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Potassiumchannel currents are major determinants of a cell’s
excitability and of its pattern of firing action potentials. Consequently,regulation of thesechannelsis important for the cell’s
behavior. This is most evident in the nervous system, where
there are many different K+ channels,and a variety of cellular
responsescan be produced by modulating one or another channel. In nerve cells, various K+ channels can be activated or
suppressedover periods ranging from millisecondsto days, and
these channelscan participate in aspectsof synaptic plasticity
including forms of short- and long-term memory (Pfaffinger and
Siegelbaum,1990). To understand how different K+ channels
are assembled,expressedin nerve cells, and modulated by second messengers,
we have begun to analyze K+ channelsof the
Aplysia nervous system at the molecular level.
The initial cloning of the Shaker K+ channel in Drosophila
(Baumann et al., 1987; Kamb et al., 1987, 1988; Papazian et
al., 1987; Tempel et al., 1987; Pongset al., 1988; Schwarz et
al., 1988)hasallowed the subsequentcloning of other K+ channel genesin several speciesbasedon homology (Baumann et
al., 1988; Tempel et al., 1988; Butler et al., 1989; McKinnon,
1989; Stuhmer et al., 1989; Yokoyama et al., 1989; Wei et al.,
1990). Most of the cloned K+ channelsare closely related to the
Drosophila Shaker geneand probably can be consideredmembers of the samegene family. Within this family, amino acid
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We describe
here the cloning of the Aplysia K+ channel
AK01 a. AK01 a codes for a protein of 515 amino acids, shows
considerable
homology to other cloned potassium channels,
and can be classified
as a member of the ShakerK+
channel
family. Expression
of the AK01 a channel in Xenopusoocytes
produces
a rapidly inactivating
outward
potassium
current
(/,KO,.) resembling
the A-type currents of Drosophila
Shaker.
Gating for this current is shifted to potentials
considerably
more positive than the traditional
A-currents
of Aplysia; we
have, however, identified
a novel transient
potassium
current UndepoJ in a subset of Aplysia neurons that has similar
gating and pharmacological
properties
to I,,,,.
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sequenceidentity can be very high (> 60%) even acrossspecies.
Despite this strong sequencehomology, there are some surprising differencesin channel properties. For example, Shaker
from Drosophila encodesA-type channelsthat inactivate rapidly, whereassomeShaker genesin mammaliansystemsencode
delayed-rectifier channels that inactivate slowly or not at all
(Iverson et al., 1988; Stuhmer et al., 1988, 1989; Timpe et al.,
1988;Christie et al., 1989).Moreover, other genefamilies have
alsobeen found that encodedifferent K+ channelssuchasshah,
shal, and shaw. This raisesthe question of how these various
cloned K+ channelscorrespond to the variety of K+ channels
that exist in the nerve cells from which they were cloned.
So far, studiesof the kinetic and pharmacologicalproperties
of the cloned channel proteins have beenrestricted to Xenopus
oocytes or to other convenient, but still arbitrary, expression
systems.Only very limited researchhastried to comparethese
cloned channelsto K+ channelsin the neurons in which these
genesare normally expressed(Baker and Salkoff, 1990). As a
result, it is not yet clear how closely the properties of these
expressedchannelsreflect the properties of channelsfound in
the native neurons.To overcome this limitation, we have begun
a molecular analysis of various K+ channels in the nervous
systemof the marine invertebrate Aplysia calijbrnica. This nervous systemcontains many largeidentifiable neuronsthat form
well-studiedbehavioral networks where K+ channelmodulation
by various secondmessengers
has been shown to play an important role (Siegelbaumet al., 1982; Walsh and Byrne, 1985).
We are trying to usetheseadvantagesto examine the molecular
nature of the K+ channelsused by individual identified cells.
Toward that end, we here describethe cloning of an Aplysia K+
channel and its expressionin Xenopus oocytes. We also show
that the current expressedin oocytes is similar to a novel type
of transient K+ current presentin a subsetof Aplysia neurons.
Materials and Methods
PCRhomologyscreening.
We performed
homology
screening using the
polvmerase
chainreaction(PCR)andTAO uolvmerase
(PerkinElmerGems),with oligonucleotidepools
asprime&(Pfaflinger
&d Zhao,1989).
The oligonucleotide
poolsweredesigned
to allowamplificationof the
DNA sequence
found between2 aminoacid sequences
that are conserved in both the Drosophila
andmouseShakerproteins. Location of
conserved
amino acids on mouse Shakerproteinaresense,
aminoacids
(AA) 308-314;antisense,
AA 361-366;Tempel et al., 1988).Oligonucleotides
weresynthesized
on eithertheAppliedBiosystems
Inc. 381A
or 380A

synthesizers

and were

purified

by acrylamide/urea

gel or by

useof an OPCcartridge(AppliedBiosystems
Inc.). Amplificationconditionsusedwere3 min at 50°C4 min at 72°C and2 min at 95°Con
a Perkin Elmer-Cetus
Thermocycler.Standardreactionconditionsfor
PCR wereused(Saikiet al., 1988).Amplificationproductswerevisualized

either

by ethidium

bromide

staining

or by autoradiography.

DNA
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was prepared for cloning and sequencing by reamplification using oligonucleotides with unique S-end restriction sites. The DNA was then
cut and ligated into pBSM 13- or pKSM13- (Stratagene) and cloned
into E. Coli B72 cells or XL-l Blue (Stratagene). Eight colonies were
picked and sequenced by the Sanger method using Sequenase [US Biologicals; AK0 la, nucleotides (N) 1003-l 1781. All 8 clones were identical in sequence except at degenerate positions on the PCR oligonucleotide pools. A large-scale DNA prep of this sequence was prepared
from clone 2-2, 1 of the 8 clones picked.
Two additional segments of the channel’s sequence were amplified
by PCR. The first segment, clone 11-l (AKOla, N 482-1143) was
isolated by amplification between a specific antisense oligonucleotide
to clone 2-2 sequence and a sense oligonucleotide pool to conserved K+
channel sequence. The second clone, clone 6 1- 1 (AK0 1a, N 1099-l 580)
was isolated by amplification between a specific sense oligonucleotide
to clone 2-2 sequence and a poly-dT oligonucleotide containing 5’ restriction sites. This oligonucleotide did not amplify from a polyA tail
as expected, but clone 6 l-l does provide confirmatory sequence for
AK0 1a through the termination codon.
Library construction and screening. We constructed a randomly primed
cDNA library from 5 Kg of Aplysia nervous system polyA+ RNA. Double-stranded cDNA was synthesized with the BRL (Bethesda Research
Laboratories) cDNA synthesis kit using 500 ng of random hexamer
primer (Pharmacia) instead of the oligo-dT primer. The cDNA was
tailed with dGTP and cloned into the dCTP-tailed Pst 1 site of Bluescript
DKSM 13- (Stratagene) bv annealing of the homonolvmer tails (Escheni‘eldt et al.,‘ 1987r We generated aprimary library containing‘7 x lo6
independent clones by electroporation transformation into E. Coli B72
cells (Dower et al., 1988).
For the initial screening, 1.5 x lo6 independent clones were plated
and screened using replica nylon filters (Micron Separations Inc.). The
remaining library was quick-frozen in EtOH/dry ice and stored in liquid
nitrogen. The filters were screened with both a randomly primed probe
(Pharmacia) from the PCR clone 1 l- 1 and an end-labeled oligonucleotide from the 5’ end of clone 1 l-l (AKOla, N 565-597; Ausubel et
al., 1989). Moderately low-stringency conditions were used in an attempt to identify other related K+ channel cDNAs [prehybridization
and hybridization solutions: 30% formamide, 5 x SSPE, 5 x Denhardt’s, 100 Kg/ml single-stranded salmon sperm DNA, 0.2% sodium
dodecyl sulfate (SDS), 42°C; wash: 2 x SSPE, 0.2% SDS, 5O”C]. Isolated
positive colonies were restriction mapped, and the full-length clone
AK0 la was constructed bv linatina 2 of the clones (12- 1. 17- 1) toaether
at their common Esp 1 site (AKOia, N 573). AKOla was sequenced on
both strands by the Sanger method using the Sequenase system (US
Biologicals), and, where possible, the sequence was confirmed by comparison to the PCR clones 2-2, 61-1, and 11-l.
Southern blot. For Southern blots, each lane contained 10 Kg of&lysia
genomic DNA digested with various restriction enzymes that did not
cut clone 2-2. The DNA was run out on a 0.75% agarose gel, nicked,
and transferred to a nylon filter under alkaline conditions. Hybridization
was to the insert of clone 2-2 random primer labeled with ‘*P-dCTP.
Prehybridization and hybridization were carried out at 42°C under standard high-stringency conditions (50% formamide, 5 x SSPE, 5 x Denhardt’s, 100 wglrnl single-stranded salmon sperm DNA, 0.1% SDS).
After overnight hybridization, the blot was washed 4 times at 65°C in
2 x SSPE with 0.2% SDS.
Northern blot. Total RNA was prepared by the LiCl/urea method
(Auffrav and Rouaeon. 1980). RNA was run on a 1% aaaroselformalhehyde-gel, blotted, and UV cross-linked to nylon filter paper (Biotrace
RP, Gelman Sciences; Ausubel et al., 1989). The blot was probed with
a 32P-RNA antisense probe synthesized from linearized clone 1 l-l.
Synthesis, labeling, hybridization, and washing conditions were those
recommended by Stratagene (Protocol, Cat. No. 200340).
Nuclease Drotection assav. Total RNA for each tissue was DreDNed
from 30 Ailysia by the guanidinium thiocyanate method oi Chomczynski and Sacchi (1987). PolyA+ RNA was isolated by column chromatography using oligo-dT cellulose push columns (Stratagene) and was
quantified by UV spectrophotometry and actin probe hybridization.
Probes used for nuclease protection were 57 bp oligonucleotides in both
sense and antisense orientations, with 47 base pairs (bp) that matched
the channel sequence (sense and antisense to AKOla, N 1034-1080).
The remaining 10 bp on the 3’ end did not match to allow differentiation
between digested and nondigested probe. The oligonucleotides were
kinase end-labeled with ‘*P-r-ATP. The nuclease protection assay was
performed according to Ausubel et al. (1989). Under the conditions
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used in the assay, protected probe ran as 2-3 bands approximately 10
bp below undigested probe.
Oocyte injection and recording. Oocytes from Xenopus laevis were
isolated and prepared for recording according to the method of Dascal
et al. (1984). Oocytes were maintained in supplemented ND-96 solution:
96 mM NaCl, 2 mM KCl, 1.8 mM CaCl,, 1 mM MgCl,, 5 mM HEPES
(pH, 7.6) supplemented with 2.5 mM sodium pyruvate, 0.5 mM theophylline, and 100 U/ml penicillin/streptomycin,
at 18°C (solution changed
daily). Oocytes were allowed to recover for 24 hr following isolation,
then were injected with in vitro transcribed, capped cRNA (Stratagene)
from clone AKOla. Approximately 50 nl of cRNA at a concentration
of 1 rg/wl was injected into each oocyte. Injected oocytes were maintained in supplemented ND-96 solution for 2-4 d before recording.
For electrical recording, oocytes were placed on a nylon mesh in the
recording chamber (0.7 ml). The chamber was continuously perfused
with ND-96 (0.4-0.8 ml/min). All drugs were applied by changing the
perfusion solution to ND-96 supplemented with the drug. For measurement of reversal potentials, the NaCl in ND-96 was exchanged with
KC1 in an equimolar fashion.
Oocyte currents were recorded with a 2-microelectrode voltage clamp
using a virtual-ground circuit (Dagan 8500, Dagan Corp., Minneapolis,
MN). Both recording and current passing electrodes were Ag-AgCl wires
in glass pipettes filled with a mixture of 3 M potassium acetate and 0.1
M potassium chloride. The pipette tips were broken back to a resistance
of l-3 0. To reduce capacitive coupling, electrodes were wrapped to
within 5 mm of the tip with aluminum foil. The voltage-recording
electrode’s shield was driven; the current electrode’s shield was connected to ground. In addition, a grounded shield was placed between
the 2 electrodes. The virtual ground was a Ag-AgCl electrode connected
to the bath with a 3 M KCl-agar bridge. Stimulation, recording, and
data analyses were performed using the BASIC-FASTLAEI system run on
an AT-compatible computer (Indec Systems, Inc., Sunnyvale, CA).
Aplysia electrophysiology. Aplysia californica (40-50 gm) were anesthetized by intraabdominal injection of isotonic MgCl,, and the abdominal ganglion was dissected out. After treatment of the ganglion for 90
min with 1% protease (Sigma, type IX), the connective sheath was
removed by microdissection. Most recordings were made from acutely
isolated ganglia. Recordings were in Na+- and Ca2+-free artificial sea
water (Na+/Ca*+-free ASW: 460 mM Tris, 10 mM KCl, 65 mM MgCl,,
1OmM HEPES, pH 7.6) to block Na+ and Ca2+ currents. Potassium
channel drugs were prepared in Na+/Ca*+-free ASW at the concentration
used and applied by bath perfusion. The voltage-clamp and recording
setup was identical to the system used to record from Xenopus oocytes.

Results
Cloning of an Aplysia

K+ channel

Homology screening for an Aplysia potassium channel was performed using the polymerase chain reaction (PCR). cDNA synthesized from Aplysia nervous system RNA was amplified for
35 cycles using oligonucleotides
based on sequences conserved
between mouse and Drosophila K+ channel clones (Tempel et
al., 1988). A single DNA fragment of 176 bp was amplified,
cloned (clone 2-2), and sequenced. The deduced amino acid
sequence of clone 2-2 [AKOla, AA 342-3931 is 85% identical
to other Shaker sequences, clearly demonstrating
that the amplified DNA is part of a K+ channel.
Two additional segments of this channel’s sequence were subsequently isolated using PCR with different sets of oligonucleotides: clone 1 1- 1 (AK0 1a, N 482-l 143) and clone 6 1- 1 (AK0 1a,
N 1099-1580). I
To confirm that the amplified DNA is from an Aplysia sequence, and not from some contaminating
DNA in the amplification reaction, we probed a Southern blot of Aplysia genomic
DNA with a random primer labeled probe from clone 2-2. One
to 2 bands were visible in DNA cut with different enzymes,
confirming the cDNA we have cloned is part of an Aplysia gene.
We therefore proceeded to clone the entire coding region for
this gene.
To clone the entire coding region for this K+ channel, we
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..AiWCCCTGTATTGTTAGTTCTCACGACTAAACTGTGAATGTAATAACGCGT

CTGGTAAAGTCGCGTGTGTGACGTCAAAATAATCGATTTCATCCGGGG~C~CGTATTATTTTTGTCCGCCATATTTGTAGATTTGTTATGAT

-96

CAAAGTGGTTAAAAAA

-1

CCGCACGCTGGAATGGCAGGCGCGTGTTGCTTGGTCACTGAGACTTTGTATGTAAGGGTGGACTAATGCACGCAGTAAA

Met Glu Val
Ala Met Ala Gly
Ile
ATG GAG GTT GCT ATG GCT GGG ATC

Glu Gly Asn Gly
GAG GGT AAC GGC

Gly Pro
GGC CCG

Gln Arg Pro Leu
CAA CGG CCA CTT

Asn
AAT

Ser Arg Ser
TCC AGG TCT

Ala
Asn
GCC AAT

Glu
GAG

Leu
TTA

Arg
CGC

Ser
TCT

Ser
TCT

Leu
CTT

Pro
CCA

Asn
AAT

Asp Ser
GAC AGC

Tyr His
TAC CAT

Ser Ser
TCA TCC

24
12

Pro
CCC

Lys Leu
AAG CTC

Ser
TCA

Glu Glu
GAG GAA

Asp Asn
GAC AAT

48
144

Cys Ser Cys
TGC AGC TGT

Glu Arg
GAG CGC

Val
GTG

Val
Ile
GTG ATC

Asn
AAC

Val
GTG

12
216

Gly Asn
GGC AAT

Pro
CCT

Gln
CAA

96
288

Phe
TTT

Asp Ala
GAC GCA

120
360

Val Phe
GTG TTC

Ser Glu
TCA GAG

144
432

Phe
TTT

Gly Val
Pro Gly Ser Asp
GGC GTG CCC GGG AGC GAC

Ser Gly Leu
AGC GGT CTC

Arg Phe
CGG TTC

Glu
GAG

Thr Gln
ACG CAG

Leu Lys Thr
CTG AAA ACC

Leu Asn Gln
CTC AAC CAG

Phe
TTC

Pro Asp Thr
CCC GAT ACG

Leu Leu
TTG CTT

Lys Arg Asn
AAG CGA AAC

Arg Tyr
CGC TAT

Tyr
TAC

Asp
GAC

Pro
CCA

Leu Arg Asn
CTT CGC AAC

Glu Tyr
GAG TAT

Phe
TTC

Phe
TTT

Asp
GAC

Arg
CGA

Ile
ATC

Phe
TTC

Tyr
TAC

Gln Ser
CAG AGC

Gly
GGC

Gly Arg Leu
GGC CGG TTA

Arg Arg
CGG AGG

Pro Val
Asn Val
CCC GTG AAC GTT

Lys Phe
AAG TTT

Tyr
TAT

Glu Leu
GAG CTG

Gly
GGA

Glu Asn
GAG AAT

Ala Phe Glu Arg
GCC TTT GAG AGG

Tyr Arg
TAC AGA

Glu Asp
GAA GAT

Glu Gly
Phe
GAG GGC TTC

Gln Asn
CAG AAT

Glu Phe
GAG TTT

Gln Arg Arg Val
Trp Leu
CAG AGG AGA GTG TGG CTG

Leu Phe
TTG TTT

Glu
GAG

Glu Ile
GAG ATC
Glu
GAA

Glu Lys Pro Leu Pro
GAG AAG CCT TTG CCA

Ala
GCG

Ala Ala
GCT GCC

Asp Asp Ile
GAT GAT ATT

Asp
GAC

Tyr Arg
TAC CGG

Asn Gly Met
AAT GGG ATG

Leu Tyr
TTG TAT

Tyr
TAT

Ala Gly
GCT GGC

Arg Asn
AGG AAT
Pro
CCC

Pro Ser
CCC AGT

Leu Asp
TTG GAT

Tyr
TAC

Ile
Lys
ATC AAA

Glu
GAG

168
504

Pro Glu Ser
CCT GAG AGC

Ser
TCA

192
576
216
648

Gln Phe
CA& TTC

Lys
MG

His
CAT

Tyr
TAC

Pro Lys
CCA ZAG

Phe
TTC

Asn
AAT

Glu
GAG

Arg Val
Val Asn Ser
AGG GTG GTC AAC TCG

Thr Ala
Asn
ACG GCC AAT

Asp Ser
GAT TCG

Lys Glu
AAA GAG

Ser
TCC

Ile
ATT

Glu
GAG

Glu
GAG

240
720
264
792

Glu Lys
GAG AAG

Leu Gly
CTC GGC

Phe
TTC

Phe
TTC

Lys
AAG

Asn
AAC

Ile
ATC

288
864
312
936
336
1008
360
1080
384
1152

Ser Ile
AGT ATT

Pro Asp
CCC GAT

Ala Phe
GCA TTC

Trp Trp Ala
Val Val
Thr Met Thr
TGG TGG GCC GTG GTC ACC ATG ACG

Thr Val
ACG GTG

Gly
GGC

Tyr Gly Asp Met
TAC GGA GAC ATG

Arg Pro
CGG CCG

Ile
ATC

408
1224
432
1296
456
1368

Val
GTG

Gin Ser Cys
CAG TCC TGC

Pro Asn
CCC AAC

Tyr
TAC

Pro Glu
CCC GAG

Met
ATG

Glu Glu Gly
GAG GAG GGC

Asn His
Ser
AAC CAC AGC

Pro
CCC

Gly Ser Asp Tyr Gly
Leu Glu
GGC AGT GAC TAC GGG CTG GAG

Thr
ACT

Lys Lys Asp Ser
AAA AAA GAT TCT

Pro Leu Thr
CCG CTG ACG

Leu Asp Ser
TTG GAT TCT

Glu Lys Val
GAG AAG GTG

Lys
AAA

Glu
GAG

Glu Asn
GAG AAC

Cys Gly
TGC GGC

Ser Asp Ile
TCG GAT ATC

His Ala
Ile
CAT GCA ATC

Lys
AAG

Ala Asn
GCC AAT

Thr Asp Val
***
ACT GAC GTA TGA CACAGTGCCTCGCTACAACTTCCAGCATTGAACGCTCCTTTGCTATA

GGGAGACCATTGCGGCATGACATGAACTTGCGCTCATCCGCGCAGACTTTCTGTCGTTCCTCGCAAGATTCGAGTGAAGAGGATCTCAGAATTTT

Met Glu
ATG GAG
Asn
AAC

480
1440
504
1512
515
1595
1690

TTT....-3'

Figure 1. Sequence of clone AK0 la and primary amino acid sequence of deduced protein. Sequences of 6 putative transmembrane segments (SIS6) are indicated by boxes. Two proposed sites of N-linked glycosylation are underlined. Putative CAMP-dependent protein kinase phosphorylation
site indicated by an asterisk.
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constructed and screened a primary, randomly primed, plasmid
cDNA library using the insert of clone 1 l- 1 as a probe. Nine
positive clones were isolated from 1.5 x lo6 colonies. These
clones covered the entire coding region of this Aplysia K+ channel. The full-length clone AK0 1a was constructed from 2 clones
isolated from the randomly primed cDNA library (clones 121, 17-l) by ligating the 5’ end of clone 12-l to the 3’ end of
clone 17-1 at their common Esp 1 site (AKOla, N 573).
Sequence analysis
The full-length Aplysia clone AK0 1a codes for a protein of 5 15
amino acids and a calculated molecular weight of 58,604 Da
(Fig. 1). The protein has a calculated acidic p1 due to an excess
of negative over positive charge. Like other K+ channels, there
is no leader signal peptide sequence; therefore, the amino terminus is presumed to be intracellular. An examination of the
hydropathy plot for AKOla (Fig. 2A) reveals the structural homology of this protein to other K+ channels. Like other K+
channels, there are 6 putative transmembrane domains (S l-S6)
each longer than 18 AA, together with a short hydrophobic
segment (AA 389-400) that is presumably too short to cross the
lipid bilayer. This topology would also assign the carboxy terminus to be intracellular. Like other K+ channels, the fourth
transmembrane segment (S4) is an amphipathic helix where
every third amino acid residue is positively charged and is presumably the primary voltage sensor for the channel.
Figure 2B shows a schematic diagram of the membrane topology of AKOla and the location of several functional sites,
along with amino acid residues that are conserved between
AK0 la and Shaker type K+ channels from several species. Consistent with this topology are proposed N-linked glycosylation
sites (Asn: 228, 232) on the extracellular segment between Sl
and S2 and a conserved phosphorylation site for the CAMPdependent protein kinase (Ser: 469) on the C-terminal intracellular segment. Although the region of highest homology to
other K+ channels is located in the central core of the protein
(AA 60-470) the amino acid residues at both the carboxy and
amino termini have also been conserved. The 5 amino terminal
amino acid residues (MEVAM) are identical to those of RCK4
(Stuhmer et al., 1989), and the carboxy terminal tripeptide (TDV)
is conserved for all Shaker K+ channels.
Northern blot
To examine both the quantity and the size of the mRNA for
AK0 la, we performed a Northern blot analysis on nervous system RNA. Fifteen micrograms of nervous system total RNA
were run on an agarose/formaldehyde gel, blotted, and probed
with an antisense RNA probe synthesized from clone 1 l- 1. A
single band was seen at a very high molecular weight, > 12
kilobases (kb; Fig. 3A). Extrapolation on a semilogarithmic plot
of the RNA ladder migration gives a band size of approximately
15 kb. This band was not seen with sense RNA probes and was
present in polyA+ RNA, confirming the large size of the mRNA
for the Aplysia Shaker homolog AK0 1a.
Distribution of AKOla in Aplysia
The tissue distribution of AKOla expression in Aplysia was
examined using an Sl nuclease protection assay (Fig. 3B). PolyA+
RNA was prepared from several different tissues. One microgram of polyA+ RNA from each tissue was allowed to anneal
overnight to either a sense or an antisense oligonucleotide, and
then free oligonucleotide was digested with S 1 nuclease. AK0 1a
mRNA was detected by its protection of the antisense probe,
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Homologyof AK0 1ato otherK+channels.
A, Kyte-Doolittle
hydropathyplot of AKOla showsthe 6 largepeaks(SI-S6) of hydrophobicitycharacteristicof K+channels.
B, Schematicfoldingof AKOla
in membraneshownalongwith locationof amino acidsconserved
betweenAKOla and Shaker-typeK+ channelsfrom severalspecies.
Transmembrane
segments
are the sameasthoseindicatedin A. Solid
circles indicateaminoacidsconserved
betweenAK0 1aandShaker-type

Figure 2.

K+ channels cloned from other species, pluses indicate conserved positive charges (Baumann et al., 1988; Kamb et al., 1988; Pongs et al.,
1988; Schwarz et al., 1988; Tempel et al., 1988; McKinnon, 1989;
Stuhmer et al., 1989). A pair of glycosylation sites between Sl and S2
are shown (Asn: 228, 232). A conserved CAMP-dependent protein kinase site on a C-terminal intracellular segment is indicated (asterisk,
Ser: 469).

but not the senseprobe, from digestionwith S1nuclease.mRNA
for AKOla was detected in CNS, heart, gill muscle, and buccal
muscle,but not in ovotestis. The relative abundancewas CNS
B heart = gill muscle > buccal muscle.
Expression in Xenopus oocytes
We next examined the properties of the channel encoded by
clone AK0 la usingthe Xenopusoocyte expressionsystem.Enzymatically desheathedoocytes(stagesV-VI) were injected with
50 nl of cap-redRNA (1 pg/pl) transcribed in vitro from clone
AKOla. Two to four days following injection of RNA, a new
transient outward current (ZAKOla)
wasrecordedfrom the oocytes
(Fig. 4A). From a holding potential of -80 mV, the current
activates in responseto depolarizations more positive than - 20
mV, reaching a peak amplitude of l-3 FA at 40 mV, then
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4.4 2.4 Figure 3. AK0 la messenger RNA size and distribution. A, Northern blot on 15 pg of total nervous system RNA probed with antisense 32P-RNA
probe synthesized from clone 1 1- 1. After exposure for 3 d at - 70°C with enhancer screens, a single band of = 15 kb was seen. B, Nuclease protection
assays using sense and antisense oligonucleotides to AKOla sequence. N and N’, nervous system; B and B’, budcal muscle; Hand H: heart muscle;
0 and 0: ovotestis; G and G‘, gill muscle. Antisense probe, N, B, H, 0, G, sense control probe, N’, B’, H’, O’, G! The protected probe runs as 23 bands approximately 10 bp below the undigested probe. The autoradiogram was overexposed to show weak bands.
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Figure 4. Expression of AK0 la in Xenopus oocytes. A, Membrane currents expressed in Xenopus oocyte 2 d after injection of in vitro-transcribed
AK0 la RNA. Membrane Dotential was SteDDed from -20 mV to 60 mV in 10-mV increments from the holding Dotential of - 80 mV. B, Activation
(Cl; n = 4) and inactivation (0; n = 3) prop&ties of AK0 la. Inactivation curve (Zr-) was constructed by varyingthe holding potential and measuring
the peak current in response to a constant test depolarization to 20 mV. Values are normalized to peak current measured from a holding potential
of -80 mV. The smooth lines are Boltzmann fits to the data using the formula Z,,O, = l/(1 + exp((E - I&/K)); where E = holding potential, I’,,*
= potential where half-inactivated, and K = slope factor. The activation curve was constructed by measuring the peak conductance (GpaJ of the
4-AP-sensitive current (see Fig. 6B) to minimize the influence of native oocyte currents. Conductance was calculated using the equation G,,, =
Zpat (E - E,,), where E is the test potential and E, is the reversal potential of the expressed current (-83 mv). Activation data were fit with a
Boltzmann distribution. Error bars represent SD.
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5. Gating of IAKOls.A, Kinetic properties of ZAKOlaactivation and inactivation. Al, Inactivation of ZAKOlais well fit by a single exponential.
A2, Time to peak (Cl; n = 3) and inactivation time constant (0; n = 3) measured for different test potentials. Error barsrepresent SD. B, Recovery
from inactivation measured using a 2-pulse protocol. BI, Recovery of current in second-pulse following varying lengths of time at - 100 mV.
Seconds at - 100 mV are indicated next to each current trace. B2, Plot of peak current in second pulse versus length of time at - 100 mV. Currents
Figure

were normalized

by peak current of first pulse. The line is an exponential fit to the data with a time constant of 2.1 sec.

inactivates completely within 120 msec.The current was unaffected by perfusion of the bath with Ca-free solutions.
Voltage dependenceof I,,,,,
Figure 4B showsthe voltage dependenceof steady-state inactivation (h,) and peak conductance for the expressed channels.
The steady-stateinactivation curve could be approximated by
a Boltzmann distribution
having a midpoint of -36.5 mV and

a slope of 7.1 mV. The peak conductance curve has a halfactivation at +5.4 mV, a slope of 9.0 mV, and little overlap
with the steady-state

inactivation

curve.

Kinetics of IAKDln
The rates of activation and inactivation of the macroscopic
currents showedsomevoltage dependence(Fig. SA). For activation, the time to peak decreased steadily from 17 msec at 0
mV to 6 msecat 40 mV. Inactivation waswell fit with a single
exponential (Fig. 5AZ). The time constant for inactivation de-

creasedfrom 35 msecat 0 mV to 20 msecat 20 mV but was
relatively constant at potentials more positive than 20 mV. At
potentials more negative than 0 mV, the rate of inactivation
proceededmuch more slowly.
We alsoexamined the rate of recovery from inactivation using
a 2-pulse protocol (Fig. 5B). The amplitude of ZAKOla
was first
recordedby steppingto 10 mV from a holding potential of - 80
mV. Then, the voltage was held for variable lengths of time at
- 100 mV before a secondpulse to 10 mV was applied. The
ratio of (peak current during 2d pulse):(peakcurrent during 1st
pulse)was plotted versusthe duration of the hyperpolarization.
The time course of the recovery could be fit with a single exponential having a time constant of 2.3 + 0.5 set (n = 5) at
- 100 mV.
Ionic selectivity of I,,,,,
To examine the ionic basisof I,,,,,, we measuredthe reversal
potential of tail currents at the peak activation of ZAKOla.
The

924

Pfaffinger

Al

et al.

2mM K+

l

Cloning

of an Aplysia

K+ Channel

19.6 mM K+

B

66.6 mM K+

CONTROL

lmM4-AP

DIFFERENCE

40
A

7

‘h
I

[K+] out
A2

0

5OOnA
500nA

100 mseo

(mM)
20

40

60
I
+40

s
E
>
wE

-60

- 60
-100

-120 I

-6OmV

1OOOnA

Figure 6. Pharmacological properties of ZAKOla.A, Reversal potential of ZAKOLa
at different external K+ concentrations. AI, Reversal of I,,,,, tail
currents measured at 20-mV increments from 0 to - 100 mV. Following equimolar substitution of K+ for Na+ in the bath solution, reversal potential
shifted to more positive potentials. A2, Plot of E,, versus external K+ concentration. The broken line shows the KC Nemst potential. The solid line
shows the fit of data to the Goldman-Hodgkin-Katz
equation with a PK:PNa ratio of 36: 1. Error bars represent SD. B, Block of ZAKOlawith 1 mM
4-AP. Remaining currents in 1 mM 4-AP are Ca+-activated Cl- currents. Difference currents show that ZAKOlainactivates completely during the
depolarization. C, Sensitivity of ZAKOlato 100 PM forskolin. A single 200-msec depolarization to +40 mV is shown in the presence and absence of
100 PM forskolin. Forskolin depresses the peak and changes the shape of inactivation from a single to a double exponential decay. Note that, despite
the decrease in peak current, the current trace for 100 PM forskolin crosses over the control trace later in the pulse as a result of a change in the
shape of inactivation.

Figure 7. Ldepol recorded in R 15 neuron from Aplysia abdominal ganglion.
A, Z,, current traces recorded as the
difference current between current traces recorded with 1-set prepulses to - 20
or - 50 mV. The current inactivated by
a prepulse to -20 mV but not - 50 mV
is largely composed of ZAdepo,.Traces
were recorded in Na+/Ca2+-free ASW
with 50 mM TEA to reduce the size of
delayed-rectifier currents. B, Activation and inactivation properties of IA.
depol.Inactivation (0) of ZAdcpo,
was measured with a test pulse to 0 mV following
2-set prepulses at potentials from - 50
to - 15 mV. Activation (0) of ZAdepo,
was
measured as peak conductance during
the test depolarization assuming E,, =
E, = - 89 mV. Data for activation and
inactivation were fit with the Boltzmann distribution.
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Peak depression
Inactivationg
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4.8
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-7.8
8.0
8.3
-29.9
4.1
26.3
360d
(19,OOO)d

-20.9
3.3
22.3
2,30@
(1 8,000)d

+++
ND

+++
-

+
ND
35%
27

+5.4
9.0
9.1

40-60%
27

40%
27

ND, not determined;-, no effect;+, weak effect; + + +, strong effect.
QValue measured near peak of activation: IAfan = - 5 mV, I,,,,,, = - 5 mV, ZAdrpo,= 20 mV, ZAKOia= 40 mV.
h Value measured near peak of activation: IAcal, = - 10 mV, IA,,,w = - 15 mV, ZAdrw, = 40 mV, IAKOla = 60 mV.
CSlightly different pulse protocol used to record recovery of IAfar, and I,,,,,. Potential where recovery is measured: I,,,,
= -90 mV, IAs,,w = -90 mV, I,,,,. = - 100 mV. Recovery
for these currents can be fit with a single exponential.
d Isolation of I,,,,, requires measurement of recovery at -50 mV to inactivate ZAfan. Recovery of I,,,,, has 2 exponentials.
The faster recovery rate constitutes about 75% of the total recovery. Slower recovery rate is given in parentheses. For
comparison, the recovery time constant of I,,,, at -50 mV is given in parentheses.
p TEA tested at 50 rnM in neurons and 10 rnt.i in oocytes.
‘4-AP completely blocks IAdeoo, and Lm
are half-blocked at 5 rnM 4-AP.
at 1 mM. IAfaJf and Lw
a Effect of forskolin on shape of inactivation
indicated. I,,,, inactivation
was unaffected. Forskolin modifies inactivation
of Lo,, L,,ow, and Lola to double exponential decay:
I,,,,,: at - 15 mV, 7 inactivation
was 77.1 msec (control), 10.4 msec, and 386 msec (forskolin).
I &ala’ at 10 mV, 7 inactivation
was 20.9 msec (control), 15.4 msec, and 111.2 msec (forskolin).
I Adswl: at 10 mV, 7 inactivation
was 21.4 msec (control), 9.88 msec, and 94.6 msec (forskolin).

change in reversal potential was measured as external Na+ was
progressively replaced with K+. Figure 6A shows E,,, plotted
against the log of K,. The reversal potential follows the Nernst
potential for K+ at higher concentrations as expected for a K+permeable channel, but at low K+ concentrations, the reversal
potential is more positive than the K+ Nemst potential, suggesting that the channel is slightly permeable to Na, with a PK:
PNa ratio of 36: 1.

Pharmacology of I,,,,,
We next examined the effect of various K+ channel drugs on
zAKOl2.’z.mo,. was not blocked by bath application of 10 mM
tetraethylammonium
(TEA), 200 nM charybdotoxin, or 1 MM
mast cell degranulating peptide (MCDP); however, the current
was sensitive to the K+ channel blocker 4-aminopyridine (4-AP).
ZAKO,awas completely blocked by 1 mM 4-AP (Fig. 6B). The
current remaining after 4-AP application is the native oocyte
Ca-dependent Cl current (Barish, 1983). A plot of the 4-AP
sensitive current, calculated as the difference current following
application of 4-AP to an oocyte expressing ZAKOla,confirms that
ZAKOlacompletely inactivates during the depolarization.
We also examined the effect of forskolin on ZAKola(Fig. 6C).
Although originally thought to act only by activation of adenylate cyclase, forskolin has recently been shown in some cases to
block K+ channels independent of increases in intracellular CAMP
(Coombs and Thompson, 1987). Application of 100 PM forsko-

lin to oocytes expressing I,,,,, decreased the peak current and
changed the kinetics of inactivation from a single exponential
to a double exponential. The peak current was decreased by 40%
in 100 PM forskolin, independent of membrane potential. Although the peak current was depressed and the initial decay of
ZAKO,awas faster following forskolin application, the presence of
a second slower time constant caused the forskolin-modified
current trace to cross over the control current and thus be larger
than control ZAKolalater in the pulse.
Although the channel has a putative CAMP-dependent protein
kinase phc?phorylation site, the effect of forskolin was not caused
by activation of adenylate cyclase, because applicatG of the
cell-permeable, nonhydrolyzable derivative 1 mM 8(4cpt)-CAMP
had no effect on Z,,,,,, In addition, the forskolin derivative 1,9dideoxyforskolin,
which is inactive on adenylate cyclase, had
qualitatively similar effects to forskolin on ZAKOla,though the
maximal effect was smaller than that of forskolin. Because 1,9dideoxyforskolin is relatively insoluble in the recording solution
used here, this weaker effect may not necessarily reflect a lower
potency, but rather a lower applied concentration.

Comparison of IaKolawith native transient K+ currents of
Aplysia neurons
Aplysia neurons contain at least 2 types oftraditional A-currents,
ZArastand Low, distinguished by their different rates of inactivation (Y. Furukawa, E. R. Kandel, and P. Pfaffinger, unpub-
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lished observations). The gating of I,,,,, expressed in Xenopus
oocytes occurs at potentials considerably more positive than
usual for these traditional A-currents ofAplysia neurons (Byrne,
1980; Furukawa, Kandel, and Pfaffinger, unpublished observations). We therefore tested whether these neurons also contained another transient potassium current active at more positive potentials. Figure 7 shows one such current (I,,,,,,; an
A-current gating at depolarized potentials) isolated from the R 15
neuron of the abdominal ganglion of Aplysia. Because this neuron also contains a traditional A-current (IAI,,,,) and a large delayed-rectifier current, several steps were needed to isolate IAdepo,:
First, the bath solution contained 50 mM TEA, which blocks
most delayed-rectifier currents. Second, a 1-set prepulse to - 50
mV was applied before the test pulse to selectively inactivate
I AfaSt.Because complete recovery of I,,,,,, from inactivation is
slow, the cell is held for 20 set at -80 mV between pulses.
The current traces in Figure 7A are difference currents from
R 15 showing currents that are inactivated by a 1-set prepulse
to -20 mV but not by a 1-set prepulse to - 50 mV. These
currents are largely composed of IAdepo,.As can be seen in Figure
7B, the activation and inactivation of I,,,,,, occurs at quite
depolarized potentials.
Table 1 compares the properties of IAKOLato IAdepo,and to the
two Aplysia A-currents that gate at the traditional potentials for
Aplysia A-currents. We have examined each current in detail
in a specific identified cell in which the current is particularly
well expressed. IAfas,,a rapidly inactivating A-current, was studied in LUQ cells. I,,,,,, a slower inactivating A-current, was
studied in RUQ cells. Also, I,,,,,,, the transient K+ current gating
at more depolarized potentials, was studied in R15. A more
complete characterization of these native Aplysia K+ currents
is being made by Furukawa, Kandel, and Pfaffinger (unpublished observations).
Discussion
We have cloned and expressed an Aplysia K+ channel, AK0 la.
The mRNA for AK0 la is exceptionally long, > 12 kb. Long
mRNAs have been seen for other channels, but none with quite
so much excess. It is unclear what role, if any, this excess RNA
plays in the control of AK0 la expression. AK0 1a expression is
not limited to the nervous system; nuclease protection assays
also identify the RNA in other excitable tissues, buccal muscle,
heart muscle, and gill smooth muscle, but not in the nonexcitable immature ovotestis. Further experiments will be needed to
show conclusively that AK0 1a expression is limited to excitable
tissues.
The protein encoded by the Aplysia clone AK0 la shows high
homology, = 70% identity, to Shaker potassium channel clones
from other species. This confirms the importance of these conserved residues to K+ channel function, particularly when one
considers the great evolutionary distance between mammals,
Aplysia, and Drosophila and the fact that the salt-water environment of the Aplysia would seem to exert unique evolutionary
pressures on ion channels. Electrophysiologically, we find that
the AKOla potassium channel is more similar to the Drosophila
Shaker channels than to the mammalian Shaker channels, because it inactivates rather rapidly during a depolarization. In
addition, we have recently isolated a clone identical to AKOla
except at the 5’ end (not shown), suggesting the AKOla gene
may be alternatively spliced like Drosophila Shaker. This conclusion remains tentative pending complete sequencing, ex-

pression, and characterization of this putative alternative splice.
A comparison between IAKolaand three transient K+ currents
in Aplysia neurons reveals a gradient of shared properties between these currents. IAKolais most different from IATast.Although
both are blocked by 4-AP (IAfast is less sensitive to 4-AP) and
not by TEA, few other properties are similar. It seems likely
channels are composed of protein subunits from a
that L
different gene than AKOla, as has been suggested for the fast
A-current of Drosophila and Shaker A-currents (Sole et al.,
1987).
I AKOlais more similar to IA+. Again, both are blocked by
4-AP and not by TEA. In addition, the inactivation time constant is not voltage dependent at potentials more positive than
the midpoint of the activation curve (data not shown for IAslO,,,).
Also, like IAKOla,forskolin application causes a reduction in the
I As,owpeak current and changes the gating kinetics of inactivation
from a single to a double exponential. For both the native IAslOw
and the oocyte-expressed I,,,,, channels, the forskolin effect is
not due to changes in CAMP: application of 8(4cpt)-CAMP has
no effect, while 1,V-dideoxyforskolin
has qualitatively similar
effects to forskolin without affecting adenylate cyclase. Because
oocytes have an elevated resting level of CAMP (Dascal, 1987)
this does not rule out some effect of CAMP-dependent protein
kinase on the putative phosphorylation site of AKOla.
However, despite these similarities, the oocyte-expressed current Lola can easily be distinguished from I,,,,, on the basis
of several important electrophysiological criteria: Activation and
inactivation of I,,,,, occur at considerably more negative potentials than do those of I,,,,, (approximately 40 mV more
negative). IAKolarecovers from inactivation much more slowly
than Low. IAslowis less sensitive to 4-AP than is IAKOla.Finally,
the decay rate of IAElowis 2 times slower than that of IAKOla.It is
unclear, therefore, whether IAslOwis encoded by a different gene,
is a heteromultimeric channel including AKOla subunits, or
represents current through modified or alternatively spliced
AK0 la channels.
The K+ current in Aplysia that most closely resembles I,,,,,
is IAdepol.Unlike traditional A-currents, the activation and inactivation properties of IAdepo,are shifted to potentials considerably more depolarized than the resting potential and almost
as positive as IAAKOla.
Also, the pharmacological properties of
I AKOlaare most similar to IAdepo,:both currents are blocked by 1
mm 4-AP and not blocked by TEA. The time constant for
inactivation and the response to forskolin are also very similar
between IAAKOLa
and IAdepo,.A careful comparison of activation
and inactivation properties does reveal some differences between Lola and Ldepol.Several possible explanations for these
differences are (1) incomplete isolation of IAdepo,,so that other
currents contribute to activation and inactivation curves; (2)
allelic variations in the wild Aplysia population causes subtle
differences in the properties of currents made from the AK0 la
gene; (3) splice variants of AKOla, or other proteins, contribute
to forming the I,,,,,, channel; (4) posttranslational processing
differences, membrane properties of Aplysia neurons, or different ionic environments make the same channel protein function
differently in Xenopus oocytes than in Aplysia neurons; or (5)
I Adepo,
is encoded by a different gene.
In future experiments, we plan to examine these possibilities
by (1) using single-channel recording to compare I,,,,,, and I,,,,,
more accurately; (2) characterizing a possible alternative splice
of the AK01 gene and specifically checking for additional alternative splicing, using nuclease protection assays; (3) express-
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ing AK0 1a by DNA or cRNA microinjection
into Aplysia neurons to examine the influence of the expression environment;
and (4) studying the properties of other K+ channel genes cloned
from Aplysia.
In other experiments, we are also exploring where the AK0 la
channel is normally expressed in the nervous system, what role
this channel plays in a neuron, and how its expression and
distribution
are controlled.
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