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Abstract—The pyloric motor system, in the crustacean stomatogastric ganglion, produces a continuously adaptive behav-
ior. Each cell type in the neural circuit possesses a distinct yet dynamic electrical phenotype that is essential for normal
network function. We previously demonstrated that the transient potassium current (/o) in the different component
neurons is unique and modulatable, despite the fact that the shal gene encodes the o-subunits that mediate /o in
every cell. We now examine the hypothesis that alternate splicing of shal is responsible for pyloric I, diversity. We
found that alternate splicing generates at least 14 isoforms. Nine of the isoforms were expressed in Xenopus oocytes and
each produced a transient potassium current with highly variable properties. While the voltage dependence and inacti-
vation kinetics of I, vary significantly between pyloric cell types, there are few significant differences between different
shal isoforms expressed in oocytes. Pyloric I diversity cannot be reproduced in oocytes by any combination of shal splice
variants.

While the function of alternate splicing of shal is not yet understood, our studies show that it does not by itself explain
the biophysical diversity of 4 seen in pyloric neurons. © 2001 IBRO. Published by Elsevier Science Ltd. All rights

reserved.
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Dynamic neural networks face a difficult organizational
problem: the neurons must be capable of significant
modulation in their firing properties, yet each neuron
must have its own identity with a distinct set of intrinsic
firing properties. In relatively stable systems, different
baseline properties in the component cells arise from
fixed differences in the expression of ion channel o-sub-
units. In the cochlea, for example, the number and type
of ‘BK’ calcium-activated K channels vary methodically
along the tonotopic axis. BK o-subunits with different
kinetics are created by alternate splicing of the slo gene,
and different slo isoforms are expressed according to the
hair cell’s position along the tonotopic axis (Navaratnam
et al., 1997; Rosenblatt et al., 1997; Jones et al.,
1999a,b). Apical to basilar positional differences in slo
expression levels and isoform expression patterns con-
tribute to a systematic variation in the kinetic properties
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of the BK current along the axis that corresponds to
the axial variation in the frequency response character-
istics of the hair cells (Fettiplace and Fuchs, 1999;
Oberholtzer, 1999; Ramanathan et al., 1999). Are fixed
differences in ion channel o-subunit gene expression also
used to establish differences in the properties of neurons
in rapidly adapting systems, or do fundamental molec-
ular organizing principles differ between dynamic and
stable networks?

In the spiny lobster, Panulirus interruptus, the contin-
uously adaptive pyloric network contains 14 neurons
that fall into six cell types. Each pyloric cell type pos-
sesses a unique, modulatable transient potassium current,
or A-current (I), that is instrumental in determining the
ever-changing output of this network (Hartline, 1979;
Graubard and Hartline, 1991; Tierney and Harris-
Warrick, 1992; Harris-Warrick et al., 1995a,b; Baro et
al., 1997). The baseline differences between the six
pyloric Ixs are well defined and include differences in
amplitude, voltage dependence, and kinetics. Surpris-
ingly, we discovered that although the I, is distinct in
every cell type, the shal gene encodes the A-channel
o-subunits in the somatodendritic compartment of all
pyloric neurons (Baro et al., 1997, 2000). Quantitative
differences in the level of shal gene expression account
for differences in A-channel density between cells, but
they cannot account for differences in the voltage depen-
dence or kinetics of the various pyloric Ixs. In this paper
we examined the hypothesis that cell-specific alternate
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splicing of the shal transcript is responsible for pyloric I
diversity.

EXPERIMENTAL PROCEDURES

Isolating alternate splice forms with modified 3" rapid
amplification of ¢cDNA ends (RACE) techniques

We used two different methods to isolate alternate splice
forms of lobster shal. Both methods are modifications of
3’ RACE (Frohman, 1990), and both methods use a set of
three lobster shal-specific oligonucleotides (Cornell Biotechnol-
ogy Facility, Ithaca, NY, USA). The oligonucleotide sets used in
the various reactions are listed in Table 1-REF >, and their
positions are shown in Fig. 1. mRNA was isolated from the
brain and ventral nerve cord and reverse transcribed as previ-
ously described (Baro et al., 1994). In the first method, ran-
domly primed first strand cDNA was amplified in a nested
polymerase chain reaction (PCR) using either an OmnE
(Hybaid, Ashford, Middlesex, UK) or 480 (Perkin Elmer, Indi-
anapolis, IN, USA) thermal cycler, and reaction conditions that
varied with the primer sets according to standard principles
(Innis et al., 1990, 1995). The 5’ primer in the first PCR is
specific for the shal gene. The 3’ primer contains a random
15-mer at its 3" end and a universal amplification primer
(UAP) site at its 5" end. UAP is simply a convenient sequence
of 30 nucleotides. In the first cycle of the first PCR, the shal-
specific primer will bind the minus strand of the cDNA and be
extended in the carboxy-terminal direction. The annealing is
carried out at high stringency where the shal-specific primer
can bind efficiently, but the random 15-mer UAP primer cannot.
Thus, during this cycle, shal plus strands are preferentially syn-
thesized. This cycle is repeated a few times to create a greater
pool of shal plus strands. In the next few cycles, the annealing
temperature is reduced. This allows the random 15-mer portion
of the 3" primer to bind to homologous regions of the newly
made shal plus strands. The bound primers are then extended
toward the amino-terminus. After a few cycles at the reduced
annealing temperature, we once again raise the annealing tem-
perature. The random 15-mer portion of the 3" primer can no
longer bind efficiently at this temperature. However the shal-
specific primer and the entire 3’ primer (15-mer+UAP) bind
well to regions of perfect homology. Thus during subsequent
cycles we amplify the existing products rather than create new
products. Next, we perform a nested PCR to selectively amplify
the shal-specific products of the first PCR over background
products. This is a standard PCR in which the second 5’ primer
is immediately downstream of the first, and the 3’ primer is
UAP. A Southern blot analysis is performed on the nested
PCR product, and the probe is a third shal-specific oligonucleo-
tide, located downstream of the second 5’ primer. Lastly, we
cloned and sequenced the bands that gave a positive signal on
the Southern blot. Gel electrophoresis and Southern blotting
were performed as previously described (Baro et al., 1994).
The major drawback to this method is the creation of false
positives in which the 15-mer binds the minus strand of the
DNA in the first few cycles of the PCR, so that we end up
with products containing the 15-mer UAP at both ends and
no shal primer. To reduce the number of false positives, we
reduce the concentration of the 15-mer UAP primer 50-fold,
relative to the shal-specific primer. We also reduce the cycle
number in the first PCR (15-20 cycles). The bulk of the ampli-
fication occurs in the second PCR (35 cycles).

In the second method, we used a Marathon kit (Clonetech,
Palo Alto, CA, USA). This kit uses a similar strategy to that
described above. The major difference is that the 3’ primer in
the Marathon kit has been engineered to prevent the formation
of false positives. Once we had tailored the Marathon procedure
to isolate lobster shal transcripts using the guidelines provided
with the kit, the method worked extremely well in our hands
and the number of false positives obtained was significantly
reduced. In either method, resulting bands were isolated from
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acrylamide or agarose gels using standard procedures (Ausubel
et al., 1990), and cloned into a dephosphorylated, blunt-ended
Bluescript vector as previously described (Baro et al., 1994). The
Cornell Biotechnology Sequencing Facility performed sequenc-
ing. For every splice form, we isolated at least two independent
clones from different RACE/Marathon reactions. In many
instances the same carboxy-end was isolated with both methods.

Constructing full-length clones

Standard restriction digests and ligations (Ausubel et al.,
1990) were used to produce full-length constructs in a Bluescript
vector. Constructs were transformed into subcloning grade XL1-
Blue cells (Stratagene, La Jolla, CA, USA) and glycerol stocks
were maintained at —70°C.

Qocyte injections and electrophysiology

Oocytes were harvested and maintained as previously
described (Baro et al., 1996). RNA was transcribed and capped
using a T3 mMessage mMachine kit (Ambion, Austin, TX,
USA). The transcripts were digested with DNase, phenol/
CHCl; extracted, precipitated and resuspended in sterile distilled
H,0. 100 nl of a 0.1 to 1 pg/ml solution was injected with a
sterile glass microelectrode using a microinjector (Sutter Instru-
ments, Novato, CA, USA). Various amounts of RNA were
injected in order to determine optimal expression. The only
factor that appeared to vary with the amount of RNA injected
was the current amplitude. A two-microelectrode voltage clamp
(Axoclamp2B or Geneclamp, Axon Instruments, Foster City,
CA, USA) was used to record currents 2-5 days after injection.
Microelectrodes were filled with 3 M KCI and had a tip resis-
tance =1 MQ. All recordings were at 16 £ 1°C using previously
described solutions (Baro et al., 1996). Oocytes were held at —50
mV. To measure inactivation kinetics, a 1-s hyperpolarizing pre-
pulse to —90 mV was followed by a depolarizing test pulse to
+20 mV for 1 to 4 s. The voltage dependence of activation was
determined by varying the test pulse from —70 mV to +40 mV
in 10-mV increments. The steady-state inactivation was deter-
mined by varying a 10-s hyperpolarizing prepulse from —100
mV to —40 mV in 8-mV increments. To remove the contribution
of endogenous currents expressed by the oocyte, 3-5 H,O-
injected oocytes were recorded each day. The resulting control
traces were averaged and the appropriate control trace was dig-
itally subtracted from each experimental shal trace recorded on
the same day, before the shal trace was analyzed as described
below. The oocyte currents usually ranged from 50 to 100 nA.
All currents were leak-subtracted on-line using a P/4 procedure,
and low-pass filtered at 500 Hz using a Bessel Filter (Frequency
Devices, Havaerhill, MA, USA).

Data acquisition and analysis

Voltage clamp protocols and data acquisition were controlled
by a 486 PC desktop computer (Gateway) interfaced to a 12-bit
A/D converter (Digidata 1200, Axon Instruments) using
pClamp 6 (Axon Instruments).

Kinetic analysis. The Clampfit program in pClamp 8 (Axon
Instruments) was used to analyze the inactivation kinetics. Every
trace was analyzed with two fitting algorithms: Chebyshev and
Simplex. The data for a given trace were used only if the results
of the two procedures agreed. Current decay was described with
the following exponential equation:

I(1) = Aoexp(—1/70) + .. + Apexp(—1/7,) + C,

where Ay and A, are the amplitudes of the exponential terms
and 7 and 7, are the corresponding time constants. C is a
constant that represents the steady-state level of the current.
Every trace was fit with a first, second, and third order equation.
A given exponential equation was deemed appropriate when it
produced a good visual fit (there were no obvious gaps between
the line and the trace), and a higher order equation did not
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significantly improve the fit (> increased by <0.01). In our
fitting protocol, the first cursor was placed just after the peak
and the second cursor was placed at the end of the trace,
5-10 ms before the end of the test pulse. After fitting the
trace and defining the correct number of exponentials, the first
cursor was moved to the right by roughly 30 ms and the trace
was refit with Chebyshev and Simplex algorithms in order to
demonstrate that the results did not change significantly. In
order to show that the difference in the fitting protocol was
not responsible for the difference between shal currents
expressed in oocytes and pyloric neurons, we refit all Type I
shal currents expressed in oocytes by placing the second cursor
midway through the 1-s test pulse. Depending upon the isoform,
25-75% of the currents could not be fit to this shorter step. Of
those that could be fit, the time constants changed on average
by 10% in either direction, and 7, of only five oocytes over-
lapped with that of pyloric neurons. Thus, the differences in
the fitting protocols could not account for the large differences
observed between shal expression in pyloric cells and oocytes.

Analysis of voltage dependence. The Clampfit program of
pClamp 6 (Axon Instruments) and Deltagraph 4.5 (SPSS, Rich-
mond, CA, USA) were used to analyze the voltage dependence
of activation and inactivation as previously described (Baro et
al., 1996). The g/V curves were fit to a third (activation) or first
(inactivation) order Boltzmann equation of the form:

2= gma|1/(1 + e (7= Vm/-v))]n

where gmax 1s the maximal conductance, s is the slope factor,
Vaer 1s the voltage of half maximal activation for individual
gating steps, and »n is 3 (activation) or 1 (inactivation). The
peak conductance of a window current was defined as the con-
ductance at the peak voltage and calculated as the product of
the activation curve cubed (m?) and the inactivation curve (h) at
that voltage.

Statistical analysis. An analysis of variance was performed
to determine significant differences between isoforms unless oth-
erwise indicated. The Games/Howell procedure was used as the
post hoc test; though relatively conservative, it does not assume
homogeneity of variance, equal numbers between categories, or
normality within a category. All statistical analyses were per-
formed with StatView (SAS) and Excel (Microsoft). In all
instances P < 0.05, was considered statistically significant.

RESULTS
Obtaining alternately spliced shal transcripts

Our previous studies suggested that alternate splicing
does not occur at the 5’ end of the lobster shal open
reading frame (ORF). Twenty independently isolated,
overlapping shal clones from several cDNA libraries
and reverse transcription (RT)-PCRs were identical
over the segment beginning in the 5" untranslated region
(UTR) and extending beyond the traditionally defined
conserved core of the Shaker family of voltage dependent
K" channels (Wei et al., 1990; Baro et al., 1994, 1996).
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In addition, we found that the lobster shal gene did not
contain introns in the region bounded by the cloned
portion of the UTR and the first membrane-spanning
region (Baro et al., 1996). However, we did find evidence
for introns 3’ to the sixth membrane-spanning region.
This region is not well conserved across species, and
alternate splicing of Drosophila and mammalian shal
transcripts occurs in this region (Wei et al., 1990;
Isbrandt et al., 2000). Because screening more than 10°
clones from each of four different cDNA libraries yielded
only one clone containing the carboxy-terminus of the
lobster shal ORF, we searched for alternate splicing at
the 3" end of the shal transcript using two different tech-
niques, both of which were modifications on 3" RACE,
as described in Experimental procedures.

In these experiments, lobster shal-specific oligonucleo-
tides (primers) from an invariant region of the protein
were hybridized to first strand cDNA that represented a
population of lobster transcripts isolated from the nerv-
ous system (Table 1, Fig. 1). The primers bound to shal
transcripts and were extended in the 3’ direction. The
extended primers were then amplified, cloned, and
sequenced as described in Experimental procedures. We
obtained multiple sequences that were identical at the
5" end but then diverged at the same point, indicative
of alternate splicing at the carboxy-terminus of lobster
shal transcripts. To extend the alternate splice forms that
did not contain stop codons, and to search for additional
points of alternate splicing, we repeated our experiments
using additional primer sets downstream of the original
primers (Table 1). These experiments yielded six alter-
nately spliced shal transcripts: shal l.a through shal
1.f. The complete shal transcript is illustrated in Fig. 1
as a collection of partial ORF (pORF), where a pORF
corresponds to one or more exons. Each of the six alter-
nately spliced transcripts is listed below the diagram, and
the different combination of pORFs in each transcript is
indicated.

We next asked if adding or deleting pORFs from the
six original transcripts created additional transcripts. We
designed 5" and 3’ primers specific to the different
pORFs, or unique UTRs, as shown in Fig. 1. Primers
from two different pORFs (or UTRs) were used in PCRs
with a randomly primed lobster nervous system cDNA
template followed by Southern blot hybridization. The
PCRs should produce various bands of predicted sizes
on the gels and Southern blots, according to which prim-
er sets were used. Bands of unexpected sizes indicate
novel splice forms. Only two experiments yielded repro-
ducible bands of unexpected sizes (Fig. 2). A nested PCR
series with primer set (25:pORF P+44:pORF O) fol-
lowed by (26:pORF P+44:pORF O) produced two

Table 1. Primer/probe sets

Reaction First primer Second primer Probe for Southern blotting
Method 1; reactions 1 and 2 15 16 17
Method 2; reactions 1 and 2 25 26 27
Method 2; reaction 3 25 22 24
Method 2; reaction 4 15 36 -
Method 2; reaction 5 23 24 43
NSC 5104 10-9-01 Cyaan Magenta Zwart
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Transcript Splicing Pathway Partial ORFs
1st 2nd 3rd 4th 5th 6th 7th 8th
shal 1l.a 11 1 ABPD
shal 1.b 11 2 ABPE I
shal 1l.c 2 1 2 ACBPE
shal 1.4 i1 3 - 1 1 1 2 ABPFHJKMO
shal 1l.e 11 3 - 1 1 2 2 ABPFHJLMO
shal 1.f 11 4 2 1 1 2 1 ABPGFHJLMN
shal 1.g i1 3 - 2 ABPFI
shal 1.h 11 3 - 1 2 ABPFHO
shal 1.i i 2 - - 11 2 2 ABFHJLMO
shal 1.3 2 1 4 2 7 ? ? 72 ACBPGF. .
shal 1.k 2 1 3 - ? 2?2 2?2 2 ACBPF...
shal 1.1 2 2 - - 7?2 ? ? 2 ACBF...
shal 1.m 2 3 ACBE
shal 1.n 11 4 1 ABPGD
shal 1.z 1 1 4 2 1 1 2 2 ABPGFHJLMO

Fig. 1. Alternate splicing of the lobster shal transcript. The diagram illustrates the various ways in which a shal transcript
may be spliced. Each point of alternate splicing is indicated by a vertical arrow labeled 1st through 8th. The 16 boxes,
labeled A-P, represent pORFs comprised of one or more exons. The pORFs are drawn to scale. The six membrane-spanning
domains found in pORF A are shown as stippled boxes labeled 1-6. Stars above pORF A indicate the boundaries of the
central conserved core region, which is highly conserved among all members of the Shaker family. The numbered lines
between pORFs represent the possible paths at each alternate splice point. Wavy lines, which are not drawn to scale, repre-
sent 5" and 3" UTRs that either end in a poly A tract (AAA), continue for an undetermined number of nucleotides (arrows),
or are spliced to what is a partial ORF in other transcripts (*). For example, the UTRs following pORFs E and I are spliced
to pORFs F and O, respectively. Since there is a stop codon prior to F and O (at the end of pORFs E and I), F and O and
are no longer ORFs in these transcripts, but are part of the UTR. The 15 transcripts described in the paper are listed (shal
l.a-shal 1.n. and shal 1.z). shal 1.z is an artificial construct; the corresponding transcript has not been found in the lobster
nervous system. The paths taken at each of the eight alternate splice points is indicated for each transcript, as are the pORFs
contained within the transcript. The arrows above the diagram represent the position of the oligonucleotides described
throughout the text. The direction of the arrow indicates whether the oligonucleotide is extended in the amino- or carboxy-

terminal direction. aa, amino acid.

bands on the gel and Southern blot [Fig. 2A, lanes 2 and
4)]. The higher 478-bp band is the correct size for a PCR
product resulting from transcripts shal 1.d and/or shal
l.e, while the lower band was unexpected. Cloning and
sequencing the products revealed that the upper band
contained sequences corresponding to shal l.e, and an
unexpected, novel shal 1.g, while the lower band con-
tained sequences corresponding to the new shal 1.h (see
Fig. 1 legend). shal 1.i was cloned in a similar experiment
shown in Fig. 2B. Nested PCRs with primer sets
(17:pORF A+46:pORF F) (10:pORF A+46:pORF F)
or (17:pORF A+45:pORF J) (10: pORF A+45:pORF
J) consistently produced two bands of the expected sizes
corresponding to shal splice forms 1.d-1.h, with the
higher band representing transcripts that contained
pORF G. In addition, these PCRs always produced a
band that was 156 bp smaller than expected. Cloning
and sequencing revealed that the new shal 1.i isoform
was identical to shal 1.e, except that it lacked pORF P.

Some of the pORFs are very small and may not pro-
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duce a detectable change in the size of the PCR product
when added or deleted. Thus, we analyzed the products
from the aforementioned PCRs with Southern blots
using probes from small pORFs that were and were
not expected to be in a specific PCR product. Fig. 2C
illustrates this type of experiment. Up to this point, the
30-bp pORF C had only been found in the transcript
shal 1.c (Fig. 1). We asked if pORF C could be associ-
ated with any of the other seven transcripts (1.a, 1.d-1.1).
When an oligonucleotide from pORF C (40) was used to
probe a Southern blot containing a PCR product ampli-
fied with primers 10:pORF A and 5:pORF D, and thus
corresponding to transcript shal 1.a, no positive signal
was produced (Fig. 2C, lanes 1 and 4). When primers
10:pORF A and 46:pORF F were used in the PCR, they
produced three different size products (Fig. 2C, lane 2).
The largest band corresponded to transcript shal 1.f. The
middle band corresponded to transcripts 1.d, l.e, 1.g,
and 1.h. The lowest band corresponded to shal 1.i. All
three bands produced a positive signal when probed with

Zwart
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Fig. 2. Adding and deleting pORFs creates additional splice
forms. (A) An ethidium bromide-stained acrylamide gel (lanes M,
1, and 2) and Southern blot autoradiograph (lanes 3 and 4) of the
PCR products resulting from a nested PCR series using primers
(25+44) and (26+44). The templates in the PCR were a control
plasmid containing shal 1.e (lanes 1,3) or lobster nervous system
c¢DNA (lanes 2.4). The Southern blot was probed with 32-P labeled
oligonucleotide 22. The sizes of the molecular weight standard
(M) are indicated. (B) An acrylamide gel (lanes M, 1, and 2) and
Southern blot (lanes 3 and 4) of the PCR products from two
nested PCR series on lobster nervous system cDNA using primers
(17+45) and (10+45), (lanes 1 and 3), or (17+46) and (10+46),
(lanes 2 and 4). The Southern blot was probed with oligonucleo-
tide 1. C. An acrylamide gel (lanes M, 1, 2, and 3) and Southern
blot (lanes 4, 5, and 6) of the PCR products from three nested
PCR series on lobster nervous system cDNA using primers (17+5)
and (10+5), (lanes 1 and 4), or (17+46) and (10+46), (lanes 2 and
S), or (17+38) and (10+38), (lanes 3 and 6). The Southern blot
was probed with oligonucleotide 40.

oligonucleotide 40:pORF C, thus indicating the existence
of at least three additional transcripts (1.j, 1.k. 1.1). These
experiments also indicated that shal l.c transcripts can
lack pORF P (shal 1.m), as seen in the faint, lower band
in Fig. 2C, lanes 3 and 6. Using this same strategy we
found that the lobster nervous system contains tran-
scripts in which pORF G is inserted into the shal la
transcript (shal 1.n). The results of all these experiments
suggest a minimum of 14 alternately spliced shal tran-
scripts. While we believe that we have identified the
major species of shal transcripts in Panulirus, other splice
forms most likely exist.

Characterizing and comparing the pORFs in the
carboxy-termini

The amino acid sequences for all the alternately
spliced pORFs, as well as putative sites of post transla-
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tional modifications, are shown in Fig. 3A. The carboxy-
terminus of a shal channel can contain between 1 and
15 putative phosphorylation sites depending upon the
isoform. In Fig. 3B the carboxy-termini of the known
full-length lobster shal isoforms are aligned with the
shal (Kv4) proteins encoded by the three known
human shal (Kv4) genes: hKv4.1, hKv4.2, and hKv4.3.
This alignment begins at the very end of the well-con-
served pORF A, which is represented by the peptide
DKRKAQK. The intron/exon boundaries have been
defined for the three human genes (Isbrandt et al.,
2000), and amino acids representing the beginning and
end of each exon are indicated by shaded circles in the
human sequences. Fig. 3 illustrates that two alternate
splice sites are conserved across species and genes (sites
1 and 2 in Fig. 1). The invariant pORF B is well con-
served across species. However, most of the alternately
spliced pORFs are not highly conserved and only lobster
shal pORFs P, M, and N share significant homology
with the mammalian proteins.

Lobster pORF P is 27-35% identical to the human
proteins at the amino acid level. The length of this
POREF is not conserved across species and the human
version is significantly longer in all three genes. Perhaps
as the human genes diverged and nonessential pORFs
were reconfigured, splice sites were lost. Unlike the mam-
malian counterparts, lobster pORF P also contains a
putative ATP/GTP-binding site (P-loop). Lobster
pORF M is just as highly conserved across species and
shows 19-37% identity to the mammalian shal (Kv4)
proteins. Lobster pORF N is the most highly conserved
of the alternately spliced pORFs, and is 38-50% identical
to the mammalian proteins. Of the five carboxy-terminal
pORFs (D, E, I, O, and N), only N shares homology
with the mammalian sequences. The carboxy-terminal
amino acids of some K™ channels are responsible for
channel clustering via interactions with proteins contain-
ing PDZ domains (Sheng and Pak, 2000). In the case of
pORF N and the mammalian shal proteins, the binding
motif would be: L/V-R/K-I/V-S-S/A-L. This consensus
sequence is consistent with the requirements for a strong
Group I PDZ-binding domain (Songyang et al., 1997).
The other four lobster termini are not strong candidates
for interactions with known PDZ domains, and tran-
scripts containing these carboxy-termini may use target-
ing sequences located elsewhere in the carboxy tail (Lim
et al., 2000). Interestingly, two of the five termini have a
putative kinase site in the penultimate position (pORFs
E and N). The phosphorylation state of this site regulates
anchoring of the inward rectifier K* channel, KIR 2.3
(Cohen et al., 1996).

Characterizing shal isoforms in oocytes

Alternate splicing of the lobster shaker transcript pro-
duces at least 16 proteins. In this case, alternate exon
usage produces structural changes in the o-subunits
that lead to stable differences in the biophysical proper-
ties of the various homomeric shaker channels when
expressed in oocytes (Kim et al., 1997, 1998). The alter-
nately spliced carboxy-termini of lobster shal channels
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Fig. 3. Comparison of the pORFs in each lobster shal isoform with the human shal proteins. (A) Lobster shal pORFs and
their post-translational modifications. The amino acid composition of each of the pORFs is indicated. Putative phosphoryla-
tion sites are represented as colored squares above the peptide sequence for individual pORFs and for the single case where
a combination of two pORFs created a new site: casein kinase II (orange), mitogen-activated protein kinase (brown), cal-
cium-calmodulin dependent kinase II (purple), tyrosine kinase (green). The P-loop, or ATP/GTP-binding site motif A, is
indicated by a blue bar. (B) Alignment of the deduced amino acid sequences of the lobster isoforms shal 1.a-shal 1.i with the
three human proteins Kv4.1, Kv4.2, and Kv4.3, long. The hKv4.3 transcript is alternately spliced, at alternate splice site 2.
The long version is illustrated. The short version is identical except that it lacks the exon between pORFs B and P. The
alignments begin with the last seven amino acids in pPORF A. The number of the first amino acid on each line is indicated to
the left of the alignment, where number 1 is the initiator methionine. Shaded circles indicate the amino acids at the beginning
and the end of exons in the human proteins. Arrows mark the carboxy-terminal fast inactivation domain defined by Jerng
and Covarrubias (1997). The color scheme is preserved from part A to B. Human amino acids that are identical to shal 1.e
are boxed. All identical amino acids are colored appropriately. Accession numbers: NP_004970 (hKv4.1), CAB 56841
(hKv4.2), AAF 20924 (hKv4.3), L49135 [shal 1.a which was previously published in Baro et al., 1996). Note: there was a
sequence misread in the original publication that altered the carboxy-terminus of the protein; this has since been corrected in
the original GenBank submission and is shown in its corrected form here], AF375598, AF375599, AF375600, AF375601,
AF375602, AF375603, AF375604, AF375605 (shal 1.b-shal 1.i, respectively).
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Fig. 4. (A) Current traces from lobster shal isoforms. The two traces in each panel are examples of the Type I and Type II
currents produced by each shal isoform. Each of the two traces was obtained from a different oocyte injected with the same
RNA, and stepped to +20 mV after a prepulse to —90 mV. Type II currents always show slower inactivation kinetics. Cur-
rents were elicited as described in Experimental procedures. For each set of traces, currents were plotted, scaled to the same
peak amplitude, and overlaid. (B) Further examples of Type I currents produced by shal 1.e injected on the same day into
oocytes donated by the same frog and recorded 3 days later. Note the variability in isoform expression in different oocytes.

contain one of the two domains that co-operatively
mediate fast inactivation of shal channels (Jerng and
Covarrubias, 1997; Jerng et al, 1999). Thus, we
hypothesized that alternate splicing could generate struc-
tural differences in shal o-subunits that result in stable
differences in inactivation kinetics between isoforms, and
that this could account for the 10-fold difference in the
inactivation time constants of pyloric Ias. To test this
hypothesis we constructed full-length transcripts for
nine shal isoforms (Fig. 1). RNA was transcribed from
each of these constructs and injected into Xenopus
oocytes to create homomeric shal channels.

As expected, shal isoforms expressed in Xenopus
oocytes gave rise to outward KT currents that decayed
over a multi-exponential time course. Like mouse shal
currents (Jerng and Covarrubias 1997; Jerng et al.,
1999), lobster shal currents expressed in oocytes dis-
played three time constants of inactivation. However,
each isoform demonstrated a remarkable amount of var-
iability between oocytes in both their time constants and
the relative contributions of each component to the peak
current (Figs. 4 and 5). The data suggest that the inacti-
vation kinetics of shal channels are differentially regu-
lated depending upon the individual oocyte. Fig. 4
illustrates the range of currents that a single isoform
produced in separate oocytes, even from the same frog
and recorded on the same day. The currents produced by
any given isoform could be broadly classified into two
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types, with a great deal of variability within each class
(Fig. 4B). Type I currents inactivated with three time
constants of inactivation (7—73) over a 4-s test pulse,
while Type II currents lacked 7; but possessed 7, and
73. Elimination of rapid inactivation from Type II cur-
rents also delayed the time to peak current (Fig. 4A).
This same effect is seen in mouse shal (Kv4.1) channels
when the fast inactivation domain(s) is deleted, and most
probably represents channels that would otherwise be
inactivated, now contributing to the peak, and/or a
change in the voltage dependence or rate of activation
(Jerng and Covarrubias 1997; Jerng et al., 1999). The

Table 2. Time constants of inactivation

Isoform Ttast Tintermediate Tslow

shal l.a  65+23% (13) 327472 (13) ND

shal 1.b  86£10%%10 (12) 341047 (12) ND

shal 1. 103£3515910 (9) 389+ 131 (14) 894+ 138 (5)
shal 1.d  72+31 (12) 332454 (12) ND

shal l.e  46%25%3 (25) 3621108 (27) 8741169 (7)
shal 1.1 78£31 (14) 3811128 (13) 1039£253 (3)
shal Lh 6924 (6) 2274846910 (9) 969+ 379 (6)
shal 1.i 5443323 27) 387 +88% (27) ND

shal 1.z~ 54%29%3 (38) 384+ 1478 (41) 865190 (13)

Values on the top line represent means*S.D.; n is reported in
parentheses. Significantly different (P<0.05) than 'l.a, *1.b,
3, *1.d, *le, °1f, *1.h, °1.i, '°1.z. ND, not determined: only
1-s test pulses were performed (see main text for explanation).
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Fig. 5. Comparison of the kinetic properties of shal channels expressed in oocytes and pyloric neurons. (A) Plots of 7, versus
7; for all Type I currents. Each circle represents the time constants for the macroscopic Type I current elicited from a single
oocyte in response to a hyperpolarizing prepulse to —90 mV followed by a 1-s test pulse to +20 mV as described in Exper-
imental procedures. Data from all frogs injected with the same isoform are pooled and represented in each panel. Lines
represent simple regressions of all data points. The > and P values for the correlation are as indicated. Shaded regions
represent the area of overlap with the values for pyloric neurons shown in B. (B) Plots of 7, versus 7; for isolated shal
currents obtained from five to seven neurons in each pyloric cell type. The six pyloric cell types and the number of cells in
each pyloric cell type are: PD, pyloric dilator (2); VD, ventricular dilator (1); PY, pyloric constrictor (8); AB, anterior
burster (1); IC, inferior cardiac (1); LP, lateral pyloric (1). Each circle represents the time constants of the macroscopic 7a
elicited by a hyperpolarizing prepulse followed by a 500-ms test pulse from a single, identified pyloric neuron. Lines represent
linear regressions of the data points. The > and P values for the correlation are as indicated. Data were taken from Baro et
al. (1997). (C) Box plots showing the distribution of 4,/4; for all Type I currents shown in A and B. Black horizontal lines
of a box represent the 25th, 50th, and 75th percentile points. Whiskers represent the 10th and 90th percentile points, filled
circles indicate outliers, and dotted lines represent the means. The mean is also written in parentheses underneath the name
of the isoform or cell type.

extent of the variability of Type I currents is illustrated
in Fig. 5A where 7, is plotted against 7; for all currents
recorded for a given isoform. Depending upon the iso-
form, 7; could vary by as much as a factor of eight (1.i
and 1.z) and 7, could vary by up to a factor of 4.2 (1.z).
Box plots of A>/4; summarize the variation in the frac-
tional amplitudes of 7, relative to 7; (Fig. 5C), and illus-
trate that the relative amounts of the fast and slowly
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inactivating components are differentially regulated so
that either component can dominate a Type I current.
Fig. 5 and Table 2 demonstrate that the inactivation
parameters for different shal splice forms are broadly
overlapping so that there are few significant differences
in inactivation kinetics between shal isoforms. Alternate
exon usage generates few stable changes in shal o-sub-
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Fig. 6. Voltage dependence of shal isoforms. (A) Peak conductance/voltage relationships for activation of the shal isoforms.
Activation curves are least squares fits to the third order Boltzmann equation described in Experimental procedures. Each set
of data points is the average from a number of oocytes from at least two different frogs. The number of cells used to
determine the average data set is given in Table 3. Bars represent the S.E.M. at each data point. (B) Steady-state inactivation
of shal isoforms. Inactivation curves are least squares fits to first order Boltzmann equations. The dashed lines represent the
two extreme isoforms, l.c and 1.f. C. Steady-state window currents for shal isoforms. Window currents were obtained by
plotting the activation and inactivation curves for each isoform on the same graph. Only the portion of plot containing the
window current is shown.

unit structure that result in fixed differences in the inac-
tivation kinetics of the different isoforms.

The voltage dependence of the shal isoforms expressed
in oocytes showed similar variability to that described
above. The voltages of half activation (V) for individ-
ual currents obtained from different oocytes injected with
the same isoform varied by up to 20 mV. As a result,
there were no significant differences in the average Ve
between the different shal isoforms (Fig. 6A and Table 3).
Similarly, while the slope factors could vary by roughly a
factor of three between currents from different oocytes
injected with the same isoform (11-38 mV, activation;
4.3-13.2 mV, inactivation), the average slope factors
were for the most part not significantly different between
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isoforms (Table 3). Finally, the voltages of half inactiva-
tion (Vinaet) varied by approximately 15 mV within an
isoform. The average Vinae varied by 9 mV between iso-
forms, but only one isoform (shal 1.c) was significantly
different from any of the others (Fig. 6B, Table 3).
Fig. 6C illustrates that the peak amplitudes of the
steady-state window currents vary with the splice form,
and the steady-state conductances at the peak voltages
vary significantly between 0.0002 (1.z) to 0.007 (1.e) per-
cent of the total current. There are only slight differences
in the peak voltages of the window currents (<4 mV),
though the voltage ranges significantly expand and con-
tract with the splice form.
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Fig. 7. Comparison of the voltage dependence of pyloric Ias with the various shal isoforms. The shaded area represents the
range of the average voltage of half activation (A) or inactivation (B) exhibited by the shal isoforms expressed in oocytes
(Table 3). Filled circles represent the average voltage of half activation (A) or inactivation (B) for each pyloric cell type as
determined by two electrode voltage clamp from the neuronal soma. Synaptically isolated cells were recorded in the absence
of neuromodulators or in the presence of 107* M bath applied dopamine (+DA). Data for pyloric cells were taken from
(Harris-Warrick et al., 1995a,b; Baro et al., 1997; Kloppenburg et al., 1999) Bars represent = S.E.M.

Alternate splicing alone cannot account for differences in
pyloric 1ys

We asked whether alternate splicing by itself could
account for the 10-fold difference in I, inactivation
kinetics between pyloric cell types (Fig. 5B). Previous
studies on pyloric Ias demonstrated that I, inactivated
almost completely over a 500-ms test pulse, and that
71 and 17 contributed substantially to inactivation,
while 73 was undetectable (Baro et al., 1997). Thus, we
compared 7; and 7, from pyloric Ixs with Type I cur-
rents from shal isoforms expressed in oocytes. Plots of 7,
vs. 71 for 5-7 neurons in each pyloric cell type are shown
in Fig. 5B, and box plots of the A,/A4; ratio are given in
Fig. 5C. Notice the difference in the scales of Fig. 5A, B:
the gray shaded regions in Fig. 5A indicate the area
represented by the plots in Fig. 5B. Except for one

data point (1.h) there is no overlap between the plots
of shal channels expressed in pyloric cells and oocytes.
Interestingly, the variability in both 7; and 7, is greatly
reduced in pyloric cells relative to oocytes, consistent
with the idea that the cellular milieu is more stable in
differentiated adult cell types under baseline conditions
(no synaptic interactions and no neuromodulators
present). However, differential modulation of shal cur-
rents still occurs in pyloric neurons and appears to
vary with the cell type. For example, the time constants
appear to co-vary in the pyloric constrictor (PY), pyloric
dilator (PD), ventricular dilator (VD) and lateral pyloric
(LP) cells, but not the inferior cardiac (IC) and LP [ante-
rior burster (AB)] cells. Similarly, while the slow compo-
nent always dominates pyloric shal currents, A,/A4; is
differentially regulated in certain cell types like the IC
and LP, but quite stable in other cell types like the PD

Table 3. Voltage dependence of shal isoforms

Isoform Vact Activation slope Vinact Inactivation slope
shal 1.a —41+£1.0 (22) 22+0.9 (22) —6910.6% (27) 6.810.2° (27)
shal 1.b —40+ 1.3 (11) 22+0.7 (11) —71+1.4 (13) 6.8+0.7 (13)

shal 1.c —42+1.0 (20) 24%1.0' (20) —75+0.7"5610 (29) 8.7+0.41:010 (29)
shal 1.d —40%2.5 (8) 22+1.2 (8) —6912.2(9) 7.5%£0.6 (9)

shal 1.e —42+1.5 (15) 23+1.4 (15) —68+1.1° (17) 7.6+0.5 (17)

shal 1.f —43+1.7 (13) 22+0.9 (13) —66+0.8° (12) 6.410.3% (12)
shal 1.h —43+2.3 (8) 21+1.2 (8) —72+1.4 (8) 6.9+0.9 (8)

shal 1.i —42+2.1 (7) 21+£2.3 (7) —70%2 (7) 7.5+0.5 (7)

shal 1.z —40+1.3 (9) 18+0.93 (9) —6910.7° (12) 6.2+0.4° (12)

Values represent means = S.E.M. Significantly different (P <0.05) than 'l.a, 21.b, *l.c, *1.d, l.e, °1.f, ®1.h, °1.i, '°1.z. n is reported in paren-

theses.
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(Fig. 5C). The data suggest that alternate splicing alone
does not generate stable alterations in the structure of
the shal a-subunit that could underlie the 10-fold differ-
ence in the inactivation kinetics between pyloric neurons.

Likewise, alternate splicing alone does not result in
stable structural changes that could account for baseline
differences in the voltage dependence of pyloric Ias.
Fig. 7 compares isoform variability in voltage depen-
dence to that observed in pyloric /xs. The voltages of
half activation and inactivation for the different pyloric
Ins vary continuously between two extremes. When
recording under baseline conditions, where pyloric neu-
rons are synaptically isolated and no neuromodulators
are in the bath, the average V,.s for the six pyloric Ixs
vary by up to 14 mV, and this range can be further
extended by neuromodulators like dopamine (Harris-
Warrick et al., 1995a,b; Kloppenburg et al., 1999),
which presumably act by a second messenger mediated
modification of channel charge or structure (Fig. 7A).
The average V,us for the nine shal isoforms expressed
in oocytes occupy just a small 4-mV segment on the
continuum. The voltage dependence of all heterote-
tramers would most likely also fall within this 4-mV
voltage range. The average pyloric In Vipus also vary
by 14 mV under baseline conditions and can also be
modulated by dopamine (Fig. 7B). The range of average
values displayed by the shal isoforms expressed in
oocytes is similar (9 mV), but as a whole the values are
more hyperpolarized.

The steady-state window Ixs of pyloric neurons vary
significantly with respect to peak voltage and amplitude
(Baro et al., 1997). The peak amplitudes of the pyloric
window currents spanned the same range observed for
shal isoforms expressed in oocytes; however, the peak
voltages of the shal isoform window currents expressed
in oocytes did not represent the range observed for
pyloric neurons. Only the peak voltage of the VD and
PD steady-state currents (—50 mV) resembled those of
shal isoforms expressed in oocytes. The significantly
depolarized shifts in the peak voltages observed in the
other four pyloric window currents were not reproduced
by alternate splicing (average peak voltages ranged from
—35 mV to —50 mV depending on the pyloric cell type;
Baro et al., 1997). In all cases the voltage range of the
pyloric window currents was less broad than shal iso-
forms expressed in oocytes.

DISCUSSION

There are at least eight points of alternate splicing that
divide the lobster shal transcript into 16 pORFs (A-P).
Every channel contains pPORFs A and B, which make up
70-97% of the protein, depending upon the splice form.
A 10 amino acid segment (pORF C) may interrupt these
two invariant regions. Every isoform also contains a var-
iable carboxy-terminus made from some combination of
pORFs D-P. The termini range from 10 to 191 amino
acids in length, and contain from 1 to 15 putative phos-
phorylation sites. Each shal isoform has the ability to
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create a broad spectrum of currents, and ultimately,
the current produced depends upon the cellular environ-
ment. While we have not yet determined the isoform
expression pattern in pyloric neurons, the present study
illustrates that stable differences in the baseline Ia
between pyloric cell types cannot simply be due to cell-
specific patterns of shal splicing that yield structurally
different isoforms with fixed differences in their biophys-
ical properties. However, alternate splicing could indi-
rectly contribute to pyloric /5 diversity.

Ion channel a-subunits interact with ancillary proteins
like B-subunits (Rettig et al., 1994), y-subunits (Jegla and
Salkoff, 1997), KCHIPs (An et al., 2000), and MiRPs
(Abbott et al., 1999). These interactions can alter channel
properties and create positional diversity among cell
types (Ramanathan et al., 1999). Thus, isoform-specific
interactions with auxiliary proteins could theoretically
lead to I, diversity. KCHIP and y-subunits interactions
with shal (Kv4) a-subunits are determined by the invar-
iant portion of the shal channel; however, B-subunits
have recently been shown to interact with the carboxy-
termini of shal (Kv4) subunits (Yang et al., 2001). Thus,
it is possible that lobster shal isoform-specific interac-
tions with ancillary [B-subunits could contribute to
pyloric Ix diversity.

Since the type and number of phosphorylation sites
vary with the lobster shal isoform, modifications by sec-
ond messenger systems leading to o-subunit phosphory-
lation could also regulate the kinetics of inactivation in
an isoform-specific manner and lead to pyloric Ix diver-
sity. This idea is consistent with: (1) previous studies
showing that the carboxy-terminus is involved in
inactivation (Jerng and Covarrubias, 1997; Jerng et al.,
1999), (2) the variability in inactivation kinetics displayed
by a single lobster shal isoform, and (3) a study by
Tsunoda and Salkoff (1995), which demonstrated that
shal currents in Drosophila embryonic neurons showed
a >100-fold variation in ¢, and that a single channel
could spontaneously alter 7z by more than a factor of ten
during the recording period.

However, it seems less likely that alternate splicing is
involved in establishing differences in the voltage depen-
dence of gating. It is generally thought that the voltage
sensor of all Shaker family proteins includes amino acids
in S2, S3, S4, the S4-S5 loop, and the P loop (Perozo
and Bezanilla, 1990; Papazian et al., 1995; Planells-
Cases et al., 1995; Aggarwal and MacKinnon, 1996;
Seoh et al., 1996). Thus, the voltage sensor is located
in the invariant pORF A (Fig. 1). Perozo and Bezanilla
(1990) demonstrated that phosphorylation could increase
the density of surface charges in the vicinity of the volt-
age sensor and shift its voltage dependence toward more
depolarized potentials. In our study, the midpoint poten-
tials for a given isoform expressed in oocytes could vary
by up to 20 mV, so that the ¥V, for shal isoforms
expressed in oocytes ranged from —31 mV to —56 mV,
and the Vip from —59 to —82 mV. These ranges are
similar to the pyloric cell activation and inactivation
continua shown in Fig. 7. One interpretation of these
data is that changes in the phosphorylation state of the
population of shal channels alter the average midpoint
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potentials for the macroscopic Io. The regions housing
the voltage sensor in lobster shal channels contain puta-
tive phosphorylation sites (Baro et al., 1996). In the sim-
plest case, a constitutive cycle of phosphorylation and
dephosphorylation at just one of these sites could regu-
late the V,o and produce the entire activation continuum
observed in Fig. 7. For example, when 100% of the sub-
units in the population are phosphorylated, the average
Vaet might be —24 mV, while dephosphorylating 100% of
the subunits would change the average V, to —56 mV.
In this case, if 50% of the subunits were phosphorylated,
the average V, for the population of channels would be
—40 mV, though voltage dependence at the single chan-
nel level could be very diverse. Changing the rates of
constitutive phosphorylation and dephosphorylation at
this site via typical second messenger cascades could pro-
duce the entire activation continuum shown in Fig. 7.
Unlike oocytes, mature pyloric neurons would consis-
tently regulate the phosphorylation state of this site
under baseline conditions in a cell-specific manner, and
neuromodulators like dopamine would alter that state in
reproducible ways. Of course, multiple phosphorylation
sites might participate in determining the voltage depen-
dence of gating, and a single site might alter multiple
parameters. In any event, differences in pyloric /5 volt-
age dependence under baseline conditions may reflect
cell-specific differences in second messenger set points,
differences in the components and concentrations of sec-
ond messenger cascades, or cell-specific differences in
auxiliary subunit interactions, rather than structural dif-
ferences in o-subunits.

Roles of alternate splicing

As implied above, one of the main functions of alter-
nate splicing may be to introduce different phosphoryla-
tion sites that allow the various isoforms to be
differentially regulated. Indeed, alternate splicing has
been shown to alter BK channel sensitivity to protein
kinase A phosphorylation (Tian et al., 2001). Since ion
channel isoforms are often expressed in a cell-specific
manner (Atkinson et al.,, 2000; Bohm et al., 2000;

Brenner et al., 2000), differential expression of shal iso-
forms among pyloric neurons could result in the differ-
ential modulation of I, in the various cell types. If two
or more isoforms were expressed in the same cell type,
the formation of heteromeric channels could increase the
ability of different neuromodulators to influence the
channels. Alternatively, differential targeting of homo-
meric channels might produce localized differences in
the modulation of 74 within a single cell.

Alternate splicing of the 3’UTR could also function to
differentially localize shal mRNA (Rook et al., 2000), or
differentially regulate post-transcriptional gene expres-
sion (Decker and Parker, 1995). At the protein level,
short sequences in the carboxy-termini of receptor and
channel proteins are responsible for the compartmental-
ization and clustering of these proteins (Arnold and
Clapham, 1999; Stowell and Craig, 1999; Lim et al.,
2000). Alternate splicing could change the scaffold to
which shal channels attach, and/or the makeup of the
proteins in the shal cluster, and/or the compartmentali-
zation of the channels. Finally, it is possible that the
different carboxy-termini alter biophysical characteristics
not examined in this study, or possess specialized func-
tions unrelated to the biophysical properties of the chan-
nel. For example, Qian and Pfaffinger (1999) suggested
that the carboxy-termini of shal channels might be
involved in communicating membrane events to the
nucleus. They hypothesized that the carboxy-terminus
of the rat shal channel (Kv4.2) could be cleaved in
response to extracellular signals and translocate to the
nucleus where it could affect transcription. Thus, alter-
nate splicing may confer as yet undiscovered functions to
the different shal isoforms.
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