The Journal

Multiple
Timothy

Jegla,’

Shaker Potassium
Nikita

Grigoriev,z

Warren

Channels
J. Gallin,*

of Neuroscience,

in a Primitive

Lawrence

Salkoff,’

and

Andrew

December

1995,

15(12):

7989-7999

Metazoan
N. Spencer2

‘Department of Anatomy and Neurobiology, Washington University School of Medicine, St. Louis, Missouri 63110
and 2Department of Biological Sciences, University of Alberta, Edmonton, Alberta, Canada T6G 2E9 and Bamfield
Marine Station, Bamfield, British Columbia Canada VOR 1BO

Voltage-gated
potassium
channels
are critical elements
in
providing
functional
diversity in nervous systems. The diversity of voltage-gated
K+ channels
in modern triploblastic metazoans
(such as mollusks,
arthropods
and vettebrates) is provided
primarily
by four gene subfamilies
(Shaker, Shal, Shab, and Shaw), but there has been no data
from the ancient diploblastic
metazoans
until now. Diploblasts, represented
by jellyfish
and other coelenterates,
arose during the first major metazoan radiation
and are the
most structurally
primitive
animals
to have true nervous
systems. By comparing
the K+ channels of diploblasts
and
triploblasts,
we may determine
the fundamental
set of K+
channels
present in the first nervous systems. We now report the isolation
of two Shaker subfamily
cDNA clones,
jShak1 and jShak2, from the hydrozoan
jellyfish Polyorchis
penicillafus
(Phylum Cnidaria).
JShakl and jShak2 express
transient
outward
currents
in Xenopus
oocytes most similar to Shaker currents
from Drosophila
in their rates of
inactivation
and recovery from inactivation.
The finding of
multiple Shaker subfamily
genes is significant
in that multiple Shaker genes also exist in mammals.
In Drosophila,
multiple
Shaker channels
are also produced,
but by a
mechanism
of alternative
splicing.
Thus, the Shaker K+
channel
subfamily
had an established
functional
identity
prior to the first major radiation
of metazoans,
and multiple
forms of Shaker channels
have been independently
selected for in a wide range of metazoans.
[Key words: Shaker, potassium
channel,
voltage-gate&
jellyfish,
Cnidarian,
diploblast,
triploblast,
polyorchis,
inactivation]

Electrical excitability is a fundamental property of the neuromuscularsystemsof metazoans.This property is conferred by a
diverse set of voltage-gated (Vg) ion channel proteins that has
evolved in concert with neuronsand other excitable cells. Neurobiologistshave come to appreciatethat the surprisingly varied
responsesof neuronsto electrical excitation can in a large part
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be accountedfor by a diverse, but highly conserved, set of Vg
potassiumchannel proteins that are present in most metazoans
(Rudy, 1988; Salkoff et al., 1992).
The molecular basis of K+ channel diversity is well understood in many triploblastic metazoans,including vertebrates(Jan
and Jan, 1990; Rudy et al., 1991; Salkoff et al., 1992; Chandy
and Gutman, in press), arthropods(Jan and Jan, 1990; Salkoff
et al., 1992; Pongs, 1993) and mollusks(Pfaffinger et al., 1991;
Quattrocki et al., 1994; Zhao et al., 1994) and hasbeen examined in other triploblasts groups such as annelids (Johansenet
al., 1990), nematodes(Wei et al., 1991), and flatworms (Kim et
al., 1995). In theseorganisms,much of the K+ channeldiversity
appearsto be encodedby four closely related gene subfamilies
of Vg K+ channels:Shaker, Shal, Shab, and Shaw. However, it
hasnot beenclear whether this set of Vg K+ channelsdiversified
within the triploblastic lineageor whether it was, at leastin part,
presentduring the establishmentof the nervous systemin more
primitive metazoans.
The most ancient extant metazoansto have true nervous systems are the diploblasts,organismssuch asjellyfish, seaanemones,and comb-jellies.Theseorganismshave only two germinal
layers, lacking a true mesoderm.Both the fossil record and molecular phylogenies basedon ribosomal RNA sequencesplace
the emergenceand diversification of the extant diploblastic phyla well before the appearanceof modern triploblasts, during an
initial major radiation of metazoanspecies(Christenet al., 1991;
Morris, 1993; Wainwright et al., 1993). Thus, the first nervous
systemsmost likely appearedin one of the latest common ancestorsof diploblastsand triploblasts.
Physiological evidence shows that the diploblasts, like triploblasts,have a diverse set of Vg K+ currents (Anderson and
McKay, 1987;Dunlap et al., 1987; Holman and Anderson, 1991;
Meech and Mackie, 1993; Przysiezniak and Spencer, 1994),
hinting at an early diversification of Vg K+ channel genes.By
examining the molecular diversity of Vg K+ channelsin diploblasts such as jellyfish, we can gain an understandingof the
molecular diversity of Vg K+ channelsin the first nervous systems and how it has been conservedor specializedto meet the
needs of modern triploblasts with their complex nervous and
effector systems.
Using a PCR screeningprotocol, basedon degenerateprimers
correspondingto the regionsmost highly conservedbetweenthe
Shaker, Shal, Shab, and Shaw subfamilies,we have isolatedtwo
Shaker subfamily homologs,jShak1 and jShak2, from the hydromedusanjellyfish Polyorchis penicillatus.
We report the sequencesof these K+ channel subunitsand demonstrateremarkable similarity to their triploblastic homologs. These results
show that the Shaker Vg K+ channel gene subfamily has been
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functionally differentiated from other Vg K+ channel lineages at
least since the appearance of the nervous system. Thus, the diversity of Vg K+ channels observed in triploblasts is likely to
have arisen during or even prior to the earliest major radiation
of metazoan species.

Materials and Methods
Cloning ofjShak1 and jShak2. Amplification and isolation of fragments
of jShuk1 and jShak2 from Polyorchis
penicillatus
genomic DNA was
performed as described in Jegla and Salkoff, 1995. Briefly, the degenerate primers used to generate the fragments were 5’.TCGGAATICTATGACTACTGTTGG(A\C\G\T)TA(T\C)GG(A\C\G\T)GA-3’
(sense) and 5’.ACTTCTAGAGGTAGTGCTAIT(GM)(‘DC)(A\C\G\T)AG(A\C\G\T)AC(A\C\G\T)CC-3’
(antisense) which are derived from the
consensus amino acid sequences of the pore region [MTTVGYG(D/E)]
and sixth transmembrane domain [GVL(TN)TIAL]
of Vg K+ channels.
The jShak1 and jShak2 fragments obtained in the amplification screen
were used to probe oligonucleotide dT primed Polyorchis
cDNA libraries under high stringency conditions (Butler et al., 1989). Purification of mRNA from neuronally enriched P. penicillatus
tissue samples
and construction of the cDNA libraries in the lambdaZAP II vector
(Stratagene, La Jolla) have been described previously (Gallin, 1991).
Bluescript SK- subclones of each positive clone were obtained using
Stratagene’s in viva excision protocol and sequenced in both directions.
This procedure yielded a complete cDNA clone of jShuk1. However,
all jShuk2 cDNAs were truncated, containing only a region encoding
Sl through the 3’ end of the coding sequence. The missing 5’ region
was obtained by high stringency amplification (95°C 1 min, 60°C 3 min,
30 cycles) of a cDNA bank with 0.5 pmol/pl of an oligonucleotide
matching the T7 region of Bluescript 5’.(GCGCGTAATACGACTCACTATAGGG)-3’
and 25 pmol/pl of an antisense oligonucleotide matching the 3’ end of the jShak2 coding sequence 5’-(ACACTCTAGATAAGTGGTCACGTGATTTAACTCG)-3’.
A second round used 5
pmol/yl of the T7 oligonucleotide and 25 pmol/pl of a nested antisense
oligonucleotide near the pore region of jShak2 5’-(TCCGGTCGACGTAGAGGGGAATAAATCGCCATA)-3’.
The product was cut with Xho
I and Nhe I and subcloned into the Xho I and Xba I sites in Bluescript
II KS+ (Stratagene, La Jolla). Three separate clones were sequenced in
both directions to minimize the possibility of reporting PCR-introduced
mutations.
Genomic structures were determined by high stringency PCR amplification of genomic DNA with several oligonucleotides flanking the
coding regions of jShakl and jShak2 and oligonucleotides internal to
the coding sequence. In all cases, single bands were amplified. In instances where the product resulting from amplification of genomic DNA
corresponded in size to a band amplified from the cDNA clone with
the identical oligonucleotides, genomic restriction mapping was used to
verify the identity of genomic product. In cases for which the size of
the genomic band exceeded that of the cDNA, the genomic band was
subcloned into the Sma I site of Bluescript II SK+ and sequenced to
confirm the existence and position of the intron.
Alignments
and phylogenetic
trees. The alignments used to produce
the pairwise identity data were generated in Microgenie (Beckman, Palo
Alto) and adjusted by eye. Alignments which were used to produce
maximum parsimony trees based on the jShak1, jShuk2 and 9 triploblastic Vg K+ channels representing the Shuker, Shal, Shah, and Shaw
gene subfamilies were generated using the SEQSEE suite of programs
(Wishart et al., 1994). Only sections of the Tl region and membrane
spanning core (SllS6) that have conserved lengths between the Shaker,
Shul, Shub, and Shuw subfamilies were used for tree building. Trees
were constructed by maximum parsimony, as implemented in the PAUP
computer program (Swofford, 1993). Tree lengths were calculated using
a step matrix that weighted changes between amino acids according to
the minimum number of nucleotide changes that were necessary to
achieve the change in amino acids. A heuristic search for trees was
performed, using random addition to generate initial trees, tree bisection
and reconnection for branch swapping. The consensus maximum parsimony tree shown in Figure 2 was constructed from the shortest 13
trees found in this search.
Construction
of Xenopus oocyte expression
vectors. The jShak1 expression vector was generated by PCR amplification of a previously
constructed jShukl-Bluescript
II KS+ subclone with two primers: a
sense primer 5’.(GGGAGCTCGAGCCACCATGATGTITGTAGCCACT)-3’ that replaces the 5’ UT sequence with a consensus translation

initiation sequence (Kozak, 1987) and an internal primer 3’ of a unique
internal Sac I site 5’-(AATCATAATCATTCATCG)-3’.
The PCR product was then digested with Sac I and cloned into the jShakI-Bluescript
KS+ subclone digested with Sac I. The PCR amplified region was sequenced in both directions to confirm correct orientation and lack of
PCR-introduced mutations. A truncated jShak1 construct (jShukl7’)
that
eliminates the first 23 predicted amino acids and replaces phenlyalanine
24 with an initiator methionine preceded by a consensus translational
initiation sequence was constructed using the sense primer 5’-(GGGAGCTCCACCATGGAAGACAATGCAGA)-3’.
The jShak2 construct was produced in two steps. First, an incomplete
jShuk2 cDNA isolated in the original bank screen described above was
cut with Nhe I and Not I and subcloned into an Spe I/Not I cut pBScMXT oocyte expression vector (Wei et al., 1994). The 5’ end was
amplified with a sense oligonucleotide 5’.(TTACGAATTCCACCATGTTACCAGTTCTAACGCAAACG))3’
which replaces the 5’ UT sequences with a consensus translation initiation sequence and the previously described pore region antisense oligonucleotide. This product
was cut with Eco RI and Nhe I and subcloned into the vector produced
in the first step (Eco RI/Nhe I cut). The amplified region was sequenced
in both directions to confirm that no PCR-introduced mutations existed.
Expression
of cRNA in Xenopus oocytes. Capped cRNAs were prepared by run-off transcription with either T7 RNA polymerase (for jShukl and jShuklT), or with T3 RNA polymerase (jShak2,
Shaker H37,
Shaker
B, and Kv1.2) using the mMessage mMachine kit (Ambion,
Austin). Mature stage IV Xenopus oocytes were prepared for injection
as described in Wei et al., 1990. Oocytes were injected with 50 nl of
cRNA at concentrations of 5-100 ng/pl (adjusted based on the expression level of the particular construct), and incubated at 15°C for l-3 d
in ND96 (96 mu NaCl, 2 mM KCl, 1.8 mu CaCI,, 1 mM MgCl,, 5 mM
HEPES-NaOH, pH 7.5) supplemented with 100 U/ml penicillin, 100
pg/ml streptomycin and 2.5 mM sodium pyruvate.
Electrophysiology.
Recording methods used were as previously published in Covarrubias et al., 1991. Briefly, whole cell recordings were
made l-3 d after injection at 22°C by conventional two microelectrode
voltage-clamp techniques. Electrodes ranged from 0.3308 MR resistance and were filled with 3 M KCl. The standard recording solution
consisted of ND96 with 1 mM 4,4’-diisothiocyanatostilbene-2,2’
disulfonic acid (DIDS) to block native oocyte chloride currents. Tetraethylammonium (TEA) and 4-aminopyridine (4-AP) were dissolved in this
standard solution at the given concentrations. Currents were digitally
acquired with CCURRENT
using linear leak subtraction, filtered at 1 kHz
with an g-pole Bessel filter and analyzed with CQUANT (Baker and Salkoff, 1990).

Results
Cloning of’jShak1 and jShak2
We designed a PCR-based method to screen for jellyfish Vg K+
channel homologs that relied only on short stretches of conservation and compensated for differences in codon bias by using
degenerate primers. We chose one degenerate primer to match
the amino acid sequence of the K+-selective pore region (Hartmann et al., 1991; Yellen et al., 1991; Yool and Schwarz, 1991)
which is highly conserved in all the Vg K+ channels (M’ITVGYGD) as well as most other K+ channels. The antisense primer
matched a stretch of S6 (GVL(T/V)IAL),
the most highly conserved membrane-spanning
domain, which is invariant in Shaker, Shal, Shah, and Shaw (Wei et al., 1990). We used the same
low stringency amplification
protocols described in Jegla and
Salkoff (1995) in which novel Paramecium
K+ channel clones
were isolated starting with these primers. Using this screen, fragments of two jellyfish Vg K+ channels, jShak1 and jShak2, were
isolated from Polyorchis penicillatus
genomic DNA. These fragments were then used as a probe to isolate complete clones of
jShak1 and jShak2 from a Polyorchis penicillatus
cDNA library,
as described in the Materials and Methods section.
Conservation

with triploblastic

Shaker channels

An alignment of the deduced amino acid sequences of jShak1
and jShak2 to triploblastic
Shaker homologs from Drosophila
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Table

jShakl

1. Percent
conservation
of amino
and triploblastic
Vg K+ channels

jShak1
jShak1
jShak2
Shaker B

50 (55)
48 (51)

acids

between

the jellyfish

Vg K+ channels

December

1995,

75(12)
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jShak1 and

jShak2

Shaker B

Mus Kv1.2

Shal

Shab

Shatc

50 (55)

48 (51)
52 (51)

49 (52)
51 (53)
69 (88)

45 (41)
44 (44)
42 (48)

44 (34)
46 (29)
43 (33)

42 (37)
46 (35)
44 (41)

52 (51)

of Neuroscience,

Percentage
amino acid identities
are shown for pairwise
alignments
between
jS/mkl, jShak2,
the Drosophila
Shaker
B (Timpe
et al., 1988a),
S/m/, S/z&
and Show (Butler
et al., 1989) Vg K+ channels
and the A4us Shaker
homolog
Kv1.2 (McKinnon,
1989). Identities
are measured
from the first residue
of Sl to the last residue
of S6, and for the
most highly
conserved
section
of the Tl domain
(shown
in parentheses)
corresponding
to amino
acids 47 through
126 in jShak1.

and MLU is shown in Figure 1. Extensive conservationbetween
jShak1, jShak2, and triploblastic Shaker homologsextendsfrom
the Tl tetramerizationdomain(Li et al., 1992; Shenet al., 1993;
Hopkins et al., 1994)in the N-terminal through the entire membrane-spanningcore of the channels,which includes six transmembranedomains(S l-S6) and a K+-selectivepore motif. Note
that conservationis particularly high in the pore and S6 regions
to which our degenerateprimers were made. Even the N-terminal “inactivation ball” region (Hoshi et al., 1990; Zagotta et
al., 1990) showslimited sequenceconservation. However, there
is little conservation betweenjShak1, jShak2, and triploblastic
Shaker homologsin the proximal N-terminal and distal C-terminal regions (which show little conservationeven amongtriploblastic Shaker homologs).
In pairwise comparisonsof the conserved core region (Sl
through S6), jShak1 andjShak2 shareapproximately 50% amino
acid identity to eachother and to triploblastic Shaker homologs.
This is lessthan the approximately 70% identity sharedamong
triploblastic Shaker homologs (Salkoff et al., 1992; Jegla and
Salkoff, 1994), but is higher than the approximately 40% level
of identity conserved amongjShak1 and jShak2 and the other
voltage-gated K+ channel subfamilies,Shab, Slzal, and Shaw.
This higher identity to Shaker versus Shal, Shah, or Shaw is
even more pronouncedin the Tl domain, and suggeststhat jShakl andjShak2 are specifically Shaker homologs.A summary
of thesepairwise comparisonsis provided in Table 1.
We constructed phylogenetic trees including jShak1, jShak2
and 9 triploblastic Vg K’ channel sequencesfrom the Shaker,
Shal, Shah, and Shaw subfamiliesto confirm the inclusion of
jShak1 andjShak2 within the Shaker subfamily, usingthe maximum parsimony computer program PAUP of Swofford (1993).
A maximumparsimonyconsensustree built from the 13 shortest
(best) trees found by this program is shownin Figure 2. All 13
trees place jShak1 and jShak2 in the Shaker subfamily. In all
trees, the two jellyfish Shaker channelsdiverge from the triploblastic Shaker homologsat an earlier time than the divergence
of the triploblastic Shakers from each other, consistentwith the
early divergence of the diploblastic and triploblastic lineages.
The consensustree is consistentwith the previous findings of
Strong et al. (1993) in grouping the Shaker andShal subfamilies.
Lesscertain is whetherthe S/rawsubfamily groupswith the Shab
subfamily (77%) as found by Strong et al. (1993), or the Shal
subfamily (23%).
Shaker genes and genornic organization
As in vertebrates,Shaker is a multigenesubfamily in Polyorchis.
Gene duplication hasproduceda large set of Shaker geneswith
intronless coding regions in mammals(Chandy et al., 1990;
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Douglasset al., 1990; Swansonet al., 1990; Chandy and Gutman, in press), so we were interested to see if introns were
presentin Polyorchis. We examinedthe genomicstructureof the
jShak1 andjShak2 coding regions by PCR amplification of Polyorchis genomicDNA as describedin the Materials and Methods. The coding region of jShak1 appearsto be intronlessbecause no length differences are seen between the cDNA and
genomic fragments encompassingthe entire coding region.
However, the jShak2 coding region contains a single intron of
approximately 1.2 kb in length in the region encodingthe C-terminal cytoplasmic domain (Fig. 1, arrow).
Functional

properties

Expressionof cRNAs from jShuk1 andjShak2 in Xenopus oocytes provides further evidence that jShak1 and jShak2 belong
to the Shaker subfamily. Both jShak1 andjShak2 producedcurrents that resemble triploblastic invertebrate Shaker currents
with respectto rapid activation and inactivation. Figure 3 shows
a comparisonof families of outward currents recordedfrom oocytes injected with jShak1, jShak2, and two Drosophila
splice
variants, Shaker B (Timpe et al., 1988a)and Shaker H37 (Kamb
et al., 1988). The biophysical and pharmacologicalpropertiesof
thesecurrents are summarizedin Table 2.
Although the jShak1 andjShak2 currents differ substantially
in their rates of inactivation (Fig. 4A), both fall within the
range of inactivation rates observedfor different splice variants
of Drosophila
Shaker (Fig. 4B). Plots of the major time constant of inactivation (Tau) versus voltage are shown in Figure
4C. JShakl is most similar to the rapidly inactivating Drosophila Shaker splice variants (e.g., Shaker B), whereasjShak2
has an inactivation rate similar to the more slowly inactivating
Shaker currents such as Shaker H37 and Aplysia Shaker (Pfaffinger et al., 1991). For these slower inactivating types, the
inactivation time constant is greater than 20 msec at +60 mV.
JShakl is alsosimilar to Drosophila
Shaker B in having a small
sustainedcurrent componentthat doesnot inactivate over short
voltage steps (Fig. 4A) (Timpe et al., 1988a,b; Isacoff et al.,
1990). In contrast, JShak2 inactivates completely during shorter steps, similar to Shakers A and C (Timpe et al., 1988a,b;
Isacoff et al., 1990).
Becausethere is no significant conservationamongthe N-terminal regions of most triploblastic Shaker channels,we were
surprisedto observe substantialconservationbetweenthe N-terminal of jShak1 and the Drosophila Shaker B channel(Fig. 5A).
The fast componentof inactivation in Shaker B ,occurs by an
N-terminal “ball and chain” mechanism(Hoshi et al., 1990;
Zagotta et al., 1990); when this region is removed, rapid inactivation of the current is lost. To test the functional significance
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jShak1
jShak2
Shaker B
Kvl. 1

411
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jShak1
jShak2
Shaker
Kvl.1
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531
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jShak1
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Shaker
Kvl.1

B

487
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Figure
1. Alignment
of the deduced
amino acid sequences of the jShakl,
jShnk2,
Drosophila
Shaker B (Timpe
et al., 1988~1) and the mouse
Shaker homolog
Kvl. 1 (Tempel et al., 1988). Identical
amino acids are shown in reversed
lettering
(white on black). Membrane-spanning
domains
are underlined
and labeled Sl through
5%. Also underlined
are the putative
pore-forming
region (Pore), the N-terminal
inactivation
ball of Shaker

The

of the conservation between jShak1 and Shaker B, we removed
the first 23 amino acids of jShak1 and expressed the truncated
construct (jShak1 T). As with Shaker B, the truncation completely removed rapid inactivation (Fig. 5B,C) from the jShak1 current. This result demonstrates the conservation of the N-terminal
inactivation ball mechanism. Partial inactivation of the jShaklT
current occurs during prolonged
(3 set) depolarizations,
suggesting the presence of a second, possibly C-type, inactivation
process (data not shown).
JShakl and jShak2 differ substantially in their rates of recovery from inactivation, with jShak1 showing more rapid recovery
(Fig. 6A). Both have two distinct time components to their recovery from inactivation
(Table 2, Fig. 6B,C). Two separable
components to recovery could suggest recovery from two inactivated states. The fast component of recovery for jShak1 (Tau
= 24.4 msec at - 100 mV) is very similar to the rapid recovery
of the Shaker B splice variant (Tau = 42.6 msec at - 100 mV),
which has mainly N-type inactivation.
The slow component is
similar to the recovery rate of the Shaker H37 splice variant and
could conceivably
reflect recovery from C-type inactivation
(Fig. 60). Both Drosophila
Shaker currents recover with a single
exponential
time course. The extremely slow recovery of the
jShak2 current is similar to the Drosophila
Shaker A and C
splice variants (Timpe et al., 1988b) and Aplysia Shaker (Pfaffinger et al., 1991).
One difference between the jellyfish Shaker currents and their
triploblastic counterparts is that jShak1 and jShak2 both operate
in a more positive voltage range. JShakl and jShak2 have conductance versus voltage (gV) relations and steady state inactivation (ssi) relations that show a depolarized
shift with respect
to those of typical triploblastic
Shaker homologs (Fig. 7). The
magnitude of this shift relative to oocyte-expressed
Shaker currents in other species is approximately
+25 mV for the ssi
curves and almost +40 mV for the gV curves. Drosophila
Shaker currents, however, can exhibit equally large shifts in their
voltage operating range within some cell types (Hevers and Hardie, 1995).
An additional observation of interest is that the apparent voltage sensitivity differs substantially between the jellyfish and triploblastic Shakers. Both jShak1 and jShak2 show a lower voltage
sensitivity when compared to triploblastic
Shaker homologs by
three measures: a reduced slope of the gV curve, a reduced
limiting slope (which presumably provides a lower limit estimate
on the number of equivalent gating charges (z) required to open
the channel (Almers, 1978; Armstrong,
1981; Logothetis et al.,
1992), and a reduced slope of the ssi curve (which may reflect
the steepness of the voltage dependence of activation; Papazian
et al., 1991); see Figure 7 and Table 2. Each of these measures
suggests a reduction of voltage dependence of approximately
30%. These differences apparently do not reflect a difference in
the number of gating charges in the S4 region. All higher metazoan Shakers as well as jShak2 have seven positive charges in
the S4 region. JShakl, on the other hand, has only six S4 charges
(Fig. 1).
JShakl andjShuk2 have pharmacological
properties typical of
Shake/- currents. Both are similarly sensitive
to block by 4-aminopyridine (having an IC,, of 0.5 mM or less), but differ 20-fold
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Mus Shab

4
-77

Mus
sha’

-

DrosophilaShal

r

DrosophilaShaker

L100
100

Aplysia Shaker

+

I--

100
-

MIS Shaker

jShak2
jShak7

DrosophilaShaw
Figure 2. Consensus maximum parsimony tree derived from jShak1,
jShak2, and nine triploblastic Vg K+ channels representing the Shaker,
Shal, Shah, and Shuw gene subfamilies. Numbers represent the percentage of occurrences of a particular branch point in the individual
maximum parsimony trees used to construct this consensus tree. The
references and accession numbers for the sequences used are as follows:
Drosophila Shaker (Papazian et al., 1987; M17211) Drosophila Shal,
Drosophila Shah, and Drosophila Shuw (Butler et al., 1989; M32660,
M32659, M32661, respectively); Mus Shaker (Tempel et al., 1988;
YOO305), Mus Shul (Pak et al., 1991; M64226), Mus Shab (Pak et al.,
199lb; M64228), Aplysiu Shaker (Pfaffinger et al., 1991; M95914),
Aplysia Shub (Quattrocki et al., 1994; S68356).

in their sensitivity to block by externally applied TEA. While
jShak1 has an IC,,1 of 20 mM for external TEA, jShak2 has an
IC,, of approximately
1 mM. This difference is most likely explained by the presence of phenylalanine
at position 370 in the
pore region of jShak2 as opposed to the histidine found in the
equivalent position in jShuk1. It has previously been reported
that the presence of an aromatic, amino acid at this position confers high external TEA sensitivity as seen for jShak2, whereas
other amino acids result in lowering or abolishing sensitivity to
external TEA (Heginbotham
and MacKinnon,
1992).

Discussion
Sequence conservation
Phylogenetic
sequence analysis clearly places the jellyfish K’
channels jShak1 and jShak2 within the Shaker gene subfamily
of Vg K+ channels. Thus, the Shaker gene subfamily must have
diverged from ancestral Vg K+ channels prior to the evolutionary split between diploblasts and triploblasts. It is therefore likely that Shaker K’ channels were already playing significant roles
in the electrical activity of the earliest metazoan nervous sys-

t
B (I), and the N-terminal subunit assembly domain (Tl). The underlined Tl domain includes the overlap of the critical subunit assembly regions
determined in Li et al., 1992; Shen et al., 1993; and Hopkins et al., 1994). An arrow marks the position of an intron in the coding region ofjShak2.
The Genbank accession numbers of the jShukl and jShuk2 sequences are U32922 and U32923, respectively.
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A

jShak1
Figure 3. Families of outward currents recorded from Xenopus oocytes
injected with cRNAs from jShak1 (A),
jShak2 (B), Drosophila Shaker B (C),
and Drosophila Shaker H37 (D); 200
msec test pulses were applied from
-40 mV to +60 mV in 20 mV increments for jShakl and jShak2, or from
-60 mV to +60 mV in 20 mV increments for Shaker B and Shaker H37.
Holding potentials were -90 mV and
each pulse was preceded by a 6 set
prepulse to -130 mV to allow for
complete recovery from inactivation
between pulses. Current amplitude calibration bars are shown for each set of
traces, and a time calibration bar is also
provided. Currents were leak subtracted, and capacitative transient currents
were clipped.

jShak2

4oms

C

I

soonA

l.5pA

Shaker B

Shaker H37

terns. This suggeststhat the establishmentof a specialized set
of Vg ion channelsto control electrical signalingwas one of the
early molecular innovations in metazoan evolution. Additional
supportfor this idea comesfrom recently obtainedevidence that
two jellyfish Shal homologs, a putative Shaw homolog, and a
third Shaker-relatedgene may exist in“ Polyorchis penicillatus

(Jegla and Salkoff, unpublishedobservations).Other classesof
Vg ion channelsalso appearto have early origins in metazoans
since a scyphozoanjellyfish Na’ channel which is homologous
to triploblastic Vg Na+ channelshas been described(Anderson
et al., 1993).
In other experiments to explore the evolutionary origins of

Table 2. Summary
selected triploblastic

of the jellyfish

of the biophysical
Shakers

and

iShak1
Activation
V,, @VI
Slope (mV/e)
Limiting slope
Inactivation
V5, (mv)
Slope (mVle)
Tau (msec)
Tau,., (msec)
Tau,., (msec)
% Tau,,
Pharmacology
TEA IC,, (mu)
4-AP IC,, (mu)

20.6
6.2
8.9
24.4
855
43.4

properties

iShak2

20.2 5 0.3 (n = 17)
12.3 t 0.3 (n = 17)
3.51 + 0.04 (n = 5)

-

pharmacological

2 0.2

(n = 9)

i 0.1 (n = 9)
2
+
2
+

0.2
2.6
56
4.5

(n = 9)
(n = 5)

20.0 i- 2.5
0.5 + 0.2

(n = 4)
(n = 4)

K+ channelsjShak1

K ~1.2

22.2 2 0.2 (n = 14)
11.420.2
(n=14)
4.04 ? O.‘l 1 (n = 11)

-18.9 5 0.1 (n = 19)
5.2 i 0.1 (n = 19)
35.1 2 1.4 (n = 13)
245 5 7.7
2075 k 60
26.2 + 1.6

(n = 7)

1.2

i 0.1 (n = 8)

=O.l

(n = 4)

andjShak2

Shaker B

compared

to

Shaker H37

-15.2 + 0.5 (n = 6)

-19.6 2 0.4 (n = 6)

8.4 5 0.4 (n = 6)
5.84 t 0.35 (n = 6)

8.3 + 0.3 (n = 6)
5.37 -c O.l9(n
= 4)
-44.0
5 0.2 (n = 7)
3.9 2 0.2(n = 7)
3.5 5 0.1 (n = 8)
42.6 -c 2.8(n = 8)

-43.5
-c 0.1
2.8 ? 0.1
41.5 2 1.6

(n = 6)
(n = 6)

(n = 6)

1047 2 81

(n = i2)

17.0 + 3.4 (n = 3)
1.5+0.6(n=4)

Biophysical
and pharmacological
properties
of jShak1
and jShak2
are compared
to those of two Drosophila
Shaker splice variants
(B and H37) and the Mus Shaker
homolog
Kv1.2. The V,, and slope (in mV/e-fold
change in conductance)
of activation
and inactivation
are derived
from the Boltamann
fits of the gV and steady
state inactivation
data shown in Figure
7, A and C, respectively.
The limiting
slopes of activation
were derived
from the linear regression
fits to the semilogarithmic
plots of gV curves
shown in Figure
7B. Tau is the time constant
of inactivation
and values were determined
for the major component
of inactivation
at +60 mV.
Tau,, and tau,, are the time constants
of the fast and slow components
of recovery
from inactivation
at - 100 mV. The percentage
of the total current
that recovers
with a time constant
of tau,, is also given.
IC,, values
for external
tetraethylammonium
(TEA)
and 4-aminopyridine
(4.AP)
represent
the concentration
at which
the current
is reduced
to one-half
the amplitude
of the current
in the absence
of TEA or 4-Al? Values
are *SE;
sample
sizes are given in parentheses.
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Figure 5. Rapid inactivation of jShukl occurs by a conserved N-terminal mechanism. A, An alignment of the first 12 amino acids of jShuk1
with the N-terminal of Drosophila Shaker B and jShak2 is shown. White
type on black indicates amino acid conservation. B, Outward currents
recorded from an oocyte injected w.ith cRNA from a truncated jShakl
construct, jShaklT, in response to 200 msec depolarizations from -40
mV to +60 mV in 20 mV increments from a holding potential of -90
mV (peak current at +60 mV is 3.4 PA). Currents were leak subtracted
and capacitative transient currents were clipped. JShuklT was constructed by removing the first 23 amino acids of jShukl (see Materials and
Methods) C, 200 msec current traces elicited by depolarization to +60
mV and normalized to the same peak amplitude are shown for jShuk1
and ,jShukl T. The time calibration bar is for both B and C.

Voltage (mv)
Figure 4. JShakl and jShak2 have distinct inactivation rates. A, Differences in the inactivation rates of the jShak1 and jShuk2 currents are
illustrated by superimposing current traces from each; currents were
elicited by 200 msec steps to +60 mV and normalized to the same peak
amplitude. A time calibration bar is provided. B, Similar current traces
from the Drosophila Shaker splice variants B and H37 (thin lines) have
been added to the jShak1 and jShak2 current traces (thick lines) shown
in A. C, Plots of the major time constant of inactivation (tau) versus
voltage are shown for jShakl (n = 9), jShuk2 (n = 13), Shaker B (n
= 8), and Shaker H37 (n = 6). Error bars show the SE of the data
points.

voltage-gated K+ channels,an identical PCR screeningmethod
to that usedhere failed to reveal close homologsof the Shakerlike Vg K+ channelsin the electrically excitable ciliate protozoan Paramecium
tetraurelia.
Instead, that screen revealed a
large family of novel K+ channelgenesin Paramecium that has
only a very ancient relationship to Shaker-like channels(Jegla
and Salkoff, 1995). Thus, it may be that the establishmentof
Shaker-like K+ channelsas a distinct subclassof Vg channels
is tied to the emergenceof metazoansor their direct ancestors,

7996

Jegla

et al. * Jellyfish

Shaker

K+ Channels

jShakl

#
,
0.0

,

a’

/

-

Total
Fad

_- _

Slow

--j

I
0

I
500

I
lam

I
1500

I

I
0

2cm

I
500

Time (ms)

I
loo0

I
1500

2cm

Time (ms)

D

-_
n

-

Total
Fast

___

Slow

jShakl

slow

Shaker

H37

0.0

I
0

I
500

I
lcm

I
1500

I
2cm

Time (ms)

0

500

loo0

1500

2cDo

Time (ms)

Figure 6. Recovery from inactivation. Curves fitting recovery from inactivation data for jShak1 and jShak2 at - 100 mV are shown (A). Error
bars show the SE of the data points. All recovery rates were determined in CQUANT using double pulse protocols in which two 200 msec pulses
to +40 mV were separated by a pulse to - 100 mV of increasing duration. Holding potentials were - 100 mV and pulse series were separated by
6 set intervals at - 130 mV to ensure complete recovery from inactivation. Curves were generated using the equation Z5= (a.(1 - exp(-tltaul)))
+ {b.(l - exp(-tltau2)))
where Z, is the current amplitude measured in the second +40 mV pulse divided by the current amplitude measure in
the first pulse where t is the length of the recovery step at - 100 mV, and a and b are the fractions of the total current recovering exponentially
with time constants of taul and tau2, respectively. The values of u, b, taul, and tau2 are shown in Table 2. Plots of the total recovery rate and the
separated fast and slow components of recovery are individually shown for jShak1 (B) and jShak2 (C). Curves for each individual exponential
component of recovery were normalized to the same amplitude as the total recovery, and were generated using the equation Z, = 1 - exp(-&au),
where tau is the time constant reflecting the single rate of recovery. The fast and slow components of the recovery rate of jShak/ are shown with
plots of the recovery rates of Dvosophilu Shaker B and Shaker H37 (D). The Drosophila Shaker curves were generated using the equation for a
single exponential component of recovery.

and possibly to the earliest use of electrical
lular communication.

signals for intercel-

Despiteour strong evidence that jShak1 andjShak2 belong in
the Shaker gene subfamily, they sharesubstantially lessamino
acid identity to each other and to previously cloned triploblastic
Shaker homologs (around 50%) than the triploblastic Shakers
sharewith each other (around 70%) in the core regions of the
channels.This divergence may reflect a very ancient split but
hasnot led to large functional differences:thejShakZ andjShak2
currentsare surprisingly similar to their Drosophila and Aplysia

counterparts,especiallywith regard to their rapid activation and
inactivation (Fig. 3). Thus much of this additional divergence
appearsneutral with respectto the functional propertiesthat we
have measured.
The lower level of conservation betweenjShak1 andjShak2
relative to that sharedamongtriploblastic Shaker channelssuggeststhat thesetwo genesmay have been diverging for a much
longer time than their triploblastic homologs.If these two lineagessplit very early in diploblast evolution, homologsof each
might be expected to be found in other hydrozoans, if not in all
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much like homologs of specific Shakergenes(Kvl.1,
Kv1.2, etc.) are found throughout the vertebrate classes(Chandy
and Gutman, in press).
cnidarians,
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Figure
7. Voltage dependence of activation and inactivation. A, Conductance versus voltage curves (gV) are shown for jShak1 (n = 16),

Functional properties
The depolarizing shift in the gV and ssi curves of the jShak1
andjShak2 currentswhen comparedto typical triploblastic Shaker currents is consistentwith observations that several A-type
K+ currents recorded from cnidarian cells, including those of
Polyorchis, show a positive shift in voltage dependence(Andersonand McKay, 1987; Dunlap et al., 1987; Holman and Anderson, 1991; Przysiezniak and Spencer, 1994). A similar positive shift has been describedfor a jellyfish Na+ current (Anderson, 1987) and a calcium current from Polyorchis (Przysiezniak
and Spencer,1992). Whether a reduced voltage sensitivity (with
respectto triploblastic Shaker currents)is also a generalproperty
of thesejellyfish A-type currents, as it is for jShak1 andjShak2,
is not clear. However, an A-type current in Polyorchis motor
neurons does appear to have a reduced voltage sensitivity
(Przysiezniak and Spencer,1994).
Shaker channelhomologsproduce a more variable setof currents than other types of Vg K+ channel such as Shal or Shab
(Salkoff et al., 1992), particularly with respect to rates of inactivation and recovery from inactivation. The differences seen
between the jShak1 and jShak2 currents in both their rates of
inactivation and recovery from inactivation parallel those seen
in Drosophila Shaker currents. Different splice variants of Drosophila Shaker vary IO-fold in inactivation rates from Shaker B
to Shaker H37. Recovery rate time constants of Drosophila
Shaker currents fall into two groups: rapid, like Shaker B (40
msecat - 100 mV) and slow, like Shaker H37 or ShakersA and
C, which take several secondsto recover at - 140 mV (Timpe
et al., 1988b). ThejShakl current is most similar to Shaker B
as it has rapid N-type inactivation and a rapid component to
t
(n = 14), Drosophila
Shaker H37 (n = 6) and mouse Kv1.2 (n
Error bars show the SE of the data points and solid curves represent Boltzmann fits of the data (G/G,,, = I/( 1 + exp(-(V ~ V&z),
where G is the conductance at voltage V, G,,,, is the maximal conductance, V,, is the voltage at which G = 0.5.G,,,, and a is the slope factor.
Conductances were determined by correcting peak current for driving
force (reversal potential was assumed to be -90 mV in the ND96 recording solution). Test pulse durations were 100 msec for jShak1, 200
msec for jShak2 and Shaker H37; and 400 msec for Kv1.2. Holding
potentials and prepulses were the same as described in Figure 3. B,
Semilogarithmic plots of gV curves obtained in the same manner as in
A, but with additional data points for voltages at low g values (jShuk1,

jShak2
= 6).

n = 5; jShuk2,

n =

11; Shaker

H37,

IZ = 4;

Kv1.2,

n = 6). Lines

represent linear regression fits to the data points below 10% g,,,. and
represent the limiting slope of voltage dependence. The slopes of these
lines were directly used to obtain lower limit estimates of the total
gating valence z (Table 2) from the equation z = RT/F~ln((GIGmax)lV
where R is the gas constant, T is the absolute temperature, F is Faraday’s
constant, and ln((G/Gmax)/V) is the slope of the linear regression fit.
C, Steady state inactivation curves are shown for jShak1 (n = 9), jShuk2
(n = 19), and the Drosophila
Shaker B (n = 7) and Shaker H37 (n =
6) splice variants. Currents were obtained by measuring the peak current
during test pulses to +40 mV preceded by 5 set prepulses to the voltage
shown on the x-axis. Holding potentials were -90 mV and 6 set steps
to - 130 mV were used between test pulses to provide complete recovery from inactivation. Error bars show the SE of the data points, and
the curves represent best fits of the data to the Boltzmann function Z/&
= l/(1 + exp((V - V&z),
where I is the peak current measured during
the test pulse after a prepulse to voltage V, I,,, is the maximal current
measured, V,,, is the prepulse voltage at which I = OS~I,,,,,,and a is the
slope factor.
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recovery. The jShak2 current, on the other hand, has a slower
inactivation rate (like Drosophila ShakerH37 or Aplysia Shaker)
and has slow recovery from inactivation (like Drosophila Shakers H37, A and C’).Shaker currents in mammalsare even more
variable, ranging from rapid inactivation and slow recovery in
Kv1.4 (Stuhmer et al., 1989; Ramaswamiet al., 1990) to no
inactivation in severalmammalianShaker homologs(Christie et
al., 1989; Stuhmer et al., 1989; Grissmeret al., 1990; Swanson
et al., 1990). Auxiliary subunitsappear to further increasethe
diversity of inactivation propertiesin mammalianShakers(Rettig et al., 1994). Thus, a diversity of Shaker current types appears to have been conserved between diploblasts and triploblasts.
It would appearthat nervous systemshave useda variety of
functionally distinct Shaker currents virtually since their inception, and therefore all or most metazoansrequire somemethod
of producing Shaker current diversity. In our diploblast representative Polyorchis, Shaker diversity is, at least in part, produced by multiple genes,jShakl and jShak2. As in mammals,
alternative splicing is probably not very important in varying
the functional propertiesof thesegenesbecausethe coding region jShak1 is intronlessand the coding regionjShak2 contains
only one intron in the C-terminal cytoplasmic domain. In mammals, as many as eight Shaker homologsexist, but most appear
to contain intronlesscoding regions(Chandy et al., 1990; Douglasset al., 1990; Swansonet al., 1990; Chandy and Gutman, in
press),so that alternative splicing probably does not contribute
appreciably to Shaker current diversity. In Drosophila, only one
Shaker geneappearsto exist (Salkoff et al., 1992), but extensive
alternative splicing leadsto a wide rangeof functional properties
(Jan and Jan, 1990).
The selective pressureto provide a variety of Shaker currents
is thus wide-spreadamong metazoanphyla. The reasonfor this
Shaker current diversity is unknown, but may reflect the adaptability of the rapidly activating Shaker current to a variety of
roles. For instance,Shaker currents are-‘evenfound in nonexcitable cells such asT-lymphocytes (Grissmeret al., 1990). Future
examinations of more primitive metazoans such as sponges
(which have non-neuronal conducting systems;Mackie et al.,
1983) and of protozoans presumedto have close evolutionary
ties to metazoanswill help to more closely determine the relationship betweenShaker-like voltage-gated K+ channels and the
evolution

of the nervous system.
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