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Lobster shal: Comparison with Drosophila shal and Native
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The transient potassium (K*) current, or A-current (1), plays an
essential role in shaping the firing properties of identified neu-
rons in the 14-cell pyloric network in the stomatogastric gan-
glion of the spiny lobster, Panulirus interruptus. The different
cells in the pyloric network have distinct 1,5. To begin to
understand the molecular basis for |, heterogeneity, we exam-
ined the relationship between the Panulirus shal current, the | ,s
in the lateral pyloric (LP) and pyloric dilator (PY) cells, and the
Drosophila shal current. After isolating a complete open reading
frame for lobster shal 1, which shows significant sequence
homology to the fly, mouse, and rat shal homologs, we used a
single-cell reverse transcription polymerase chain reaction
method to demonstrate that the shal 1 gene was expressed in
the LP and PY cells. Next, we compared the lobster shal 1

current generated in a Xenopus oocyte expression system to
the 15 in the LP and PY neurons as well as to the Drosophila
shal current in Xenopus oocytes. While the transient K* lobster
shal 1 current was similar to the I,s in pyloric neurons, a
detailed comparison shows that they are not identical and differ
in kinetic and voltage-dependent parameters. The highly ho-
mologous lobster and fly shal genes also produce currents with
some significant similarities and differences in an oocyte ex-
pression system.

Key words: A-current; stomatogastric ganglion; oocyte ex-
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The pyloric central pattern generator in the crustacean stomato-
gastric ganglion is one of the best understood neural networks
(Selverston and Moulins, 1987; Harris-Warrick et al., 1992). This
14-neuron network is composed of six major cell types. Each cell
type has a unique electrophysiological phenotype, with marked
differences in plateau, bursting, and postinhibitory rebound prop-
erties (Hartline and Graubard, 1992). We are exploring the roles
of identified ionic currents in configuring the electrophysiological
properties of pyloric neurons, and thereby shaping the motor
pattern generated by the network.

The fast transient potassium (K*) current, or A-current (I), is
instrumental in creating the pyloric motor pattern. The 1, plays a
role in determining the overall cycle frequency of the pyloric
rhythm and influences the intensity of cell activity and the phasing
of pyloric neurons in the motor pattern (Tierney and Harris-
Warrick, 1992). Moreover, one mechanism by which the mono-
amine dopamine alters the motor pattern is by differentially
modulating the I,s in specific cells (Harris-Warrick et al,
1995a,b).

Five of the six cell types in the pyloric network have a detectable
1, as measured by two-electrode voltage clamp from the cell soma
(Tierney and Harris-Warrick, 1992). The somatic 1,s in these five
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different cell types are distinct, and these distinctions are essential
for the generation of the motor pattern (Graubard and Hartline,
1991; Golowasch and Marder, 1992; Golowasch et al., 1992;
Hartline and Graubard, 1992; Tierney and Harris-Warrick, 1992;
Hartline et al., 1993; Harris-Warrick et al., 1995a,b). This is
exemplified in a comparison of the lateral pyloric (LP) and pyloric
constrictor (PY) cells.

The somatic 1,5 in the LP and PY cells differ in their voltage
activation curves (Harris-Warrick et al., 1995a,b). The activation
curve for the LP is shifted in the depolarizing direction relative to
that of the PY. As a result, the LP I, is smaller than the PY I, at
any submaximal activating voltage. This difference has functional
consequences for the generation of the pyloric motor pattern such
that the LP cell fires before the PY cells in the pyloric rhythm.
During the pyloric motor pattern, the LP and PY neurons are
rhythmically inhibited by a set of oscillatory pacemaker neurons.
When the LP and PY neurons are simultaneously released from
this synaptic inhibition, both cells exhibit postinhibitory rebound
and begin to repolarize, but the LP cell repolarizes faster than the
PY cells and fires first, partly because it has a smaller I, than the
PY cells (Hartline, 1979; Golowasch and Marder, 1992; Tierney
and Harris-Warrick, 1992; Harris-Warrick et al., 1995a,b).

We are exploring the molecular basis for I, heterogeneity in
pyloric neurons. As a first step, we are trying to determine which
Shaker family genes underlie the I,s in pyloric neurons. In Dro-
sophila, electrophysiological analyses of Shaker family mutants
have defined which genes underlie the 1,5 in a variety of cell types.
The shaker current is the major component of the 1, in Drosoph-
ila photoreceptor and muscle cells (Salkoff and Wyman, 1981; Wu
and Haugland, 1985; Elkins and Ganetzky, 1988; Zagotta et al.,
1988; Singh and Wu, 1989; Haugland and Wu, 1990; Hardie et al.,
1991). Shaker also contributes to neuronal I,s, but most studies
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Figure 1. Diagrammatic representa-
tion of the Panulirus shal transcript
and clones. The bar represents the
Panulirus shal transcript. The shaded
portions represent the 5" and 3’ un-
translated regions, and the open por-
tion represents the protein-coding re-
gion. The arrows at the ends of the bar
indicate that the transcript extends
for an unknown distance in either di-
rection. The striped regions within the
protein-coding region represent the
approximate positions of the six puta-
tive membrane-spanning regions. The
core region is demarcated by asterisks.
The transcript is numbered such that
the first A in the coding region is *1.

Baro et al. « Comparing Lshal, fshal, PY |5, and LP |,

- - - - - - -

Relevant restriction sites are shown :
above the transcript (K = Kpnl; X = EIH [ PCR primers
Xhol; S = Sacl). The numbered boxes K x X S X X restriction sites

M _ 3 1M- * * .
le)rgzzgrtitt)gg ?ngh&lih?é;tp e%f; ap:rlg:v 392 981 13 357 1218 1453 1725 1794 nucleotide number

. 1 Ll 1 1 L1
above each box indicates the direction _ D O COCD O mRNA
in which the primer is extended. The cl?znes
seven shal clones described in the text — ) i ==
are aligned underneath the transcript. T — =
The portion of the shal transcript con- c22 " —
tained within each clone is repre- a7 = . —=
se.:nted by a line, whereas the boxes on T12 = ==
either eqq represent the phage arms. 14 — =
The positions of the relevant restric- 312 —
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indicate that it is not the major component of these currents (Jan
et al., 1977; Tanoyue et al., 1981; Solc et al.,, 1987; Solc and
Aldrich, 1988; Baker and Salkof, 1990; Schwartz et al., 1990;
Tsunoda and Salkoff, 1995a,b). Furthermore, studies on cultured
embryonic neurons derived from sha! mutants indicate that the
shal current is the major constituent of embryonic neuronal 1,s
(Tsunoda and Salkoff, 1995a).

We have examined Shaker family gene expression in individual
stomatogastric neurons using a single-cell reverse transcription
polymerase chain reaction (RT-PCR) method (Baro et al., un-
published data). At least 72% of stomatogastric neurons express
all four Shaker family genes, with 100 and 94% of these neurons
expressing the Shaker and shal genes, respectively. Therefore,
although it is possible that one gene can encode the somatic I, in
a stomatogastric neuron, it is also likely that a combination of
Shaker family genes encodes this current.

To address this issue, we cloned the complete open-reading
frame (ORF) of a shal cDNA molecule from the spiny lobster,
Panulirus interruptus, and expressed the cRNA in oocytes. We
used single-cell RT-PCR to demonstrate that the shal 1 gene is
expressed in the LP and PY cells. We then compared the 1,5 in
the LP and PY cells with the shal current obtained in an oocyte
expression system. Finally, to examine whether the evolutionary
conservation of the gene resulted in functional conservation of the
current, we compared lobster and fly shal currents obtained under
identical conditions.

Some of these data have been reported previously in abstract
form (Baro et al., 1994b).

MATERIALS AND METHODS
Oligonucleotide primers

The Panulirus shal-specific polymerase chain reaction (PCR) primers are
as follows:

(1) 5'-TCCAACGAGAGAGAATTCTTCTACGATGAAGAAACAAA-
AGAG-3' (205-246)

(2) 5'-CACCGTCTCTACCACATTGGCCATCAC-3' (595-621)

(3) 5'-ATGGCCTCGGTGGCCGCTTGGTT-3' (1-23)

(4) 5'-ATTGTGGGTGGCGTGTGTTCGCTATCC-3" (1153-1179)

(5) 5'-TTCTCGAGGCAACGGAGTAGATGGTGATGC-3' (1431-1460)

(6) 5'-TGGTCTTCTCGAGGC-3' (1451-1465)

(7) 5'-GAGAAAGACAGGTCTACC-3' (1641-1658)

(8) 5 TCTGCCCTGCTTGCG3' (—223 to —209)

The positions of these primers within the shal cDNA and the directions
in which they are extended are indicated in Figure 1. The numbers after
each primer indicate its position in Figure 2.

RNA and genomic DNA isolation

Total RNA was isolated according to Chomezynski and Sacchi (1987). A
magnasphere kit (Promega, Madison, WI) was used to isolate mRNA
from total RNA. Genomic DNA was isolated from tail muscle (Ausubel
et al., 1990).

Construction of a cDNA library

Methylmercuric hydroxide-treated mRNA (Payvar and Schimke, 1979)
isolated from brain, abdominal, and thoracic ganglia was reversed tran-
scribed using random hexamers and oligo-dT as primers and a Stratagene
cDNA synthesis kit (La Jolla, CA). Second-strand synthesis, addition and
phosphorylation of EcoRI adapters, and size selection were as described
in the kit. The EcoRI-adapted cDNA was nondirectionally cloned into
the EcoRI site of Lambda Zapll, packaged, and used to infect XL1-Blue
cells using a Stratagene Predigested Lambda ZapIl/EcoRI Cloning Kit
and Gigapack Gold packaging extracts. The complexity of the library is
107 pfu, and the average insert size is 1.7 kb. The library was amplified
once.

PCR screening of cDNA libraries

Phage were plated at a density of 5 X 10* pfu per plate and incubated at
37°C until confluent. The plates were then overlaid with 10 ml of SM
buffer (Sambrook et al., 1989), and the phage diffused into the buffer at
4°C overnight ‘'with gentle shaking. The lysate (~5 X 10° pfu/ml) from
each plate was collected and 1 ml of the lysate from each of six plates was
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combined. Chloroform was added to 1.0% and the lysates were stored at
4°C, The combined lysates were screened with primers from several
different genes over the course of 1 year. In the shal screen, 5 ul of the
combined lysate served as the template in the following PCR (per tube):
0.2 mM of each deoxynucleoside triphosphate, 2.5 mm MgCl,, 2.5 U Taq
DNA polymerase, 10 ul of 10X PCR buffer supplied with the enzyme, 25
pmol each of shal-specific primers 1 and 2, and H,O to 100 wl. All
reaction components were assembled except the template and the Taq
DNA polymerase, and heated to 80°C, at which point the DNA poly-
merase was added. Ninety five microliters of the mix was aliquoted into
tubes containing mineral oil at 80°C, and 5 ul of a combined lysate was
added to each tube. The reaction was heated for 5 min at 95°C to disrupt
the phage coat and denature the DNA, The reaction then cycled as
follows: 30%: 94°C,1'—64°C, 1'=72°C, 1'; 10Xx: 94°C,1.5'—64°C,
1'—=72°C, 1’ + 10" extension per cycle. Ten microliters of the completed
PCR was run on an agarose gel. If a 417 base pair (bp) band, representing
shal nucleotides 205-621, was observed after ethidium bromide staining,
the combined lysate was considered positive, and the six original lysates
that made up the combined lysate were individually screened in a PCR.
The positive clone was isolated from the lysate using conventional tech-
niques (see below).

Conventional screening of plaques

Lambda plaques were screened with a primer-extended DNA probe as
described in Ausubel et al. (1990). The DNA probe used to screen the
plaques was a gel-isolated (Glass-pac, National Scientific, San Diego,
CA) 417 bp shal-specific fragment, generated in a PCR as described
above using the cloned Panulirus shal core as the template (Baro et al,,
1994a). The probe was labeled with P in a primer extension reaction
(Ausubel et al., 1990) using the shal-specific primers 1 and 2.

Sequencing

Plasmids were rescued from positive phage using R408 helper phage in an
in vivo excision protocol provided by Stratagene. Plasmids were se-
quenced using the nested deletion method (Henikoff, 1987) and shal-
specific oligonucleotide primers (not shown). Sequencing reactions were
performed with a Sequenase kit (United States Biochemical, Cleveland,
OH) and resolved on 6% denaturing polyacrylamide (Sambrook et al.,
1989) wedge (International Biotechnologies, New Haven, CT) gels.

Dissection, cell identification

Pacific spiny lobsters (Panulirus interruptus) were purchased from Don
and Laurice Tomlinson in San Diego and maintained in marine aquaria
at 15°C. The stomatogastric nervous system was dissected (Mulloney and
Selverston, 1974) and pinned in a dish. The pyloric neurons were iden-
tified electrophysiologically by (1) the presence of simultaneous spikes
recorded intracellularly in the soma and extracellularly in nerve branches
innervating identified muscles; (2) the characteristic shape of the bursts;
and (3) the timing of activity in the pyloric rhythm (Flamm and Harris-
Warrick, 1986).

Single-cell RT-PCR

Pyloric neurons were identified and isolated for single-cell RT-PCRs.
Single-cell RT-PCRs were performed exactly as described in Baro et al.
(unpublished data) using shal-specific primers 4, 5, and 6. Preprints are
available on request.

Construction of a Panulirus shal clone with a complete ORF

Clone K/S$10, which contains the complete ORF of the Panulirus shal 1
gene, was constructed in the following manner. Plasmids were rescued
from clones C22 and 3-12 (Fig. 1) as described above. The 0.454 kb,
gel-isolated Kpnl/Sacl fragment from the C22 plasmid was ligated to a 4.4
kb (3 kb Bluescript vector + 1.4 kb insert), phosphatased (Sambrook et
al., 1989)-, gel-isolated-Sacl fragment from the 3--12 plasmid in the
following 5 wul reaction: 0.025 pmol 3-12 fragment, 0.075 pmol C22
fragment, 30 mm Tris, pH 7.8, 10 mm MgCl,, 10 mm dithiothreitol, 1 mm
ATP, and 1.5 U ligase. The ligation reaction was incubated at 16°C
overnight. One microliter of the ligation reaction was used directly to
transform 100 ul of frozen competent (Hanahan, 1983) XL1-Blue cells
(Stratagene); colonies were selected on ampicillin plates. Twenty random
colonies were individually picked into NZY broth (Sambrook et al., 1989)
and grown at 37°C overnight. Overnight cultures were screened for the
correct ligation product using 1 ul of the overnight culture as a template
in a standard PCR containing shal-specific primers 3 and 7 at an anneal-
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ing temperature of 53°C. One colony containing the correct product was
sequenced across the ligation sites using T3, shal-specific 1, and shal-
specific 2 as the sequencing primers. Restriction digests confirmed that
unwanted rearrangements did not occur.

Xenopus oocyte expression

Shal DNA clones K/S10 (Panulirus) and Shal 2 (Drosophila) (Wei et al.,
1990) were linearized with HindIII (Panulirus) or EcoRl (Drosophila) in
a standard restriction digest (Sambrook et al., 1989) and used as tem-
plates in transcription reactions. Capped transcripts were made with a
Stratagene mCap kit using T3 RNA polymerase according to the instruc-
tions provided. The completed DNased transcription reactions were
phenol/CHCI, extracted, ETOH-precipitated, and resuspended in sterile
distilled H,O at a concentration of ~100 ng/ul. A Sutter Instrument
microinjecter (San Rafael, CA) was used to inject ~100 nl of the cRNA
into Xenopus oocytes, which were isolated and maintained according to
Quick et al. (1992).

Voltage-clamp recordings

Xenopus oocytes. A standard two-microelectrode voltage clamp was used
to study the activation and inactivation properties of the lobster and fly
shal currents. Oocytes were held at —50 mV. The shal current was elicited
by a hyperpolarizing prepulse to remove resting inactivation followed by
a depolarizing test pulse. Xenopus oocytes have endogenous currents
(ranging from approximately —100 to +500 nA) that are evoked by this
voltage paradigm. Although this did not pose a problem for the lobster
shal current, which was typically 10-15 pA, it did introduce some error
into our measurements of the smaller Drosophila shal current, which was
typically about 1-2 pA. To control for these endogenous currents, current
traces from at least 10 H,O-injected oocytes (from the same frog as the
cRNA-injected oocytes), elicited in response to the voltage paradigm
used, were recorded, and the average was subtracted from the lobster and
fly shal currents before analysis. This was done for all experiments. All
recordings were done with an Axoclamp 2A amplifier (Axon Instruments,
Foster City, CA) controlled by an Everex Step-386 computer equipped
with pClamp software (Axon Instruments). The current signal was fil-
tered at 500 Hz, and the time invariant leak current was subtracted. Both
current and voltage traces were digitized and stored on disk. Electrode
resistances ranged from 0.2 to 1.0 MQ. The electrode solution was 3 M
KCl. The oocytes were continuously perfused in ND96 (in mM): 96 NaCl,
2 K(l, 1.8 CaCl,, 1 MgCl,, 5 HEPES, pH 7.6, at 16°C. All drugs were
dissolved in ND96. Increased levels of K* in the saline were compensated
for by a decrease in external sodium concentration.

Panulirus neurons. Recordings were made as described previously
(Harris-Warrick et al., 1995a,b). Briefly, neurons were voltage clamped in
Iobster saline containing 1077 M tetrodotoxin, 20 mM tetraethylammo-
nium (TEA), 200 um CdCl,, and 5 X 107 M picrotoxin to greatly reduce
non-I, currents and synaptic inputs. To further remove non-I, currents,
a series of voltage steps from a holding potential of —50 mV (in which I,
is largely inactivated) was digitally subtracted from a series of voltage
steps with a 200 msec prestep to —100 mV (to remove resting inactiva-
tion). The remaining current could be abolished by the I,-selective
channel blocker 4-aminopyridine.

Voltage-clamp paradigms and curve fitting. To obtain the inactivation
time constants, the decay of 10 averaged current traces elicited from a cell
by a —90 mV (oocyte) or ~100 mV (neuron) prepulse, followed by a test
pulse to +20 mV, was fit with two exponentials using the pClamp
least-squares minimization procedure. The minimum number of expo-
nentials required for an adequate fit of the current was two, and the fit
was not significantly improved when more than two exponentials were
used. The current as a function of time () corresponds to the equation:

I=1,+Ie "+ Ie "™, (N

where 7, and 7, represent the time constants of inactivation and the
amplitude of each time constant, and I; and /; represent the relative
contribution of each component to the peak. Because the purpose of the
hyperpolarizing prepulse is simply to remove resting inactivation, a
change in the voltage of the hyperpolarizing prepulse will only effect the
size of the current we measure and not the rate of decay. Thus, we are
able to compare the results obtained using different prepulse potentials
for neurons and oocytes.

To obtain the activation curve, currents were evoked by a —90 mV
(oocyte) or ~100 mV (neuron) prepulse to remove inactivation, followed
by a test pulse ranging from —70 mV to +40 mV (oocyte) or =50 mV to
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+20 mV (neuron) in 10 mV increments. Peak current was converted to
conductance using a reversal potential of —94 mV (oocyte) or —86 mV
(neuron). Normalized peak conductances for all cells were averaged and
plotted against test-pulse voltages. The activation curve was obtained by
fitting the data points to the following Boltzmann equation:

S = §(1/(1 + e~ Wia=Vmlarmy (2)

where g, is the peak conductance at a given voltage, g is the maximal
conductance, V', is the voltage at which a single gating particle has a 50%
open probability, Vm is the test potential, 4 is the e-fold slope factor, and
n = 3. Gaw Vip and a were allowed to vary to obtain the best fit using
DeltaPro (Macintosh).

To obtain the inactivation curve, currents were elicited by a 10 sec
(oocyte) or 200 msec (neuron) hyperpolarizing prepulse ranging from
—110 mV to —40 mV (oocyte) or —100 mV to —10 mV (neuron),
followed by a depolarizing test pulse to +20 mV. The rate of deinacti-
vation is much slower in the oocyte than in the neuron, so the length of
the hyperpolarizing prepulse differed for the two protocols. We hyper-
polarized the cells until the current was completely deinactivated (e.g., 10
sec in oocyctes, 200 msec in neurons). Normalized peak currents were
averaged and plotted against the prepulse voltage.The inactivation curve
was obtained by fitting the data points to Equation 2, where n = 1.

To obtain the reversal potential, I,s were deinactivated by a prepulse
to —90 mV and activated by a test pulse to +40 mV. Tail currents were
then recorded during repolarizing steps to potentials between —20 and
=70 in 5 mV increments. Tail current traces were fitted by single
exponentials after the clamp had stabilized (6 msec after the beginning of
the repolarizing pulse). Instantaneous current values were estimated by
extrapolating back to the initiation of the repolarizing pulse. Instanta-
neous current values were normalized against the maximum current.

Statistical tests

All data are given as mean = SEM. Differences were identified with an
unpaired ¢ test (StatView, Macintosh). A difference was considered
significant if p < 0.05.

RESULTS

Cloning Panulirus shal 1 (Kv4)

As a first step toward defining the molecular basis of the I,s in
pyloric neurons, we cloned the complete ORF of a Panulirus shal
c¢DNA molecule. We first cloned the conserved core of the Panu-
lirus shal cDNA (amino acids 46-406; Fig. 1) using degenerate
primers in an RNA-PCR containing total RNA from the lobster
nervous system (Baro et al., 1994a). To obtain the rest of the shal
K* channel cDNA, we screened four cDNA libraries. Because the
Shaker family clones were present in extremely low abundance in
all four libraries, we used PCR for our initial screens of these
libraries with Panulirus shal-specific primers 1 and 2 (Fig. 1) as
described in Materials and Methods. When a positive clone was
found in a pool of ~5 X 10* clones, conventional plaque-lift
techniques were used to isolate the clone.

Screening 2 million plaques from an abdominal ganglion cDNA
library (Stratagene) produced no positive clones, whereas a screen
of 1.5 million plaques from a thoracic ganglion cDNA library
(Stratagene) and 3.3 million plaques from a cerebral ganglion
cDNA library (Stratagene) produced three positive clones from
each library (Fig. 1). Five of the six clones contained the 5’ end of

<«
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the ORF and a portion of the 5’ untranslated region (UTR).
However, all six clones isolated from the Stratagene oligo-dT-
primed libraries unexpectedly ended in an internal Xhol site at
nucleotide 1453, and thus lacked the 3’ end of the ORF. It is not
clear why the cDNA molecules had been cleaved by X#ol during
the cloning process. Apparently, it is a sequence-specific artifact
of the Stratagene cloning procedure because only one of four
possible Xhol sites was ever cleaved (Fig. 1), and >80% of the
clones in the Stratagene libraries end in a stretch of poly(A)
followed by an Xkol site as expected.

To obtain the portion of the cDNA coding for the carboxy end
of the protein, we screened a fourth ¢cDNA library, which we
constructed from a mixture of abdominal, thoracic, and cerebral
ganglia mRNA using a different cloning procedure, as described
in Materials and Methods. We screened 3 million plaques and
obtained one positive clone, whose 5’ end overlapped with the
other six clones and whose 3" end extended beyond the coding
region into the 3' UTR (Fig. 1).

Nucleotide sequence analysis

Both strands of all seven clones were sequenced, and overlapping
regions were aligned; the resulting composite shal 1 (Kv4) se-
quence is shown in Figure 2. The clones are identical at the
nucleotide level in extensive regions of overlap (Fig. 1), indicating
that they were transcribed from the same shal gene. In addition,
all seven clones are identical to the original shal core isolated in an
RNA-PCR (Fig. 1).

There is one long ORF in this sequence consisting of 1,782 bp,
which presumably includes the protein-coding region of the tran-
script. We defined the first methionine codon in the ORF as the
start codon, because the nucleotide sequence surrounding this
codon agrees with the Kozak consensus sequence (Kozak, 1989),
and because it agrees with the start codon of the shal proteins in
other species (Wei et al., 1990; Baldwin et al., 1991; Pak et al,,
1991; Roberds and Tamkun, 1991). The sequences immediately 5’
and 3’ to the ORF most likely represent the untranslated 5’ and
3’ UTRs of the cDNA rather than introns, because there are no
splice donor/acceptor sites (Padgett et al., 1986) in the proximity
of the ORF/UTR junctions. There are no splice acceptor sites in
the 5" UTR, but there is a putative splice donor site in the 3' UTR
at position 1757. We do not have enough information to deter-
mine whether this is the beginning of an intron or a continuation
of the 3’ UTR. Sequence data from clone T2 indicates that the
mRNA extends for an undetermined distance in the 5’ direction.
Similarly, the lack of polyadenylation signals (Nevins, 1983) in the
3" UTR suggests that we do not have the complete mRNA.

Amino acid sequence analysis

The predicted length of the Panulirus shal 1 protein is 575 amino
acids. Figure 2 aligns the lobster shal amino acid sequence with
the fly (Wei et al., 1990), rat (Baldwin et al.,, 1991), and mouse
(Pak et al., 1991) homologs. The shal subfamily appears to have

Figure 2. Nucleotide and deduced amino acid sequence of lobster shal 1 and its comparison to other shal 1 proteins. The nucleotide sequence of the lobster
shal mRNA is shown on the top line. The nucleotide sequence is numbered from the 5’ to the 3’ direction with the first residue of the initiator methionine codon
being 1. The dos at the beginning and end of the nucleotide sequence indicate that the mRNA extends beyond what is shown here. The putative 5’ (donor)
splice site is underlined. The deduced amino acid sequence is shown below the nucleotide sequence. Consensus phosphorylation sites are indicated above the
amino acid sequence for protein kinase C (open rectangles); tyrosine kinase (shaded ovals); casein kinase II (open circles); Ca®*-calmodulin-dependent protein
kinase II (open triangles). Consensus sequence for N-linked glycosylation (+). The lobster shal 1 protein is aligned with the fly, rat, and mouse shal 1 proteins
using the clustal method. Boxes indicate residues that are identical to the lobster shal 1 protein. Regions in bold represent the six putative transmembrane regions.
The asterisk indicates the point of alternate splicing in fshal; the fshal 2 ORF ends at this point. Translations and sequence alignments were done with DNASTAR
software. The lobster shal 1 nucleotide sequence has been processed by the Genome Sequence Data Base under accession number 149135,
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diverged to a lesser extent between vertebrates and invertebrates
than the other three shaker subfamilies (Strong et al., 1993). The
homology across all species extends beyond the conserved core to
the amino terminus. The carboxy terminus is less well conserved,
with the homology between the lobster and the other three species
ending abruptly at R533. The amino acids 3’ to this point may
represent the site of species-specific interactions with other cel-
lular proteins, or regions of the protein where function does not
depend on structure. The lobster and fly shal 1 proteins are 82%
identical over their entire length, whereas the identity between
lobster and mammalian shal homologs ranges from ~65 to 70%.

The basic structure of Shaker family proteins is well conserved
in lobster shal, as are several functional domains (Chandy and
Gutman, 1995). The 44 amino acid positions showing complete
identity among all known mammalian and fly Kv proteins (Chandy
and Gutman, 1995) are also identical in lobster shal. Transmem-
brane region S84 (amino acids T291-R311), which is thought to be
a major component of the voltage sensor in K* channels (Chandy
and Gutman, 1995), is identical across species. The pore-forming
region (amino acids 1357-P378) is identical except for a single
amino acid substitution in the lobster ($359). The tetramerization
domain has not yet been defined for shal. However, this domain
has been localized to a fragment of 114 amino acids in the
N-terminal region of shaker proteins (Li et al., 1992; Shen et al.,
1993), and the analogous region (roughly, amino acids L.26 or D39
through K152) is well conserved in the shal proteins of all species.
Unlike mouse and fly, the lobster shal protein has no functional
N-linked glycosylation sites (Hubbard and Ivatt, 1981; Kornfeld
and Kornfeld, 1985); all putative glycosylation sites (Fig. 2) are
intracellular according to current models of protein folding
(Chandy and Gutman, 1995).

Because 1,8 in Panulirus neurons are subject to modulation
(Harris-Warrick et al., 1995a,b), we examined the protein for
possible phosphorylation sites (Fig. 2). Some phosphorylation
consensus sequences are not well defined, and some sites have a
stronger recognition sequence than others (Aitken, 1990). We
have listed all possible sites in Figure 2. There are no cAMP-
dependent or cGMP-dependent phosphorylation sites (Krebs and
Beavo, 1979; Aitken, 1990). However, there are numerous puta-
tive phosphorylation sites for other kinases: 8 for protein kinase C
(Kishimoto et al, 1985; Woodgett et al., 1986), 3 for Ca®"-
calmodulin-dependent protein kinase II (Aitken, 1990), 9 for
casein kinase II (Kuenzel et al., 1987; Aitken, 1990), and 11 for
tyrosine kinase (Aitken, 1990). Of the 31 putative phosphorylation
sites, 2 are extracellular and 4 are in the transmembrane regions,
assuming the conventional folding pattern (Chandy and Gutman,
1995). Some phosphorylation sites overlap or are clustered and
may represent sites of interaction between different kinases. For
instance, phosphorylation of S114 changes a neutral scrine resi-
due into an acidic phosphoserine residue, which in turn increases
the effectiveness or recognition of the phosphorylation sites at
T113 and Y115 (Aitken, 1990). While many sites are conserved
across species, others are not; for example, the lobster homolog
contains the universal PKC site at T316 (Chandy and Gutman,
1995), but it lacks the cAMP-dependent phosphorylation site at
amino acid residue 38, which has been surmised to play a role in
the regulation of the kinetics of inactivation in rat and Drosophila
(Baldwin et al., 1991).

Mapping introns
Alternate splicing is a common mechanism for generating K*
channel diversity (Chandy and Gutman, 1995). So far, alternate
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primers 8+2 445 4+7
Py, e, S,
templates G C N G C NG C N

844 bp
505 bp
307 bp

Figure 3.  Mapping introns. Nine PCRs were carried out with one of three
shal-specific primer sets: 8 and 2 (§+2); 4 and 5 (4+5); or 4 and 7 (4+7)
(see Materials and Methods and Fig. 1 for descriptions of the primers). A
standard 30 cycle PCR paradigm was used with the reaction conditions
described in Materials and Methods and with an annealing temperature of
53°C. The template in each PCR was either 100 ng of genomic DNA (G),
100 ng of a cloned cDNA (C), or no DNA (N). Aliquots of the completed
PCRs were run on a 2% agarose gel. Sizes are indicated in base pairs (bp).

splicing of the shal gene has been found only at the 3’ end of the
Drosophila transcript (Wei et al., 1990). Because we obtained only
one clone containing the 3’ end of the transcript, we were unable
to compare multiple clones for alternate splicing. We looked for
the possibility of alternate splicing in the lobster shal gene by
mapping the position of introns using PCRs with either genomic
DNA or cDNA as the template. If there is no intron between two
primers, the PCR products from genomic DNA and cDNA will be
the same size. If there is an intron present between two primers,
the genomic PCR product, which includes the intron, will be
larger than the cDNA PCR product, and is often too great to be
amplified efficiently in a standard PCR.

We found no evidence for alternate splicing at the amino end of
the lobster shal 1 protein (Fig. 3). The 5' end of the transcript is
contained within one long exon, including the region beginning in
the 5" UTR (nucleotide —223) up through the end of the first
putative membrane-spanning region, S1 (nucleotide 621). Be-
causc we screened our libraries with a probe contained within this
exon, it is possible that alternate 5' exons exist but were not
detected with our screening procedure. There is at least one
intron present between the last membrane-spanning region, S6,
and the carboxy terminus (between nucleotides 1153 and 1460).
This implies that alternate splicing is possible in the carboxy
region of the lobster shal 1 protein, although we have no proof
that alternate exons exist.

Characterization of the lobster shal 1 (Kv4) current

To begin to understand the contribution of the shal current to the
I, in different pyloric neurons, we first characterized the Panulirus
shal 1 current in a Xenopus oocyte expression system. Clone
K/S10, which contains the complete ORF of the Panulirus shal 1
gene, was constructed as described in Materials and Methods.
Capped transcripts were made from clone K/S10 and injected into
Xenopus oocytes. After 2-5 d, a two-microelectrode voltage clamp
was used to study the resulting current.

Like all known shal currents, the lobster shal 1 current is a fast
transient K* current elicited by a hyperpolarizing prepulse to
remove resting inactivation, followed by a depolarizing test pulse
(Fig. 4). The time-to-peak for a +20 mV test pulse at 16°C is
roughly 11 * 0.37 msec, n = 17. The kinetics of activation of the
lobster shal current were rapid and could not be accurately mea-
sured with our standard clamp protocol. The kinetics of inactiva-
tion for this current are also rapid and biphasic. Approximately
78% of the peak current inactivates with a fast time constant of 31
msec for a +20 mV test pulse at 16°C. The remaining 22% of the
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Figure 4. Characterization of Panulirus shal. A, Family of Panulirus shal current traces. Current traces are from voltage-clamp recordings of Xenopus
oocytes injected with K/S10 cRNA. The cells were held at —50 mV, and outward currents were evoked by a hyperpolarizing prepulse to —90 mV for 1.5
sec, followed by a series of depolarizing test pulses for 1.35 sec. B, Voltage dependence of activation and inactivation. The activation (filled diamonds;
n = 20) and inactivation (open diamonds; n = 16) curves for the shal current are shown. Curves were obtained as described in Materials and Methods.
Parameter values were obtained from a curve fit to averaged data, whereas standard errors were determined from curve fits of the individual ceils. C,
Obtaining the reversal potential in 20 mMm external K*. Averaged normalized instantaneous current values from five cells are plotted as a function of
voltage to obtain the reversal potential. A representative set of tail currents in 20 mm external K™ is shown as an inset above the plot. D, Relationship
between reversal potential and external K* concentration. Reversal potentials for the Panulirus shal current in 2, 20, 50, and 100 mM external K* were
obtained as described in C, except that the range of the repolarizing steps varied with the potassium concentration ([K*]). Reversal potentials are plotted
as a function of [K™]. The solid line is a linear regression fit to the data points.

peak current inactivates slowly with a time constant of 220 msec
(Table 1).

The activation of the shal current is voltage-dependent. The
voltage at which conductance is half-maximal is —19 mV. When
the averaged, normalized peak conductance/voltage relation is fit
to a third-order Boltzmann equation (Fig. 4B, filled diamonds),
the voltage of half activation for individual gating steps and the
e-fold slope factor are —40 mV and 15 mV, respectively (Table 1).
The steady-state inactivation curve (Fig. 4B, open diamonds) was
obtained by plotting the averaged, normalized peak current

against the prepulse voltage and fitting the data points to a
first-order Boltzmann equation. The peak current is reduced to
half-maximal at —71 mV, and the e-fold slope factor is 5.3 mV
(Table 1).

Lobster shal 1 is insensitive to 5 mm TEA (n = 4) and is
reversibly blocked by 5 mm 4-aminopyridine (4-AP) after 40 min
(reduced 953 = 2.6%; n = 5). Lobster shal displays a K"
dependence characteristic of an atmost perfectly K*-selective
channel. Tail currents were used to determine the instantaneous
current-voltage relationship in different concentrations of exter-
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Table 1. Properties of I,s

Activation” Inactivation”
7 fast” T slow” Amplitude” Amplitude” Activation” slope factor Inactivation” slope factor
Currents (msec) (msec) (Trase) (Totow) Vin (mV) (mV) Vie (mV) (mV)
Panuldirus shal 3x] 220=*+7 0.78 = 0.01 0.22 = 0.01 —40 = 0.4 15 +0.4 -7 +07 5+02
n=16 n=16 n =16 n=16 n=16 n=16 n =16 n =16
PY I, 25+ 4 107 + 11! 0.36 = 0.03' 0.64 + 0.03' —40 £ 1.5 14 = 0.4 -63 = 2.7 709
n="7 n=7 n="7 n=7 n=2_8 n==8 n==6 n==0
LP 1, 27+2! 104 = 8! 0.35 £ 0.04! 0.65 = 0.04! —33 £ 1.5'2 25 +13 —63 = 1.4! 8§+29
=7 n=7 n="7 n=7 n==a n=28 n=3 n=3
Drosophila
shal 74 = 2! 215+ 4 0.44 + 0.02! 0.56 + 0.02 —36 + 0.8' 22 + 0.8 —66 + 0.3! 9+ 0.6
n=13 n=13 n=13 n=13 n=13 n=13 n=13 n=13
“ Values obtained from Eguation 1 in Materials and Methods.

? Values obtained from Equation 2 in Materials and Methods.
! Significantly different from Panulirus shal (p < 0.05).
2 Significantly different from PY 1, (p =< 0.03).

nal K* (Fig. 4C). The tail-reversal potentials were plotted against
the log of the external K™ concentration (Fig. 4D). A least-
squares linear regression of the data points had a slope of 53 mV
per 10-fold change in external K* concentration, a value close to
the 57.3 mV slope predicted from the Nernst equation.

Determining shal gene expression in the LP and

PY cells

To determine whether shal could be contributing to the I,s in the
LP and PY cells, we used a single-cell RT-PCR method to
determine whether the shal gene was expressed in these cells. The
single-cell RT-PCR technique we developed for stomatogastric
neurons will be described in detail elsewhere (Baro et al., unpub-
lished data). Briefly, we identify the LP and PY cells electrophysi-
ologically, remove the glial caps from the neurons because shal is
expressed in glial cells (Baro et al., unpublished data), isolate the
soma and initial segment with a glass micropipette, expell the cell
into a microfuge tube, and perform an RT-PCR on the individual
neuron. Shal-specific primer 6 served as the RT primer, and
shal-specific primers 4 and 5 as the PCR primers (Fig. 1). Because
these primers span an intron (Fig. 3), wc arc surc we arc detecting
cellular RNA and not chromosomal DNA. The presence of a 308
bp band in the RT-PCRs containing a single LP or PY neuron as
the template (Fig. 5) indicates that the shal gene is expressed in
these cells. Shal was expressed in all LP (n = 10) and PY (r = 21)
neurons we examined.

+ LP PY =

308 bp —

Figure 5. Shal gene expression in the LP and PY cells. Single-cell RT-
PCRs were performed as described previously (Baro et al., unpublished
data). The RT-PCR product was run on a 10% polyacrylamide gel and
stained with ethidium bromide. The template in each lane is as follows: +,
Cloned shal 1 cDNA; -, H20; *, H20; LP, a single LP neuron lacking its
glial cap; PY, a single PY neuron lacking its glial cap.

Comparison of the shal current to the LP and PY I,s
To study the role of shal in generating the I, in pyloric neurons,
we compared the lobster shal 1 current expressed in Xenopus
oocytes with the endogenous I s in the LP and PY cells, which are
also 4-AP-sensitive and TEA-insensitive (Tierney and Harris-
Warrick, 1992). A two-microelectrode voltage clamp was used to
study the activation and inactivation properties of the I,s in the
LP and PY cells. Figure 6 shows a comparison of the pyloric cells’
1,5 with the lobster shal current.

The LP and PY I, traces, evoked by a step to +20 mV, are
directly superimposable when normalized for amplitude (Fig. 64).
The 1, traces of the pyloric cells are similar to the shal current
trace, but not identical. The shal current appears to be slower to
rise and initially faster to fall. The time-to-peak of the shal current
(11 msec) is approximately twice that of the pyloric I,s (5 £ 0.46
msec; n = 15). The LP I,’s and PY I,’s fast time constants of
inactivation are slightly faster than that of the shal current,
whereas their slow time constants of inactivation are twofold
faster (Table 1). These values are unexpected since the 1,5 of the
pyloric cells abate more slowly than the shal current (Fig. 64). The
explanation for this apparent discrepancy is that a significantly
smaller fraction of the peak current inactivates with the fast time
constant in the pyloric cells. Only 35% of the peak I, inactivates
with the fast time constant in pyloric cells. In contrast, 80% of the
peak shal current inactivates with the fast time constant. Thus,
slow inactivation dominates the I, in pyloric neurons, whereas
fast inactivation dominates the shal current in oocytes (p < 0.01;
Table 1).

The voltage activation curves for the PY I, and the shal current
are almost directly superimposable (Fig. 6B). The voltages of half
activation (V,,,) obtained from the Boltzmann distributions are
identical, and the slope factors differ by only 1 mV (Table 1). The
LP I, activation curve, on the other hand, is significantly different
(Fig. 6B); the V', is 7 mV more depolarized, and the slope factor
is at least 1.6-fold larger than the values for the PY I, and shal
activation curves (Table 1).

Unlike the activation curves, the voltage inactivation curves for
the pyloric 1,5 are superimposable (Fig. 6C). The lobster shal
voltage inactivation curve is shifted 8 mV in the hyperpolarizing
direction relative to the inactivation curves of the pyloric cells, and
its slope factor differs by 26% (PY I,) and 33% (LP 1,).
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Figure 6. Comparison of the Panulirus shal current expressed in Xenopus oocytes to A-currents (/) in pyloric cells. 4, Comparison of PY I, LP I, and
shal current (shal) traces. Currents were elicited from a —50 mV holding potential by a hyperpolarizing prepulse followed by a step to +20 mV.
Representative current traces were subtracted as described in Materials and Methods. Traces were scaled to the same size and aligned according to the
time scale. B, Activation curves. Averaged, normalized peak conductances are plotted against test-pulse voltages (filled diamonds, Panulirus shal, n = 20;

open triangles, PY 15, n = 8; open squares, LP 1, n

= 7). Activation curves were obtained as described in Materials and Methods. C, Inactivation curves.

Averaged, normalized peak currents are plotted against prepulse voltages (filled diamonds, Panulirus shal, n = 16; open triangles, PY 15, n = 6; open
squares, LP 1,, n = 3). Inactivation curves were obtained as described in Materials and Methods.

Comparison of the Panulirus and Drosophila

shal currents

We were also interested in whether the fly and lobster shal
currents would be distinguishable given their high degree of
amino acid identity. The Drosophila shal transcript is alternately
spliced to produce two proteins (Wei et al,, 1990). The only
difference between the Drosophila shal 1 and 2 proteins is that
there are an extra 81 amino acids at the carboxy terminus of the
fly shal 1 protein that are absent from the fly shal 2 protein (Fig.
2). The two fly shal currents have comparable functional proper-
ties (Pak et al., 1991). Similarly, the Drosophila shal 2 protein and
the Panulirus shal 1 protein are 89% identical over the entire
length of the fly shal 2 protein, but the lobster shal 1 protein has
an additional 85 amino acids at the carboxy terminus (see Fig. 2).
We expressed the Drosophila clone, shal 2 (Wei et al., 1990), in
Xenopus oocytes and compared the resulting I, to the Panulirus
shal 1 current obtained under identical conditions (Fig. 7).

As shown in Figure 74, despite the high degree of sequence
conservation, the two current traces are not identical. The kinetics
of activation and inactivation are different for the two currents,
with the Drosophila current being slower to rise and fall. The
time-to-peak for a test pulse to +20 mV was 19 * 0.72 msec (n =
13) for the Drosophila shal current, which is significantly slower
than the Panulirus shal current (p < 0.01). The fast time constant
of inactivation is 2.4 times faster in Panulirus compared with
Drosophila (p < 0.01; Table 1). The slow time constant of inac-
tivation is also 20% faster in Panulirus, although this difference is
not statistically significant (Table 1). The relative contributions of
the rapidly and slowly inactivating components differ in the two
currents as well. The slow component makes a more substantial
contribution to the peak current in Drosophila (56%) than Panu-
lirus (22%; Table 1).

Both the activation curves (Fig. 7B) and the inactivation curves
(Fig. 7C) are statistically distinct for the lobster and fly shal
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Figure 7. Comparison of Panulirus shal 1 and Drosophila shal 2 currents. A, Representative Panulirus and Drosophila current traces. The current traces
are from voltage-clamp recordings of oocytes injected with either lobster or fly shal cCRNA. Currents were obtained under identical conditions. The traces
shown here were elicited by a prepulse to —90 mV followed by a test pulse to +20 mV. The traces were subtracted as described in Materials and Methods.
The amplitudes of the currents were scaled to the same size, and the traces were aligned according to the time scale. B, Voltage activation curves.
Averaged, normalized peak conductances are plotted against the test-pulse voltage (filled diamonds, Panulirus shal, n = 20; open circles, Drosophila shal,
n = 13). C, Voltage inactivation curves. Averaged, normalized peak currents are plotted against the prepulse voltage (filled diamonds, Panulirus shal, n

= 16; open circles, Drosophila shal, n = 13).

currents. The voltages of half activation obtained from a third-
order Boltzmann distribution (Table 1) differ by 4 mV, and the
slope factors differ by 29%. The voltages of half inactivation
obtained from a first-order Boltzmann distribution (Table 1)
differ by 5 mV, and the slope factors differ by 38%.

The results we obtained for the Drosophila shal voltage activa-
tion curve are consistent with those obtained by Pak et al. (1991),
but there are some inconsistencies for the voltage inactivation
curve. The voltage of half inactivation is shifted by 3 mV in the
hyperpolarizing direction in our measurements, and the e-fold
slope factor is less steep. This could be attributable to differences
in the recording conditions. In particular, we did not routinely
include 4,4-diisothiocyanostilbene-2,2’-disulfonic acid (DIDS) in
our solutions to block Iyc,), because we previously observed that
DIDS alters the voltage dependence of the lobster shal current
(Baro and Coniglio, unpublished). The time constants of inacti-
vation that we measured are approximately twice as slow as the
time constants obtained by Pak et al. (1991), but this is most likely
due to the lower temperature at which our recordings were made

(16°C vs 23°C). All our recordings from Panulirus neurons are
done at 16°C, because this is the average water temperature of the
Panulirus habitat, To compare the results obtained from oocytes
and neurons, oocyte recordings also were done at this
temperature.

DISCUSSION

The 14 neurons in the pyloric network fall into six major cell types.
These cell types are heterogeneous with respect to 1,, and this
heterogeneity plays an important role in shaping the pyloric motor
pattern. As a first step toward understanding the molecular basis
for I, heterogeneity in the pyloric network, we are trying to
determine which Shaker family genes underlie the I s in identified
pyloric cells. In systems that are not as genetically tractable as
Drosophila, endogenous K™ currents and specific genes have been
linked by comparing physiologically defined currents in identified
cells with currents obtained by cloning and overexpressing K™
channel genes (Pfaffinger et al., 1991; Kaang et al., 1992; Quat-
trocki et al., 1994). Because the shal gene encodes an 1, in all
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systems studied to date, and because shal is expressed in most
stomatogastric ncurons (Baro et al., unpublished data), we have
uscd this approach to explore the relationship between Panuldirus
shal (Kv4) and the I,s in the LP and PY cclls.

Comparing Panulirus shal (Kv4), PY |, and LP I,

The Panulirus shal 1 (Kvd) cDNA was cloned. After determining
that the shal 1 gene was expressed in the LP and PY cells, we
compared the shal 1 current obtained from an oocyte expression
system to the 1,5 in the LP and PY cells. As expected, expression
of Panulirus shal 1 channels resulted in a fast, transicnt, voltage-
dependent K' current in oocytes. Like the native pyloric I,s, the
shal current was sensitive to 4-AP but insensitive to TEA. In
addition, the voltage dependences of activation for the PY I, and
the shal current were identical. However, while the shal current
was similar to the I,s in the LP and PY cells in many respects,
there were also a number of distinctions between these currents.
Statistically significant differences were measured in the time-to-
peak, the kinetics of inactivation, and the voltage dependence of
inactivation. Since the LP and PY cells express the shal 1 gene, we
would argue that unless shal I channels are exclusively localized to
the neuropil, shal must contribute to the somatic I ,s in the LP and
PY ncurons. There are then several explanations that could ac-
count for the quantitative differences between the shal current
and the endogenous lobster 1,5,

First, our measurcments of the somatic 1,8 may be inaccurate
because of incomplete space clamp of the neuron. However, this
seems unlikely because Hartline et al. (1993) have shown that
space-clamp errors are small in this system and that peak currents
reflect primarily somatic channels. The major effect of an incom-
plete space clamp on the parameters we measured would be to
increase the siow time constant of inactivation in Panulirus neu-
rons (Hartline and Castlefranco, 1994); yet, we obscrve that 7, is
larger in the oocyte shal current than the pyloric I,s. Thus, we
believe that space-clamp crrors cannot explain the major differ-
ences we observe between the currents.

Sccond, the distinet cellular milicus of the oocyte and the
pyloric ncurons might introduce cell-specific differences in post-
translational modifications and second messenger-mediated mod-
ifications that could alter the properties of the currents. For
example, we have shown that dopamine can decrease the I,$ in
the LP and PY ncurons by shifting the voltage dependence of
activation and inactivation, and by changing the ratios of rapidly
to slowly inactivating components (Harris-Warrick, 19954,b). Sim-
ilarly, Hevers and Hardie (1995) have shown that scrotonin can
shift the activation curve of the shaker current in Drosophilu
photoreceptor cells. Other studies have shown that kinases and
phosphatascs can regulate Shaker family K° channcls and that
modulation of inactivation gating is another important regulatory
mechanism (Hoger ¢t al., 1991; Zhong ct al., 1993; Covarrubias ct
al,, 1994; Drain ct al, 1994). Recently, Tsunoda and Salkoft
demonstrated that the Drosophila shal channel can have multiple
gating modes and that a single channel can switch from one mode
to another (Tsunoda and Salkoff, 19954). This led to a wide
variety of inactivation rates in enscmble-averaged shal currents
and whole-cell transient currents. Since modal gating of other
channcls can be modulated by changes in phosphorylation states
(Wilson and Kaczmarck, 1993), I,s carricd by the same channels
in different cclls could display differences in their inactivation
kinetics if the population of channels was in a unique phosphor-
ylation state in cach cell type. It is interesting that the Drosophila
shal currents’ 7, varicd by more than a factor of 20 in cultured
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embryonic neurons (Tsunoda and Salkoff, 1995a), whereas such
variability was never observed in Panulirus neurons or oocytes
injected with either fly or lobster shal (Table 1. sec also Pak et al.,
1991).

A third possible explanation for the differences between the
native currents and the shal current is the differential expression
of proteins that interact with the Shaker family « subunits (Zhong
and Wu, 1993; Rettig ct al., 1994; Chouinard et al., 1995; Majum-
der ct al., 1995; Morales et al., 1995). For example, a Drosophila
B subunit can modulate both the activation and inactivation
propertics of a K' channel « subunit (Chouinard ct al., 1995).

Fourth, other genes in addition to shal 1 may underlic some
variable fraction of the pyloric cells’ I,s. In our recently submitted
paper, we used RT-PCR analysis of unidentified stomatogastric
ncurons to demonstrate that 100 and 94% of the neurons ex-
pressed the Shaker and shal 1 gencs, respectively (Baro et al,
unpublished data). Since the Drosophila shaker 1, activates more
rapidly than the shal current (Wci ct al., 1990), shaker channels
may underlie the more rapid activation of 1, in the LP and PY
ncurons. In addition, the levels of shal, and perhaps Shaker, genc
expression differed among ncurons. Thus, varying mixtures of
Shaker and shal channels may gencrate distinet I,s in pyloric
neurons.

Finally, shal undergoes alternate splicing in Drosophila. Al-
though this docs not lead to significant changes in the functional
propertics of the Drosophila shal current measured in oocytes
(Pak ct al., 1991), it is possible that these alternate splice forms
produce unique currents in native cells. Although we have yet to
obtain evidence for alternate splicing of the Panulirus shal tran-
seript, we cannot discount this as a possible mechanism for gen-
crating K' current diversity.

Comparing the shal currents from different species
Our expression studics have shown that the shal channels from
Drosophila and Puanulirus can produce very different currents
under identical experimental conditions, despite the high degree
of conscrvation at the amino acid level. Every paramecter we
analyzed, except the slow time constant of inactivation, was sig-
nificantly different between the two currents. The major distinc-
tion between the lobster shal 1 and fly shal 2 proteins is the
presence of an 85 amino acid tail at the carboxy terminus of the
lobster protein (amino acids 491-575). The rest of the shal pro-
teins, which we will refer to as the common region, arc 89%
identical between the two species. The addition of the 81 amino
acid Drosophile tail onto the fly shal protein did not induce
significant changes in the current (Pak et al., 1991), but the fly and
lobster carboxy tails are only 31% identical and may have different
cffects on the protein.

The differences in the voltage dependence of activation and the
slope of the activation curve are striking, given that the S4 trans-
membranc region is identical in lobster and Drosophila shal. This
cmphasizes the importance of other regions of the channel in
determining its voltage dependence of activation. Approximately
78% of the amino acid substitutions in the common region are
conscrvative. Five of the cleven nonconscrvative substitutions
(K161, R165, G170, L212, K216) introduce or remove a charged
amino acid; four exchange a polar for a hydrophobic side chain, or
vice-versa (V163, Q219, G232, F467); and only three do not
change the type of side chain on the amino acid (Y162, P381,
T468). Since it is thought that residucs in regions other than S4
are involved in charge-sensing (Papazian ct al., 1995), perhaps
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these changes can account for some of the differences we see
between the two currents.

Another explanation for the differences we observe between
lobster and fly shal currents might be the introduction or removal
of phosphorylation sites. In the common region of the shal protein
there are four putative phosphorylation sites present in the lobster
homolog that are lacking in the fly protein (Fig. 2). Similarly,
there are two sites present in the common region of the fly shal
protein that are missing in lobster shal (T38 and Y468). In the
carboxy tail, there are four putative phosphorylation sites in the
lobster shal protein that are not present in the fly homolog (Fig.
2), and one site in fly shal (T565) that is missing in lobster shal.
Thus, differences in phosphorylation states could account for
some of the differences between the two currents.

A comparison of all the shal currents published to date suggests
that there are major similarities and differences between species.
The voltage of half-maximal conductance for lobster shal (—19
mV) is very different than fly shal (=7 mV), mouse shal (=7 mV;
Pak et al., 1991), and rat shal (—4 mV; Baldwin et al,, 1991). The
voltage dependence of half inactivation of the shal current is
similar in lobster (=71 mV), fly (=66 mV), and mouse (—69 mV;
Pak et al., 1991), but not in rat (—48 mV; Baldwin et al., 1991).
Furthermore, if we compare strongly temperature-dependent
phenomena recorded at the organisms’ native temperatures, we
find that the 7, is similar in lobster (31 msec at 16°C) and fly (38
msec at 23°C; Pak et al.,, 1991), as is the time-to-peak (lobster =
11 msec at 16°C; fly = 12 msec at 23°C; Pak et al., 1991). One
interpretation of these data is that some conserved function of
invertebrate shal channels depends on these temperature-
dependent phenomena, and in order to preserve these features,
the genes have evolved to compensate for the temperature differ-
ences in the habitats of the organisms. It is unclear whether
temperature-dependent phenomena are similarly compensated
for in mammals, because the published records of the mammalian
shal channels were not obtained at 37°C (1, in the mouse and rat
are 22 msec at 23°C and 155 msec at 11°C, respectively), and the
current decay was fit with three exponentials instead of two
(Baldwin et al., 1991; Pak et al., 1991).

Perhaps species-specific differences in the shal current are min-
imized by other cell-specific phenomena in each organism, or
maybe these differences are enhanced. In either event, our study
points out the limitations of heterologous expression systems
when trying to correlate a cloned K™ channel gene to a physio-
logically defined current. Because the cellular environment plays
such a large role in shaping a current, alternate approaches are
required to determine the contribution of a specific K* channel
gene to a current. Such approaches might include quantitation of
Shaker family RNA in identified cells, antisense, or dominant-
negative knock-outs of Shaker family gene expression, or expres-
sion of cloned genes in identified neurons. Integrating data from
several of these approaches should lead to a better understanding
of which channels underlie which currents.
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