca
atataatctg
tattagtgtg
ttcatgggtg
tcaaacggcg
tgttaacatg
tattatactt
taatcggtta
gaattgggtt
gcctacgagce
ctttatcatg
aagtcaacaa
gcttgaagcc
tgtatttgat
cgaagaattt
tttattaagg
atctgcacca
tataatggct
taacttcgaa
ctggaatggt
cccaagtagt
tgtatcgtat
ggaaaacttt
agcttattac
ccaattaccc
ttggttttta
cgtaatgacc
tataagaagt
gaaagaaata
tcgtattcaa
ttcaagaaca
tactgttatg
agacaacgtc
aaagaaagaa
cggatgaaaa
acgtaaaaac
ttagtaattc
gattcatgga
ataaacctgt
attcctgaaa
tgttttcaaa
aaaaaaaaaa

gtgctagata
ttaaagccag
ctaactaatg
ttgtctttaa
tcagcatctg
acactttgtt
tcgtggecata
gttattttgt
cctaagcgtc
tttacagtgg
ttttggaatt
ggtgcaaatt
agattcgaag
aatgtattgc
tttggtggac
attgacaaca
aataaaaata
acattggaag
caacctggtg
ggtgcattct
aaacaacagt
aacactrtga
aaatggagag
tcagttactt
gtatcacttg
attattagat
tttgttattg
ttcgtttcac
ttttttgaag
gcattaagca
atgaatctat
acatttggcc
gtactagatg
agtataagtg
ataattttaa
aaccaagctc
accgtttggg
gattttattg
gaacaaagtg
gctttgatta
gtcatgaaaa
actaaagaga
cgtatatttce
atgagtttaa
tggaaaactc
gatgaaaaac
gctaactaag
tttaaacaga
atttaacata
gattaaaaag
ataaatatca
acgcaacttce
tacaacagtc
tgtttttata
aaaaaa

ataatggaaa
aatttcctcg
gagatttatc
acagcgataa
taaaaattga
accaatgttc
atgcaagatt
ttcttatagce
ctactttaga
aattacttat
tacttgatgt
taaaagcgtt
gaatgaaagt
tagtgtgcgt
agttctttta
tggcaatgtg
tcaactttga
gatggtttga
ttatggtaaa
ttattttaaa
acgaagacgg
aagctgcctce
cagcattatc
tattaaacat
ccttagaata
taactgctat
ttgtcttctc
ctggtttatt
gagctaaagg
atattggtac
ttggaacatt
gaagtatgtg
ctgctatggt
aaggaaactg
ttgtcctgat
aatcacaaga
aagactatga
acgctttaga
atatagcgac
aaagagcttt
aagtagaaga
caacacgtga
ggaggcacat
gagctcgaga
daaaaaataa
aagacgttga
tgttgttcat
attgatttaa
aaccagtcat
agtttatgta
ccatatatat
acagatgtac
taacaacaga
atatctacac
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APPENDIXB GENOMIC SEQUENCE OF PPSCN1'®

LOCUS
DEFINITION

ACCESSION
NID

SOURCE
ORGANISM

REFERENCE
AUTHORS
TITLE

TITLE
JOURNAL

FEATURES
source

mRNA

exon

S'UTR

gene

CDSs

AF047379 13909 bp DNA INV 02-APR-1998
Polyorchis penicillatus voltage-gated sodium channel alpha subunit
protein (SCN1l) gene, complete cds.

AF047379

g3005561

Polyorchis penicillatus.

Polyorchis penicillatus

Eukaryotae; Metazoa; Cnidaria; Hydrozoa; Hydroida; Anthomedusae;
Polyorchidae; Polyorchis.

1 (bases 1 to 13909)

Spafford,J.D., Spencer,A.N. and Gallin,W.J.

Genomic organization of a voltage-gated sodium channel from a
primitive metazoan (PpSCNl): evolutionary considerations

Direct Submission
Submitted (09-FEB-1998) Department of Biological Sciences,
University of Alberta, Biological Sciences Building, Edmonton,
Alberta T6G 2E9, Canada
Location/Qualifiers
1..13909
/organism="Polyorchis penicillatus"
/db_xref="taxon:6091"
join(1..475,2809..2936,3157..3277,3355..3483,3988..4079,
4547..4793,5908..6052,6625..6762,6919..7296,7408..7596,
7706..8056,8358..8534,8802..8871,8985..9403,9835..10008,
10275..10379,10559..10837,11070..11123,11370..11615,
11723..11993,12284..13909)
/gene="SCN1"
/product="voltage-gated sodium channel alpha subunit
protein"”
1..475
/gene="SCN1"
/number=1
1..241
/gene="SCN1"
1..13909
/gene="SCNL1"
join(242..475,2809..2936,3197..3277,3355..3483,3988..4079,
4547..4793,5908..6052,6625..6762,6919..7296,7408..7596,
7706..8056,8358..8534,8802..8871,8985..9403,9835..10008,
10275..10379,10559..10837,11070..11123,11370..11615,
11723..11993,12284..13464)
/gene="SCN1"
/codon_start=1
/product="voltage-gated sodium channel alpha subunit

'5 A version of this appendix has been published. Spafford, J.D., Spencer, A.N. and Gallin, W.J. (1998)
GenBank Sequence Database, National Center for Biotechnology [nformation, National Library of

Medicine Building 38A, Bethesda, MD 20894. (Accessible by query at the Sfollowing World Wide Web Site
hup:/fwww2.ncbi.nlm.nih.gov/genbank/query_form.html)
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exon

variation

variation

exon

variation

exon

exon

protein”

/db_xref="PID:g3005562"
/translaticn="MKLSFSTEWLKIKKNMLQNLEMTHSLNNVGLTVFYLGQSTVILN
AFYFGIVENKQKKKSPHFFHFSHGRPTKFIFGFFTEMVVANKLGKQVVFRECKEKSLF
LEGPASFIRRENIYIFTHQYFEIGILLTIVTNCVEMALSDPPAEAEFIFAAIYTFEMV
IKILAKGFILHKYSYLRNAWNWLDFLVVILGYITMSPHINNLSGIRTFRVLRALKTIS
TVKGLKAMVNT LMKSMKMMTDVLILTLFFISIFALIGLQLFPGKLRORCVLKNGNKTF
EKSWYTNKDNEFLYFEKEEVICGNETTSWKCDAGY ICLADAGNNPMHGYVSYDNFLSAM
LTSLQVCTLDYWESVENSVLSAMGEPYMIYFLLAVFLGPFYLLNLVLAVVSASYEAEV
NGNPDEEVERENMAKIRRSASAYSFDGEYCVEYLTGPSPVEEIDGEKRYTIPIEGSKK
KKNKDVDDDLQLPPKLGDNPTMKIRVQYFFFVEVSSSAFEGFITFCIMLNTCLMASEH
YKMPKKLEDALNVENYIFTATFCIEMGFKILAFTPKGY IRNRWNVEDGLLVIVSIIDT
VLSNADVVKGNQLAVLKVFRLMRVLKLAQSWKTMGQLLSTIASSMGALGNVTVILGLI
IYIFSVVGMQLFGKYYNKAELEAAGEDYPRYNFENFGNSFMMIFRILCGKWIEPQWDL
LNRTNPASILYIFFVEVIGRWVVLNLFLALLLSSFGGDALNGGGDDDSEKPKKSRLKR
LIDWTRKKRNKKSKTCMVSGPPEDLELYTGEMIVLDNNGNSHKNGDIEQNDNYLKPEF
PRHDSILSSLPNGISLTNGDLSKRQISGSVDIDIALSLNSDNAVSNKTMSIHPQSSAS
VKIEIQREKTYVDDCLCTLCYQCSCCYTSYLNAPFRRSWHNARFYTKQLIEHKYFEGYV
ILFLIAFSSLTLVFEDIDLPKRPTLEKFLQYCNYFFAVIFTVELLIKLFALGFMKYFT
NEWNLLDVFIVCISLSSLFGKGANLKALRSLRGLRPLRAISRFEGMKVVVNALLYSIP
SIANVLLVCVVEWLIFSIMGYNLFGGQFFYCVDGNYTKLPISVIDNMAMCLNETNKAK
NYSWVNKNINFDNSINGFLALFQTATLEGWFEAMADAYDSRGVNMQPGVMVNFWNQIY
FVVEIILGAFFILNLFIGVIIDNFNRLKQQYEDGVGIFLTPGQRNWVNTLKAASLKKP
SRRLTRPTSKWRAALFDFIHTKYFEFFIMSVILLNMLTMMIQHHGQSQQVSLALEYLN
FLETGIFTLEAIIRLTAMRLEYFKYGMNVEDFVIVVFSIAVIIMIEYDEEFFVSPGLE
RVVRVERLGRLLREFFEGAKGIRKLLFTIVKSAPALSNIGTLLFLITFIYAIMAMNLEG
TLAHQGAINKVTNFETFGRSMCLLFRISTAAGWNGVLDAAMVGPPLCNVNATPSSSIS
EGNCGNKEFVAVIFFVSYIILIVLIIINMYIAVILENFNQAQSQDEAGITEDDLEAYYT
VWEDYDPKATQFIKYSQLPDFIDALDGPLRVPKPNYWFLEQSDIAIKDRHRCHCLDVM
TALIKRALGEDNCNENEDIRSVMKKVEDRYKQIFPQRAKE ITKETTRDRLKIENSAAR
RIQRIFRRHILMDEIYQMTNSRTMSLRAREKNLNKIEQLVTVMWKTQKNNLIEEGDDE
SEDNVDEKQDVEEREEEEMDEEKKEAN"

2809..2936

/gene="SCN1"

/note="similar to SCN4A exon 2, GenBank Accession Number
LO4216"

/number=2

2901

/gene="SCN1"

/replace="T"

2916

/gene="SCN1"

/replace="C"

31987..3277

/gene="SCN1"

/note="similar to SCN4A exon 3, GenBank Accession Number
Lo4216"

/number=3

3263

/gene="SCN1"

/replace="A"

3355..3483

/gene="SCN1"

/note="similar to SCN4A exon 4, GenBank Accession Number
Lo4217"

/number=4

3988..4079



variation

exon

variation

variation

variation

exon

variation

exon

exon

variation

exon

exon

variation

variation

axon

exon

B. Genomic sequence of PpSCN1

/gene="SCN1"

/note="similar to SCN4A exon 5,

206

GenBank Accession Number

L04218; similar to CACN1Al exon 5, GenBank Accession

Number 226260"

/number=5
4057
/gene="SCN1"
/replace="G"
4547..4793
/gene="SCN1"
/number=6
4707
/gene="SCN1"
/replace="C"
4740
/gene="SCN1"
/replace="T"
4758
/gene="SCN1"
/replace="G"
5908..6052
/gene="SCN1"

/note="similar to SCN4A exon 8,

L04220"
/number=7
6001
/gene="SCN1"
/replace="G"
6625..6762
/gene="SCN1"
/number=8
6919..7296
/gene="SCN1"
/number=9
€975
/gene="SCN1"
/replace="C"
7408..7596
/gene="SCN1"

GenBank Accession Number

/note="similar to SCN4A exon 12, GenBank Accession Number

LO4224"
/number=10
7706..8056
/gene="SCN1"

/note="similar to SCN4A exon 13, GenBank Accession Number

L0O4225"
/number=11
7855
/gene="SCN1"
/replace="T"
7933
/gene="SCNL1"
/replace="G"
8358..8534
/gene="SCN1"
/number=12
8802..8871



exon

exon

exon

exon

exon

exon

exon

variation

variation

variation

variation

3'UTR

B. Genomic sequence of PpSCN1

BASE COUNT
ORIGIN

1

61

121

181

241

4869 a

ttatgtaagt
taaataatga
aagtatatat
tgtcaaattt
aatgaagctt

/gene="SCN1"

/number=13

8985..9403

/gene="SCN1"

/number=14

9835..10008

/gene="SCN1"

/note="similar to SCN4A exon 17,
LO4229"

/number=15

10275..10379

/gene="SCNL"

/note="similar to SCN4A exon
Lo4230"

/number=16

10559..10837

/gene="SCN1"

/note="similar to SCN4A exon 19,
LO4231"

/number=17

11070..11123

/gene="SCNL1"

/note="similar to SCN4A exon 20,
Lo4232"

/number=18

11370..11615

/gene="SCN1"

/number=19

11723..11993

/gene="SCN1"

/note="similar toc SCN4A exon 23,
L04235"

/number=20

12284..13909

/gene="SCN1"

/number=21

12831

/gene="SCN1"

/replace="C"

12855

/gene="SCNL"

/replace="T"

12858

/gene="SCN1"

/replace="a"

12879

/gene="SCN1"

/replace="C"

13465..13909

/gene="SCN1"

1922 ¢ 2173 g 4945 t
tatttttaag tagattattt tctaccaata
gttgctttcg tcataggatg cattttacct
tattgtagtc gctgacacat aatcagaagt
tggttagatt ataacgattt catagaatta
tccttcteta ctgaatggct aaaaattaaa
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GenBank Accession Number

18 GenBank Accession Number

GenBank Accession Number

GenBank Accession Number

GenBank Accession Number

gacatgagag
cttaacttat
caacaaagac
ggatgtcaaa
aaaaatatgt

aaacattttt
ttctgtacga
tccagetttt
gaacattcca
tacaaaatct
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301

361

421

481

541

601

661

721

781

841

901

961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3C01
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
366l

ttttatgacg
agtcatatta
acacttetttt
atgagatatt
ctaaaactac
dacataaatt
tttatcattg
atatatctcc
cgacatttat
tatacttaaa
tgttttataa
attgtactcg
aaaaatacat
aacaataaaa
ttataggtac
aaggtttgcg
acaacccaaa
atccaagtta
ctttcatact
tagtgttcac
agaagaatcg
gaaatagtga
atcgtgataa
aacaacgtat
ttgataaatg
acccaaaata
acagccacat
aacgctattt
ccaaagcaaa
tatatattca
aagataaacc
tcttaggttt
aaggggtgtc
ctagaatgtc
gatagcaact
gctataacaa
attaagtcat
aaacaaaaca
aaaagttata
tttttegtete
acatctaaat
ttactaccca
gttgctaata
ttgtttggtc
ccttttecatg
ttggtacagt
aaagtaattt
atgaagttet
acactttact
tgtttatggce
aatgatttet
ttttgctgcecce
acataaatat
agggtaagat
taaatacttc
ctcatttgat
aagttcttgcect

cactcattaa
aatgctttct
cacttctcac
tgaaattagc
cgattaccat
catctttgat
acaatccggt
cgtggctaac
cagtggatcc
tctatgaact
acatatctta
aaaatatcat
agatagatct
gaattacaac
ttaatttaaa
aggaaactga
ataaaactca
aaacaagctg
tgatgccaca
gcccecttaat
agaaaaagaa
aaacaacaca
ctttaaatga
caagctttca
tcecegecatt
gccatgccca
ttaaaatttt
atagagcaga
atccaagttt
aagtgtatta
tggctataaa
gctagctagt
cattggaatg
caaaaaaatt
aaataaaaaa
cagatgaaaa
aattgaataa
atccatcctt
taaaatcttt
ctctttacta
ctttrttette
atgccttata
aattgggaaa
cagcaagtte
ctattttegt
tggcattact
taacaataac
taagtaaatc
aaacagatat
gctaagtgat
taaactttct
atatatactt
tcttatttga
aaaaatcatg
attcacagta
gtttatcata
gattatgact

ataatgtagg
attttggaat
acggeccgtcc
tacattaatg
gtgaggagag
gactaacatc
tgtccattta
aaactatgtc
ctataaactc
tcttgagaca
gaagtcgagt
caacgtttta
tttgtgtaga
cagttgtttg
atttacaaaa
tttactatct
tatgttcgaa
ctaatctaat
tgcttgatga
atatattaaa
ttcttgcaat
cacagaagta
aaaaaaatgc
agaaaaaaca
atgaagcgag
atagcttttg
atattcttce
tattgaagaa
cattaaacat
aaattttatt
aatagttgac
tatccaaaaa
gatcatctgt
taccaaaaaa
ttgttttgct
aattaacctg
gaaaaaaaat
tctaaagtct
cgaattgtgt
aaatatctaa
gacttacact
tggatatatt
acaagtcgtt
cattcgtaga
tactgactaa
tgtttttraa
ttatattttc
ttttccttte
tttgaaatag
ccgccagcag
ccgttttgat
ttgaaatggt
gaaatgcatg
tagttatcgt
tacttgttta
tcttecatcet
tagcggttgt

actgactgtt
agtttttaat
cacaaaattt
tcaaattaaa
tatacgatat
agttcagaaa
aacttcggtg
tcatttttat
acgttgtaat
tatggtgattc
taataatgta
tatatatata
agatgtttga
aactaaaaca
aaaattgggc
cggaagatac
atcaaaaaac
aaaataatct
tacatctttg
gaaaaagcaa
aaaccaaaac
aaagtataat
agcaataaaa
aaactttcgt
ggaaaacaga
tttagaaaac
tacagcttct
aagggtgtac
tacgtctgct
agggctcctt
ctagaaaaaa
tataataaag
ccactcacca
attttgtatt
tttgtatcta
taattctaaa
aaaaaattga
tattataatt
aataaagtca
aaaatttaat
ctaagtattg
tttatgtatt
tttcgtttee
ttcaatatat
atttggaaac
aagaaatgtt
aactttaatt
atagaggaag
ggattttatt
aagcagagta
cacttctatt
tataaagata
gaattggctt
ggaatagctg
ctctttatat
tagactatat
attattccag

ttttatttag
aaacagaaaa
atttttggat
taacggaaat
taaccacatg
gtccggttte
ctacggtgac
attecretatt
atgttctata
acgatatctt
atcaatattc
cctaaaaggg
ttgacatttt
tcctagggaa
taagaaagac
cttaaaacct
tgtattattt
agttaacttg
aggaataatt
cataaacgga
catacaagag
cacaaaaaca
tgttaaaatt
ccgagaaatg
gcgggaaatt
tgtacaaaca
aaaaaagaag
cttaaaacaa
catttcatct
aattaaataa
aaaaaaagaa
taacaggtta
ttatatagtt
cgctctgttg
tagtagctac
tacctgataa
aaaccaaata
cacaaataaa
attggtgata
tccggtttee
atatatttte
ctttttagac
gtaaagaaaa
atatttttac
ctttaatatc
taaaggttat
aatagaaaaa
gcataatctt
gacaattgta
agttttttta
tgttctattt
ctagctaaag
gatttccrgg
tatatcttgg
caaaagcttt
tcttgggaaa
tttttaaaaa

gacaatcgac
aaaaaagtcc
ttttcgttac
ctaggttgtt
ttgaaaacat
atccgttggg
aaactacgct
cctagattca
tatacatttg
gttcataaga
atgtgataga
tagagattat
cggcaatgtg
cgcaagtgceg
tgtttggttyg
ccctgctaaa
tggaaaagaa
tttttcacaa
atgaacatag
agttaagaaa
aacaaaacca
gcagctcaaa
agcaactaca
acgtaatgtt
tcaaagagta
atgttaaatc
attatggtta
aacatggtcc
caggtcagtct
aatctgattt
agttcttaaa
tgatagctgt
tttgaaataa
tcataaaaac
cagctacatc
ttcaagaagt
actaatatga
cttgcctata
ttacaattca
taaaaaatct
acaataagaa
atttatggtg
atcgectgtet
tcatcagtat
agttaaccat
acaagttggt
taaatcatta
aaatttctta
accaactgtg
tatgatttac
ttagatttat
gttttatact
ttgttatact
gtttaaaata
aaagatttct
caagtttttt
aaaaaaattg
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3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
5161
5221
3281
5341
5401
5461
5521
5581
5641
5701
5761
5821
5881
5941
6001
6061
6121
6181
6241
6301
6361
6421
6481
6541
6601
6661
6721
6781
6841
6901
6961
7021
7081

gaagaagtac
tctaaagcta
ttgacagcaa
gaaaaaggaa
atgaccatat
gagtggaata
taaacatgct
cttgattgtet
ttaacttgaa
taatttacgt
aaattcctaa
tgattgatta
aacatataac
ttctataaaa
gttaatacat
ttcatatcaa
tgtgttctga
tttttgtatct
taagtgtctt
ttcaaataat
ttatttattt
cacttttrtt
tttaaagtag
taaaatctta
agggtagtca
aaagatcata
tgctaagctg
gcatttgcgt
aacaatacta
ggagataaac
ttctgaaatg
tgtcacagtt
cctgttcectgg
aaatttaaac
tttactttac
gtttattttg
ataagaatac
tgcaggtaat
aacaagcttg
gtgttatggt
gtacctrttt
ttactaggat
ctaacttcta
taagatacaa
taaattgatg
ttctataaaa
gaaaatagca
aaatagcatt
tttggtacaa
tttttactgg
agtgcttcgt
ttagtttcaa
ttataccttt
aattgtattt
tccgcatatt
gaagaaattg
aacaaagatg

taatgtaaat
actttaaagc
aagattgcat
ttgaagcatt
tagtattctt
agaacgtttc
taagtacaaa
tttgtttata
tataaatata
tattgcacgt
atttatagac
taaagtttce
atataacatg
atgattgtca
taatgaagtc
tatttgecctt
aaaatggtaa
tcgaaaaaga
ttttaaatga
gtctgttgaa
tcatgtcttt
ttctatttta
tgtaaaattt
ttaagtgtta
cttttagcct
aaatagattt
aatgccctaa
gaatatgtaa
aaaaagagta
caactaagtt
taattctttt
attgatccaa
aaacttaacc
actataaagt
aaaattgtta
gtgtctacat
aatgtttact
aacccgatgc
caagtttgca
ttgtaacaca
ttgcagccceca
tataaacatg
tctagtaaaa
aagcatgtaa
attctttett
tttctagtca
tctttccaaa
taaacagttt
taaatttcat
cagtattecct
atgaagcaga
ggtctttaaa
tgataataat
tttttaagga
cttttgacgg
acggtgaaaa
ttgatgatga

tatattatag
tacacagtgg
ttttaaataa
gaatattctt
tgtttaggta
gtgtactgeg
ttttcaatat
attagcttct
tctcaagatt
caaaatagct
tcttgcaaca
tcgagtcaag
gatgtcacaa
tttttgtett
catgaaaatg
gattggttta
caaaactttc
agaagttatt
aaaacagatt
aattcaaata
ttgacaaacc
cgaattgtga
aaatcaacca
tactaaaaca
gctcttcecta
aaattaactt
gcatacaata
aagatgcaaa
accactgcag
tgaactcttt
tgcatagttg
tcecececcecee
ttcttgtettte
gtttggctat
ctagtcctge
taaaaaaatg
ctattaggaa
atggttatgt
ctttagatta
taaacattat
catttattat
aataataaag
ccgcagaatg
gaatacgtaa
ggttttaatg
tacagctctc
cttgcataat
gtgtagctaa
ttaggtcctt
gggaccattt
agttaacggg
aaaaaaaatg
aagttaagct
agtggaacgg
tgaatattgt
aagatacact
tttacagcta

ctatagctta
tattacaatt
attgtatctete
tgcttcaagg
tattaccatg
agctttaaaa
gtaacaaaat
gtaaaaagct
aaataaaagc
attataacaa
agtaagcagt
aataaattct
aaaaaaaatt
gattactttt
atgactgatg
cagctattcc
gaaaaatcat
tgtggaaatg
tatgtagaac
ctgttacctg
ctctttaaac
cagaaatatc
acaatataaqg
aaaatctccc
tatgaaaaag
taaacattgt
agacataaac
ataaactcct
tactgtagca
ctcaagggac
aataggctaa
caaaaaaaat
agctacagat
daatcattca
ttttcgegtt
attccrtttt
atgtgacgcet
cagttatgat
ttgggagagt
gaataccaca
gccaattaaa
tgcacatgta
ttaattttaa
tgcactattce
aaaaaaggcc
tagtaataag
ggaggctttt
atttcagcac
tcagctatgg
taccttttaa
aatccagatg
aacagaatat
aagcttgatt
gagaacatgg
gttgaatact
atacctattg
ccaccaaaat

atatacataa
tccaatataa
caaatatcca
tctgtgtcat
tctccacaca
accatatcca
tcaatacata
aaaatttcaa
aaattggttt
atatactcaa
aagtaagcaa
tctcaatcgt
atgatattta
tttaaggttt
ttctaatatt
ctggtaaatt
ggtatactaa
aaacaacgtc
caaaataaat
ttaattaaga
tatttttctg
ataagtgcat
ttttgtcttt
cacactttgg
taaagtaatt
gtgggactgg
atgttttata
aatatgacac
ttgaaccaat
tgcgagagaa
atgaagcaag
aaagaatgaa
tttgaatgcc
gacagtcaat
gaatacattc
taatatattt
ggttatattt
aatttcctaa
gtttttaaca
atgtaacaat
acgcatgtgg
ttcatgagat
agataacaaa
ttgtgttaaa
cataacactt
atggtttgaa
acccgaaaat
aatgtgttca
gagagccata
atctggtact
aagtaaatct
tttatcaaaa
aatttgataa
ctaaaatacg
taactggtcc
aaggttcaaa
taggagacaa

aagggacaat
ataggaataa
cataaataca
gtatctgtat
tcaataattt
ctgtcaaagg
taaagagatc
aactacactt
gtgcatgaac
ttctaagaaqg
ccctcgattt
caaatagttt
tattttatat
aaaagcaatg
aacgctgttt
aagacaacgt
taaagataac
atggtaaata
aagtgatgtg
tctatttctg
ccttttttaa
gactacatgc
aattaattca
aatccgttta
aaagtttaac
agaggaccag
gctcctctat
acactgcaac
aacttaactg
caccgctcgt
cctttttgga
aaatgatata
atgtaagaac
aagctatatg
ggtggtaaaa
atatagaaat
gcttagctga
gtgccatgett
gtgtaagtac
gtgcttgtat
tatatagcat
ttttttaacg
cataaactct
gacattatgc
caactaagct
ggttatttat
ggcatattat
agactaataa
tatgatttat
tgcagttgtt
ttttctatgt
caaacttact
tccgaataag
gagaagtgct
atctccagta
aaagaaaaaa
tcctaccatg
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7141
7201
7261
7321
7381
7441
7501
7561
7621
7681
7741
7801
7861
7921
7881
8041
8101
g8lé6l
8221
8281
8341
8401
8461
8521
8581
8641
8701
8761
8821
8881
8941
9001
9061
9121
%181
9241
9301
9361
9421
9481
9541
9601
%661
8721
9781
9841
93901
9961
10021
10081
10141
10201
10261
10321
10381
10441
10501

aagattcgag
attacattct
aaaaaattgg
tatttccgce
catagaaaca
tttaaaatac
ggtttgctgg
ggaaatcaac
tatgatattg
agtaatagtt
aatgggtcaa
tattctaggt
ttacaataaa
ttttgggaat
atgggattta
tattggtaga
tctgtagtac
tttgggtatt
atttaattcc
aaacgagaaa
aaaccatatt
gcgatgecatt
aacgtttaat
ctggaccacc
tttgcctett
ttttaccagc
tatttactat
atggaaaagg
gtgaaatgat
tatttcttaa
gttctatatt
ttatttaaag
atcactaact
tgcgttgtct
atcgtcagca
atgtacactt
acggtcgtgg
aggecgrtatt
tttttaaata
attagtaatt
tacttaatgt
tattttataa
tatatgaaaa
aaatctattg
taagaactgt
gaagacattg
ttcttegetg
aaatacttta
ttgatttctt
agaatgtttt
tatcattgca
ctaatttaaa
attctetate
tacgttcectt
taagttatat
atttgtattc
attaaacttt

tgcaatactt
gtataatgct
aagatgcact
tttttatcta
caatattttt
tagcctttac
tgattgtgag
tagctgtgtt
gaaattaatt
tctttegtet
ttactgagca
ctaatcattt
gccgaattgg
tcattcatga
ctaaatagaa
tgggtggtaa
taccgtcaat
tttaactaat
ttaagaaaat
tattcttaat
gtttcaggta
aaatggcggc
agactggact
cgaagtacgt
caaagtatat
ttaaaggttt
ataaattatg
gtagttgata
agtgctagat
aatttaaaaa
aagtaaaatg
ccagaatttce
aatggagatt
ttaaacagcg
tctgtaaaaa
tgttaccaat
cataatgcaa
ttgtttctta
ttttacttta
tttgttgctg
cttccaagaa
ataatacatt
aataagaaat
aaatatggct
ggttctttee
acttacctaa
tcatatttac
caaacttttg
aaaacaatat
ataaatttaa
tatatcagaa
taatccatga
gcagatttca
aaggggtttg
atatttcact
cccttaattt
aagttaatta

tttttttgta
aaacacatgt
aaatgttete
tattacttctt
tttccagata
tccaaaaggt
cattattgat
aaaagtgttt
tatttattaa
tatagatgcg
caatagcaag
atattttete
aagcagctgg
tgatatteccg
caaatccggce
gtgtatactt
aattccaaga
taatggcaaa
ataatggaaa
ttatttaata
ctcaatttgt
ggagatgatg
cgtaaaaaga
tttcatctga
tttaattgct
tcaatttata
tgttattatg
actggtatca
aataatggaa
aagatttttg
tcgttacact
ctcgtcatga
tatctaaaag
ataatgcagt
ttgaaattca
gttcttgttg
gattttacac
tagcttttag
ctatatctat
attcgtagtc
cgttttattt
gatttgttac
tttctcattt
ttaataacct
aaatcaatta
gcgtcctact
agtggaatta
gaatttactt
taatatttta
atgaaggaga
aaatatttta
aatccaataa
ttgtcttege
cgacctctga
attgtgaatg
ttaaatttag
agtattatta

tttgtatcaa
ttaatggcat
aattatgtaa
cctagacaac
tttacagcga
tatatacgaa
atagtgttat
cgcttagtaa
tttgtttgct
ggtattaaaa
tagcatgggt
tgttgtcgge
tgaagattat
tatactatgt
gtctatactg
ttgtttgtta
taagtttatc
tttatcttat
tgtaaagcaa
taattgcata
ttttggecttt
attcggaaaa
gaaacaaaaa
ttacagacaa
ggtagaataa
atattcaaat
tgttattatg
ttaaattata
attctcataa
ccacatatgt
ttttttacct
ctcgatacta
acagatttcg
tagtaacaaa
acgtgaaaag
ttacaccagt
caaacagtta
tagcttgacc
tagaatattec
atatttaaga
ctcgtatggt
ttttaccttt
ggaagttagt
aagttcaaac
tttttatgct
ttagaaaagt
cttatcaagc
gatgtcttca
aagctcattt
aaataaatat
ataataaaag
atttaactag
tcttcggtaa
gggcgatatc
aacagatatt
ttgatatata
ggaatttgat

gttctgcatt
cggaacatta
gaacataaaa
atattttata
ccttttgtat
atagatggaa
ccaacgctga
gaatcttttce
gagataatat
ttagcacagt
gctcttggga
atgcagctgt
cctagataca
ggcaaatgga
tatacttctt
ttaatatcga
acttaatagg
caaactaagg
gatttgaaac
tatataaata
attactaagt
acccaaaaaa
atcaaaaaca
agattgtcaa
cgctatgegt
ttctagtcat
tgcgtctttt
ggatctggaa
gaatggtgac
ttgaaaagtt
acagttgaac
tcgtectttac
ggttcagtag
acaatgagta
acttatgttg
tacttaaatg
attgagcata
ttagtaagtt
tttcatcagt
ttcteotgete
taaaaataaa
ttaatgtgcet
aaaaaaaaaa
acttggcttt
tattcatttt
ttttacaata
tatttgcact
ttgtgtgtgt
gcgcgactat
tagaagtcga
cgattttatt
ccattgcaat
aggtgcaaat
aagattcgaa
tgcagacaag
gctgtttgga
aactctgtat

tgaaggcttc
caaaatgcca
tttcatatta
actacatttg
tgaaatggga
tgtctttgat
tgttgtaaag
ctttgcctac
tcatattaat
cttggaaaac
acgtcacagt
tcgggaaata
attttgaaaa
tagaaccaca
ttgtttttgt
cgttttttgt
aatacaatgt
agagtagttt
tactcattat
atatacattt
tcatttggtg
agcagattaa
tgtatggtct
aaactagatc
attattgtat
tagtagaggt
Caaaacaata
ctttacacag
agtaagaaat
attaaaaatg
aaaatgacaa
cgaacggtat
atatagatat
ttcactccaca
atgactgcct
cgccgtttag
aatattctga
tcaaaatatt
tattacttet
tgtaatataa
agagaagttt
aatattaaaa
atttcttaga
Ctcaaaaatt
ataggtattt
ttgtaattac
tggtttcatg
aagtatattt
dagagtgtgac
aggcaattta
attttcttaa
tttcaagatg
ttaaaagcgt
ggaatgaaag
gcatggcgtc
attatgatac
ttttccaggt
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10561
10621
10681
10741
10801
10861
10921
10981
11041
11101
11161
11221
11281
11341
11401
11461
11521
11581
11641
11701
11761
11821
11881
11941
12001
12061
12121
12181
12241
12301
12361
12421
12481
12541
12601
12661
12721
12781
12841
12901
12961
13021
13081
13141
13201
13261
13321
13381
13441
13501
135€1
13621
13681
13741
13801
13861

ggtcgtcaac
agtattctgg
ttgtgtggat
tttgaatgaa
taattcgatt
ttcacctttt
tgatgtctaa
tcaacggcectt
tttcttatgg
ctgatgctta
ttcaaaagaa
taatgttgtc
agtccatagce
aaaaattgta
tttggaacca
tattcatcgg
tgggaatatt
taaaaaaacc
aattgcacaa
attttecttt
taaatatttc
ccaacatcat
tactggcata
caaatatgga
agtttcttte
tgagctaaat
ataagctctc
cctagagaat
actgtctcca
tatgacgaag
ggacgtttat
gtaaaatctg
tacgctataa
gtgactaact
gccggetgga
gctaccccaa
ttetttgtat
atactggaaa
ttagaagctt
tattcccaat
aattattggt
ctagacgtaa
gaagatataa
cgagcgaaaqg
gcccgtegta
acgaattcaa
ctagttactg
agtgaagaca
gaagaaaaga
tagggcggat
agctcacgta
atgtgttagt
agaaagattc
tatatataaa
aatgtattcc
cattttgttt

gcgttgttat
ttaatattta
gggaattata
acgaacaaag
aacggatttt
ttettetgaac
tgtatggaaa
ttttttatce
tcatgcttta
tgactcgaga
gatcattcaa
gtctttcact
gtgacattca
tattgaatat
gatatatttt
tgtcatcatt
tctgacacct
ctcaagaaga
tacctagtag
tttctgtttc
gaattcttta
ggacaaagtc
ttcacgcttg
atgaatgtat
tgtttacaat
tatttettee
tatgtacatt
tttagatcat
ctattgataa
aatttttcgt
taaggttttt
caccagcatt
tggctatgaa
tcgaaacatt
atggtgtact
gtagtagtat
cgtatataat
actttaacca
attacaccgt
tacccgattt
ttttagaaca
tgaccgcecttt
gaagtgtcat
aaataactaa
ttcaacgtat
gaacaatgag
ttatgtggaa
acgtcgatga
aagaagctaa
gaaaatttaa
aaaacattta
aattcgatta
atggaataaa
cctgtacgca
tgaaatacaa
tcaaatgttt

actcaatacc
gcattatggg
cgaaactacc
ctaaaaatta
tagctttgtt
ctttttgtatc
aatatgttaa
atttgtatat
aaactacagg
ggtgtaagta
tatagggaag
tttgttgaca
tactgtatat
tattattagg
gtggtgttta
gataatttta
ggccaacgga
ctaacaaggc
daaatgttac
agagcaaatg
tcatgtcagt
dacaagtatc
dagccattat
ttgattttgt
ttctcttcat
aaatttcgta
aatgttrtagc
ttaaatgtct
acttattcta
ttcacctggt
tgaaggagct
dagcaatatt
tctatttgga
tggccgaagt
agatgctgct
aagtgaagga
tttaattgtc
agctcaatca
ttgggaagac
tattgacgct
aagtgatata
gattaaaaga
gaaaaaagta
agagacaaca
atttcggagg
tttaagagct
aactcaaaaa
aaaacaagac
ctaagtgttg
acagaattga
acataaacca
aaaagagttt
tatcaccata
acttcacaga
cagtctaaca
ttataatatc

ctcaattgca
atataatctg
tattagtgtg
ttcatgggtg
tcaaacggta
ttteetetta
tacgatttca
actagttgtc
cgacattgga
ttgacattga
acatactgtc
ttccectett
ttcgtrttgt
ttaacatgca
ttatacttgg
atcggttaaa
attgggttaa
ctacggtaat
acacgttata
gagagcagca
tattttatta
acttgcctta
tagattaact
tattgttgtc
atttggtctt
atttgcageg
tatcttttata
tagcttttga
caatattctet
ttatttcgtg
aaaggtatca
ggtacattat
acattggcac
atgtgtttac
atggtaggac
aactgcggta
ctgattatta
caagatgaag
tatgatccta
ttagacggtc
gcgataaaag
gctttgggceg
gaagatcgat
cgtgaccgtt
cacatcctga
cgagaaaaaa
aataatttaa
gttgaagaaa
ttcatttttg
tttaaagaaa
gtcatttaaa
atgtaaatga
tatatatgta
tgtacttgta
acagaattta
tacaccgttg

aatgtattgc
tttggtggac
attgacaaca
aataaaaata
attttcttct
gtttataaaa
aactaatttt
atggttatat
aggatggrtt
tagcttgcat
gttgttgttg
ttaagtatct
gtgtgtaatt
acctggtgtt
tgcattcttt
acaacagtac
cactttgaaa
gatatgttgt
tgttttaccc
ttatttgatt
aacatgctca
gaatatttga
gctatgagat
ttctcgattg
cacttattgg
aattgcgcta
tgtagctact
aaagtttaaa
tagtgataat
ttgtgcgagt
gaaaactctt
tgtttttgatc
atcagggtgc
tgtttcgtat
ctcctttatg
ataaattcgt
taaacatgta
ctggcattac
aagccaccca
cattaagggt
atcgacatag
aagataactg
ataaacagat
taaaaatcga
tggatgaaat
atttaaacaa
tagaggaagg
gagaagaaga
ttggaagttg
tgtccgtaag
aaacgagaac
cagggatgtg
catatatata
aagtacaaaa
tgtacacatg
ctgtttttg

tagtgtgcgt
agttctttta
tggcaatgtg
tcaactttga
ttatattgaa
agcactctta
cataaagaga
tattgttget
gaagctatgg
aaaaacttat
ttgtcatatt
tttatctata
ccaagatgtt
atggtaaact
attttaaatt
gaagacggcg
gctgecctegt
tgaacagtta
cctgatttac
ttatacatac
ctatgatgat
actttttace
tggagtattt
caggtatgta
tcctatttet
ttattgcaca
tatgtagcat
attgctgaaa
aatgatcgag
attcagatta
atttacaatt
aacatttata
tattaataaa
atcaacagcg
caatgtcaat
tgcagtaata
tatagctgtet
tgaagacgat
atttataaaa
accgaagcct
gtgtcattgt
caatgaaaac
ttttccacaa
aaactcggct
ttaccaaatg
aattgaacag
ggatgacgaa
ggaaatggat
ccaaatccaa
taaaaacaaa
aagtagataa
acttcatgta
tatatatata
ctagctactg
tattctatgt
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GENBANK SUBMISSIONS

1. PpSCNI gene, Accession # AF047379

2. PPSCNI mRNA, Accession # AF047380
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