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ABSTRACT: We identified three splice variants of hSK1 whose C-terminal structures are determined by
the independent deletion of two contiguous nucleotide sequences. The upstream sequence extends 25
bases in length, is initiated by a donor splice site within exon 8, and terminates at the end of the exon.
The downstream sequence consists of nine bases that compose exon 9. When the upstream sequence
(hSK12%9) or both sequences (hSK3*Y) are deleted, truncated proteins are encoded in which the terminal

118 amino acids are absent. The binding of calmodulin to these variants is diminished, particularly in the
absence of Ca ions. The first 20 amino acids of the segment deleted from h8KRAand hSK134°

contain a +8—14 C&*-calmodulin binding motif, and synthetic oligopeptides based on this region bind
calmodulin better in the presence than absence &f @as. When the downstream sequence (hSR1

alone is deleted, only the three amino acids A452, Q453, and K454 are removed, and calmodulin binding
is not reduced. On the basis of the relative abundance of mRNA encoding each of the four isoforms, the
full-length variant appears to account for most hSK1 in the human hippocampus, while"#SK1
predominates in reticulocytes, and hSR4is especially abundant in human erythroleukemia cells in
culture. We conclude that the binding of calmodulin by hSK1 can be modulated through alternative splicing.

Cat-activated K channels have traditionally been cat- putative C&"-binding domain near the end of their C-
egorized on the basis of their single-channel conductancesterminal cytoplasmic tailX) that may or may not6) be the
as either “big” (BK channels;100-250 pS), “intermediate”  sole mechanism through which gating by?Cé@ns occurs.
(IK channels,~20—50 pS), or “small” (SK channelsy5— However, in SK/IK channels, which are exquisitely sensitive
15 pS). Although it is clear that BK channels constitute a to small elevations in [Cd]i, Ca?"-binding motifs are
distinct Kt channel family Sloor BK family) (1), the close conspicuously absen?,(8). In these channels, calmodulin
structural similarities of IK and SK channels that have has recently been shown to bind to the cytoplasmic C-
recently come to light make it appropriate to classify these terminus and is thought to function as a modulatory subunit
channels together (SK/IK familyR(5). BK channels, which ~ through which [C&'i elevation is coupled to channel
are both C&- and voltage-dependent, are assembled from opening 7—10). As a result of these reports, the concept
pore-forminga-subunits encoded by tH#lo gene (). SK/ has developed that €aions gate SK/IK channels by binding
IK channels, which are insensitive to voltage and gated not directly to the pore-forming subunits but instead to
primarily by fluctuations in the cytosolic concentration of calmodulin constitutively bound to the channel.

Cé* ions ([C&']i), derive their pore-forming subunits from  The volume of the red blood cell is controlled in part by
a family of four closely related genes (SK1, SK2, SK3, and voltage-independent Gaactivated K channels that are
IK1) (2—5). BK and SK/IK channels differ significantly not  thought to number no more than 10 per céll,(12). Several
only in structure and electrophysiological behavior but also |aboratories have isolated these channels either in cell-free,
in their mechanisms of gating by €aions. BK channels,  inside-out membrane patchesl(13—15) or in cell-attached
which require relatively large increases in fClato increase patches11) and recorded their single-channel conductances.
their open state probability, contain a highly conserved The surprisingly wide variation of unitary conductances
reported for these channels, which have ranged from 13.5
"This research was supported by the Research Service of thepS (3) to 75 pS (9), led us to consider the possibility that
Department of Veterans' Affairs (Merit Review) and by the National ed cells may express more than one type of SK/IK channel.
Institutes of Health (HL 54218). In support of this view, we found that isolated human
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form of hiIK1 from these cells, which was identical in its
entire coding region to that present in pancreas (hli]) (
lymphocytes (hKCa4)4), and brain (hSK4)3). In contrast

Zhang et al.

red cell-rich fraction was washed with Tris-buffered saline
and then filtered through a column containiagcellulose
and methylcellulose as described by Beutler et&l).(The

to the single species of hiK1, we found four separate isoforms cells were then suspended in cell-free plasma and separated

of hSK1 whose structures were determined by the indepen-

dent inclusion or deletion of two adjacent nucleotide

sequences within the region encoding the C-terminal cyto-

plasmic tail. The full-length isoform, which appears to be
the predominant form of hSK1 in the human hippocampus,
accounts for a much smaller fraction of hSK1 expressed in
erythroid cells.

on a density gradientl®). The buoyant reticulocyte-rich
preparation was removed and used for isolation of RNA.
The human erythroleukemi&EL) cell line and its closely
related sublindamiwere obtained from the American Type
Culture Collection (Rockville, MD). The cells were grown
in RPMI 1640 medium containing 10% fetal calf serum and
supplemented with penicillin and streptomycin as previously

In reticulocytes, the major species of hSK1 appears to be described 19).

a truncated variant (hSK%¥%) in which half of the C-terminal
cytoplasmic domain is deleted. Calmodulin binding in the
absence of G4 ions (apocalmodulin binding) to the C-
terminus of hSK134* is markedly reduced when compared
to hSK1. In a second truncated variant, hSR%, which is

Reverse TranscriptasePolymerase Chain Reaction (RT-
PCR) Following cellular lysis in guanidine isothiocyanate,
RNA was isolated from reticulocytes or from cells of the
human leukemia line$lEL and Dami by ultraspeed cen-
trifugation on cesium chloride gradients. mMRNA was pre-

less abundantly expressed in erythroid cells, apocalmodulinpared fromDami cell RNA using the Oligotex mRNA Mini

binding is similarly impaired. In both hSK%% and hSK13*,

Kit (Qiagen, Chatsworth, CA). mRNA from the hippocampus

the C-terminal truncation transects a region that has beenof human brain (poly A RNA) was purchased from

found to be important for calmodulin binding in the closely
related channels rSK27(9) and hIK1 @0), both in the
presence (Cd-calmodulin binding) as well as absence of
C&" ions. The first 20 amino acids of the deleted C-terminal
fragment contain a-18—14 C&"-calmodulin (L6) binding
motif as well as two positively charged amino acids (R456
and K459) determined by Keen et ad) (to be critical for
apocalmodulin binding. We found that a synthetic peptide

Clontech (Palo Alto, CA). Reverse transcription was then
performed in each experiment using the GeneAmp Kit
(Perkin-Elmer, Foster City, CA). cDNA was subsequently
amplified by hot-start PCR with Taq polymerase in the
presence of Q-solution (Qiagen).
Amplification and Cloning of the Four hSK1 Isoforriifie

oligonucleotide primers hSK1-del sense and hSK1-del
o-sense, which span 166 bases in the full-length isoform of

containing these 20 residues exhibited both apocalmodulinhSK1 and encompass the two deletion fragments, were

and C&"-calmodulin binding properties, although binding
of calmodulin was clearly enhanced byCaons.

In the leukemic cell lineDami, which is growth factor-
independent and highly proliferative, an isoform in which

designed to amplify the pertinent region of each of the four
isoforms. RT-PCR was carried out with these primers using
hippocampal oDami MRNA as template. The total RT-

PCR products were purified by gel extraction and cloned in

only the three amino acids A452, Q453, and K454 are deletedthe plasmid vector PCR 2.1 (Invitrogen, Carlsbad, CA). The

(hSK1) is much more highly expressed than in either
human hippocampus or reticulocytes. Although theBt
14 motif is disrupted in this variant, neither €acalmodulin
nor apocalmodulin binding is apparently altered. At present,
the effects that this deletion exerts on the function of hSK1

plasmid DNA was then sequenced in order to identify each
of the four isoforms.

Nested PCR was done to resolve each of the four isoforms
from reticulocyte RNA. The primers hSK1-RPA-sense and
hSK1-dela-sense were used for initial amplification, and

are unclear. Taken together, the findings that we report leadNSK1-del sense and hSK1-detsense were subsequently

us to predict that variations in the structure of hSK1 arising
from posttranscriptional modification of its C-terminal
sequence may equip the channel for particular functions in
different tissues by altering its gating by calmodulin.

EXPERIMENTAL PROCEDURES

Cells Peripheral blood samples were obtained from
patients with sickle cell disease following guidelines ap-
proved by the Institutional Review Board for Human
Experimentation of Baylor College of Medicine. Platelet-
rich plasma was removed by low-speed centrifugation. The

1 Abbreviations: BK, large (“big”) conductance €aactivated K
channel; [C&']i, cytosolic concentration of C&ions; EGTA, ethylene
glycol bis(3-aminoethyl etherN,N,N',N'-tetraacetic acid; GST, glu-
tathione Stransferase; HEL, human erythroleukemia cell line; IK,
intermediate conductance Teactivated K channel; PCR, polymerase
chain reaction; RT-PCR, reverse transcriptgselymerase chain
reaction; SK, small conductance Taactivated K channel; SDS,
sodium dodecyl sulfate.

2This channel was named hiIK2)( hKCa4 @), and hSK4 8) by
the independent laboratories that identified it simultaneously. We refer
to this channel as hlK1 throughout this paper.

used to visualize a more restricted region encompassing the
deletions.

Genomic CloningGenomic DNA was purified fronDami
cells using the DNeasy Tissue Kit (Qiagen). PCR was then
carried out using the oligonucleotide primers hSK1-del sense
and hSK1-debi-sense to amplify the region of interest. The
PCR product was cloned in the plasmid vector PCR 2.1
(Invitrogen) and sequenced using a panel of oligonucleotide
primers. The final sequence was then aligned according to
the published genomic sequence of hSK1 [KCNND)(
(GenBank Accession Number 6631091)] and found to
correspond to a region between exons 8 and 10.

Ribonuclease Protection Assay fragment of DNA that
extended from the 1267th to the 1432nd base of the coding
region of hSK1 was amplified by RT-PCR from human
hippocampal mRNA using the oligonucleotides hSK1-del
sense and hSK1-dek-sense. Following cloning in the
plasmid vector PCR 2.1 (Invitrogen), the plasmid DNA was
linearized withHindlll, purified, and used to synthesize a
riboprobe in the presence &P-labeled nucleotides (MAXI-
script In Vitro Transcription Kit, Ambion, Austin, TX). After
the riboprobe was hybridized with mRNA overnight at 42
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Table 1: Synthetic Peptides ‘ga* é‘:‘*’
& &
peptide sequenée isoform A &
ARVRKHQRKFLQAIHQAQKLRSVKIEQG hSK1 M M
ARVRKHQRKFLQAIHQLRSVKIEQG hSK1ob
ARVRKHQRSGV hSK134

aCorresponds to the sequence extending from A436 of the C-terminus.

°C, the RNA complexes were digested with RNases (RPA
Il kit, Ambion). The samples were electrophoresed on 5%
polyacrylamide gels containin8 M urea and then were
developed by autoradiography./Aactin riboprobe was used
to confirm equal loading of RNA, and total yeast RNA was
used as a negative control.

Calmodulin Binding Studieg-usion proteins were syn-
thesized in which glutathiongtransferase (GST) was linked
to the cytosolic C-terminus of each of the four hSK1 splice pgure 1: Sequences of hSK1 isoforms isolated by RT-PCR. (A)
variants. RT-PCR was first performed to amplify DNA Nested PCR of the region containing deletions. Shown is a 2%
sequences encoding each of the isoforms beginning with theagarose gel of the RT-PCR products obtained. (B) Sequences of
codon for K386 and extending to the end of the coding frame. four variants cloned from nested PCR products.

The primers hSK1-CTERM sense and hSK1-CTERMense

that were used for amplification were constructed to add an Nitrocellulose and iincubated with 2g/mL mouse anti-
EcaRl restriction site onto the upstream end andnal site calmodulin monoclonal Ig&(Upstate Biotechnology, Lake

onto the downstream end of each sequence. Following initial Placid, NY). Each membrane Waso washed with phosphate-
cloning in PCR 2.1, the inserts were subcloned in the vector Pufféred saline containing 0.03% Tween 20 and then

pGEX-5X-1 (Amersham Pharmacia Biotech, Piscataway, mcgbated Wlt!’] sheep anti-mouse Ig conjugateq with horse-
NJ), which contained the GST coding region. Transformation fadish peroxidase (Amersham Pharmacia Biotech). The
was carried out usingscherichia coliBL21 (Amersham membranes were then V|§ua]|zed by chemiluminescence
Pharmacia Biotech). The synthesis of each GST fusion (ECL, Amersham Pharmacia Biotech). The same membranes
protein was induced with isopropgto-thiogalactoside. The ~ Were stained with Ponceau S as a sensitive determination of
fusion proteins were harvested and adsorbed to Sepharos&€ relative amount of GST fusion protein in each reaction.

beads as previously describe2ll]. Each sample of beads Peptides that encompassed the variable regions of hSK1,

base 1324

CAGCGTAAGTTCCTCCAAGCCATCCATCAGGCTCAGAAGCTCCGG wild type

CAGC GGCTCAGAAGCTCCGG 25 bp deletion
CAGCGTAAGTTCCTCCAAGCCATCCATCA GCTCCGG 9 bp deletion
CAGC GCTCCGG 34 bp deletion

(~100uL) was washed and resuspended in GQ0of Tris-
buffered saline (50 mM Tris-HCI, 150 mM NaCl, 1 mM
MgCly) containing 3Qug of bovine brain calmodulin (Sigma,
St. Louis, MO) and either 1 mM Cagbr 5 mM ethylene

hSK1-%, and hSK13*°were synthesized by the Baylor Core
Facility for Peptide Synthesis (Table 1). Each peptide was
then incubated for 30 min at room temperature with bovine
brain calmodulin at varying molar ratios as indicated in

glycol bis@-aminoethyl etherN,N,N',N'-tetraacetic acid Figure 4B. Each reaction mixtl_Jre cqntained either 2 mM
(EGTA). The pH of each solution was adjusted to 7.4. The CaCbor 5 mM EGTA. The reaction mixtures were buffered

samples were then incubated at@ for 4 h. Following  t0 PH 7.4 with 3-N-morpholino)propanesulfonic acid. The
incubation, each sample was washed in the binding solution€action products were resolved on nondenaturing 20%
containing 0.05% polyoxyethylene sorbitan monolaurate polyacrylamlqle gels by electrophoresis. The gels were stained
(Tween 20, Bio-Rad Laboratories, Hercules, CA). Thereafter, Py Coomassie Blue dye.

bound protein was eluted with 2% sodium dodecyl sulfate RESULTS
(SDS) sample buffer. The concentration of GST fusion

protein in each eluate was first estimated by 11% SDS To clone the full-length coding region of the erythroid SK1
polyacrylamide gel electrophoresis using Coomassie Blue channel, we designed oligonucleotide primers from the
stain to equalize loading of GST fusion proteins in subse- published sequence of hSK1 (GenBank U698&3g)that
guent stages of the experiments. Western blotting was thenallowed us to amplify a series of overlapping fragments. For
carried out to assay the amount of calmodulin that had this purpose, RT-PCR was carried out using RNA from
previously bound to each GST fusion protein. For this reticulocytes or fromDami cells. In the course of these
procedure, the eluted products that contained both GSTexperiments, we noted that amplification of the C-terminal
fusion proteins and calmodulin were separated on 11% region from either source of RNA yielded products whose
SDS—polyacrylamide gels. The gels were blotted onto direct sequences were ambiguous. Nested PCR permitted the

Table 2: Oligonucleotide PCR Primers

name position sequerfce
hSK1-del sense 12671286 B-ATCTACAAACATACCAGGCT-3
hSK1-delo-sense 14131432 B-TCTTGGCTAGGTCGGTAAGC-3
hSK1-RPA sense 965084 B-GCGAGAGGTACCACGACAAG-3
hSK1-CTERM sense 11561175 B3-CTGATCGAATTCAAGCTGGAGCTCACCAAGGC-3°
hSK1-CTERMa-sense 16691686 B-CTATTAACTCGAGTCACCCGCAGTCCGAGGG-3

aBased on the sequence of hSK1 (GenBank U69883nderlined sequence is linker containing added restriction enzyme site.
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Ficure 2: Confirmation of existence of mRNA encoding each
hSK1 isoform by means of ribonuclease protection assays. (A)
Fragment lengths of riboprobe predicted to be protected from RNase
digestion by mRNA encoding each isoform. (B) Protection of the
riboprobe with RNA transcribed from individual cloned isoforms
confirms predictions shown in panel A. (C) Protectioneéctin

or hSK1 riboprobes with total yeast RNA or mRNA isolated from
the hippocampal region of human brain or fr@ami cells.

Zhang et al.

ing multiple clones, four variations were consistently ob-
served. These derived from the inclusion or deletion of two
adjacent nucleotide sequences that extended 25 and 9 bases
in length, respectively (Figure 1B).

To determine the relative proportion of mMRNA coding for
each of the four variants in hippocampus, reticulocytes, and
Dami cells, we amplified this region by RT-PCR using
mRNA from Dami cells and human hippocampus and total
RNA from reticulocytes. The DNA products in each case
were then cloned. Ninety-one individual clones derived from
hippocampal mRNA, 114 fronDami cell mRNA, and 74
from reticulocyte RNA were isolated and characterized by
restriction digestion or by sequencing. By this approach, we
obtained an estimate of the relative ratios of each of the four
variants expressed in these tissues. The distribution of the
four variants was different in each case. Among the clones
derived from hippocampal mRNA, 97% comprised clones
of either the full-length variant or hSK#", specifically, the
full-length variant accounted for 62%, hSK® for 35%,
hSK134 for only 3%, and hSK1®® for none. Among the
clones obtained froramicell MRNA, hSK1° comprised
40%, hSK1I3% 31%, hSK12% 15%, and the full-length
variant only 14%. Among the clones derived from reticu-
locyte RNA, hSK13% were most abundant at 49%, while
the full-length variant accounted for 37%, hSK3 for 9%,
and hSK1® for only 4%.

We then used the ribonuclease protection assay to confirm
that separate species of mMRNA existed for each of the hSK1
variants and that each species was presebtaimi cells and

resolution of multiple distinct bands within this region hippocampus in approximately the same ratios that we had
(Figure 1A). To focus on this portion of the coding sequence, determined by RT-PCR. We hypothesized that the radio-
we used the oligonucleotide primers hSK1-del sense andlabeled riboprobe that we designed for these experiments

hSK1-dela-sense (Table 2). Following amplification by RT-
PCR, the DNA products obtained were cloned. By sequenc-

A 25b

d
-

.
P

would be fully protected by mRNA encoding the undeleted
form of hSK1 but would be cleaved into two fragments if it

9b
-

CACCAGCGTAAGTTCCTCCAAGCCATCCATCAgtaa**tctgcagGGCTCAGAAgta* *acagGCTCCGGAGTGTGAA

EXON 8

B

10

Exon 8

Jull-length hSK1

9 base deletion

25 base deletion

34 base deletion

EXON 9 EXON 10

C

K386

ARKLELTKAEKHVHNFMMDTQLTKRVKNAAANVLRETWLIYKHT
ARKLELTKAEKHVHNFMMDTQLTKRVKNAAANVLRETWLIYKHT
ARKLELTKAEKHVHNFMMDTQLTKRVKNAAANVLRETWLIYKHT
ARKLELTKAEKHVHNFMMDTQLTKRVKNAAANVLRETWLIYKHT

hSK1
hSK1-*
hSK1-25
hgK1-34

R443

RLVKKPDQARVRKHQRKFLOATHOAQKLRSVKIEQGKLNDQANTL
RLVKKPDQARVRKHQRKFLQOATHQ--~LRSVKIEQGKLNDQANTL
RLVKKPDQARVRKHQRLRSSGV:
RLVKKPDQARVRKHQRSGV~---

hSK1
hSK1™9
nSK1-2®
hSK1-34

TDLAKTQTVMYDLVSELHAQHEELEARLATLESRLDALGASLQAL
TDLAKTQTVMYDLVSELHAQHEELEARLATLESRLDALGASLQAL

hSK1
hsK1-?
hSK1-2%
hgK1-34

PGLIAQAIRPPPPPLPPRPGPGPQDQAARSSPCRWTPVAPSDCG
PGLIAQAIRPPPPPLPPRPGPGPQDQAARSSPCRWTFVAPSDCG

hSK1
hSK1-*
hSK1-2%
hSK1-3

Ficure 3: Genomic sequencing of hSK1 within the region of the C-terminal deletions. (A) Genomic sequence including 25-base and
9-base stretches flanked by splice donor (GT) and acceptor (AG) sequences. (B) Map of alternative splicing sites. (C) Amino acid sequences
predicted for the spliced regions of the C-termini of all four isoforms. GST fusion constructs begin with K386. The sequences of all four
hSK1 isoforms are identical through R443.
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annealed to MRNA containing either or both of the deletions &2 3 ¥ e 3
within the region of the probe. As illustrated in Figure 2A, 5555658553 &
we predicted that the undeleted variant of hSK1 would yield 70 - - -

a single product of 166 bases, that the 34-base deletion would :

permit 34 bases to be digested from the probe and the two il £l
flanking regions (of 61 bases and 71 bases, respectively) to A
be protected, that the 25-base deletion would protect the two

flanking regions of 61 bases and 80 bases, and that a 9-base ca EGTA
deletion would yield two products of 86 bases and 71 bases. —

We prepared individual clones of each of the four variants
of hSK1 in order to determine whether this plan was sound.

We then transcribed mRNA from each of these clones and CaM-Peptide o
Complex ¥ |

hSK1 hSK1-34 hSK1¢

allowed each sample to react with the radiolabeled riboprobe. ! Ca?*
As shown in Figure 2B, fragments of the predicted length CaM» |

were obtained in every case. We then used this approach to

test whether the individual mRNA species were expressed Cabd-Beptide

in the ratios that we had predicted Dami cells and in Complex  * LI

hippocampus. On the basis of the percentages of each variant =E iy EGTA

that we had found, we expected that more of the fully Cam->

protected 166-base riboprobe would result from its incubation o a6
with hippocampal mRNA than wittDami cell mRNA. e e
Furthermore, we predicted that the two most abundant CaM:Peptide (Molar Ratio)

fragments that would result from incubation of the probe o . ) ,
Ficure 4: Calmodulin binding to C-termini of hSK1 splice variants.

with Dami cell mRNA would be one 71 bases long, since (A) GST pull-down assays of calmodulin binding to the cytoplasmic
fragments of that length would be produced by both the ¢ termini of hSK1 splice variants. In the top panel, calmodulin
9-base and the 34-base deletion, and another 86 bases longhat bound to each GST fusion protein or to GST alone in the
because of the predicted abundance of the 9-base deletiompresence of Cd or EGTA was detected by western blotting using

in Dami cells. As illustrated in Figure 2C, the results that a" anti-calmodulin antibody (17 kDa). The loading volume in each

. . - lane varied between 18 and 8Q in order to equalize the amount
we obtained confirmed these predictions. Although equal of GST fusion proteins in each reaction (see Experimental

quantities ofbami cell and hippocampal mMRNA were used  procedures). In the lower panel, the same membrane was stained
in each experiment, the fact that the signals for each hSK1with Ponceau S to permit estimation of protein loading (GST, 29
fragment were much stronger from hippocampal mRNA kDa; hSK1 and hSK1%, ~50 kDa; and hSK1* and hSK12%,
indicates that the amount of hSK1 mRNA was substantially ~37 kDa). In the lane farthest to the right, in which GST and
ter in hippocampus than Dami cells molecular weight markers were superimposed, the 29 kDa GST
grea_ ' ; . band is marked by the arrow. (B) Gel-shift assays of the binding
Using Dami cell DNA, we then carried out genomic affinity of calmodulin to synthetic hSK1 peptides on nondenaturing
sequencing of the region encompassing the deletions. By thisgels. Peptides based on the C-terminal sequences of hSK1,
approach, we found that each of the isoforms that we had hSK1734b, and hSK1° (Table 1) were incubated with calmodulin

; I : f at different molar ratios in the presence of?Car EGTA. Each
identified could be accounted for by alternative splicing of reaction contained 296 pmol of calmodulin and296 nmol of

a single hSK1 gene (Figure 3). The 25-base deletion beganpeptide, yielding ratios between 1:0 and 1:10. Free calmodulin

with a splice donor site within exon Q) and extended to  (CaM) was then distinguished from calmodulin bound to hSK1

the downstream end of the exon. The nine-base deletion,peptides (CaMpeptide complex) by electrophoresis on native gels.

which was bounded bilaterally by intron sequences, com- o )

posed the entirety of exon 9. Donor (GT) and acceptor (AG) AS shown in Figure 4A, we found that calmodulin bound

splicing sites were identified which permitted the construction Strongly to all four fusion proteins in the presence ofCa

of each of the four isoforms. In the absence of G4, calmodulin binding was generally
The amino acid sequences predicted for each of the fourdiminished. However, the binding of calmodulin to the

isoforms are illustrated in Figure 3C. Deletion of either 25 truncation variants hSKE*> and hSK1** was markedly

—

bases (hSK12) or 34 bases (hSK$) results in out-of-  diminished under these conditions when compared to hSK1,
frame mutations that give rise in each case to the removal@/though binding to hSKT®was not substantially affected.
of the terminal 118 amino acids. In hSK, six amino acids We then synthesized oligopeptides that encompassed the

(LRSSGV) are added to the truncated C-terminus before aaffected regions of hSK1, hSK, and hSK1*® (Table 1). -

stop codon is encountered, and in hSR¥, three new amino ~ These peptides were assessed for their ability to bind

acids (SGV) are encoded. In the nine-base deletion (W1  calmodulin in gel-shift assays. As shown in Figure 4B,

only the three amino acids A452, Q453, and K454 are calmodulin bound equally well to hSK1 and hSKi

removed. Although this nine-base deletion is out of frame, Peptides. In each case, binding was greater in the presence

the remainder of the C-terminus is intact. of C&* ions. In contrast, no binding of calmodulin to the
To determine whether the alterations introduced into the NSK1°* peptide was detected either with or without’Ca

C—termlnu_s o_f hSK1 by alternative splicing affected cal- DISCUSSION

modulin binding, we used two approaches. First, we con-

structed GST fusion proteins containing the cytoplasmic  Our studies in human erythroid cells indicate that at least
C-terminus of each splice variant and tested their ability to four isoforms of hSK1 exist whose structures differ from
bind to calmodulin in the presence or absence &f Gans. one another in the amino acid sequences of their C-terminal
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Ficure 5: Calmodulin binding domains in SK/IK channels. (A) Model of hSK1. A452, Q453, and K454, which are deleted inASK1

are indicated by white circles. The 118 terminal amino acids deleted in the truncated variant¥3aKd hSK1340 are shown as black

circles. The 20 amino acid sequence that we found by gel-shift assays (Figure 4) to bind both apocalmodulii-aath@dulin is

enclosed by the square. The-8-14 Ca&"-calmodulin binding motif present in hSK1 is designated by arrows, and the two positively
charged amino acids (R456 and K459) corresponding to those found by Keen®talbé necessary for apocalmodulin binding in rSK2

are highlighted by black triangles. (B) Sequences of the mid-region of C-termini of SK and IK channels implicated in calmodulin binding.
The numbers refer to the positions within their respective coding frames of the amino acids that begin each sequence. hSK1: The 20 amino
acid sequence that we found to bind both apocalmodulin add-&dmodulin in hSK1 is underlined, and the-8—14 C&"-calmodulin

binding motif is emboldened and designated by arta®&2: A 15 amino acid sequence determined by Xia etAltq be crucial for Ca"

gating in rSK2 is underlined. The two positively charged amino acids found by Keen 6} &. lfe necessary for apocalmodulin binding

in rSK2 (R464 and K467) are shown in italics and highlighted by black triangles, and the corresponding residues in the other sequences are
indicated in italics. hiIK1: A region reported by Fanger et aD)(to be important in C&-calmodulin binding in hiK1 is underlined.

cytosolic domains. The three deletion variants of the native et al. @) found that the same region of SK2 functioned in
hSK1 pore-forming subunit hSK1, hSK12°0, and hSK134 apocalmodulin binding, since two positively charged amino
result from alternative splicing of mRNA transcribed by a acids (R464 and K467) within this domain were essential
single hSK1 gene. In hSK?", a deletion of three amino  for the binding of calmodulin in the absence of2Caons
acids is introduced in the middle of the cytoplasmic tail of (Figure 5). In hSK1, the corresponding residues (R456 and
the protein, while in both hSK®%* and hSK 134", over half K459) lie immediately downstream from the three amino
of the cytoplasmic region of the C-terminus is deleted. The acids deleted in hSK2? (A452, Q453, and K454). In both
relative distribution of each of the four isoforms in eryth- hSK172°* and hSK134, these amino acids are eliminated.
ropoietic tissue is different from that in the hippocampal Our finding that a 20-amino acid sequence from this region
region of human brain, in which the full-length variant of hSK1, or the corresponding 17 residues from hSK1
predominates. hSK#*"is the major species in reticulocytes, permitted calmodulin binding both in the presence and in
while hSK1 % is prevalent irDamileukemia cells in culture.  the absence of Caions (Figure 4A) corroborates the ob-
Our findings indicate that as is the case with large conduc- servations of Xia et al. and Keen et al. and underscores the
tance Cé&"-activated K (BK) channels 22), alternative importance of this relatively small region of the C-terminus
splicing may be a mechanism through which the diversity in both apocalmodulin and €acalmodulin binding.
of the function of SK/IK channels has been amplified. Since  Fanger et al. {0) and Khanna et al.8) have recently
calmodulin binding to the truncated variants hSR® and observed that different regions of the C-terminus of hiK1
hSK1734is diminished in comparison to hSK1 and hSR% also exhibit different binding affinities for apocalmodulin
our results predict that the sensitivity of tetrameri¢ K  or C&"-calmodulin. The calmodulin-binding domains mapped
channels assembled from various combinations of theseby Fanger et al. in hIK1 appear generally to correspond to
subunits may be altered. the regions of rSK2 and hSK1 that participate in both
The precise sites on SK and IK channels to which apocalmodulin and Ca-calmodulin binding (Figure 5). In
calmodulin binds are unclear. Through studies on rSK2, Xia addition, Khanna et al. reported that deletion of the distal
et al. (7) proposed that calmodulin was bound within a shell half of the C-terminus diminishes the binding of apocal-
formed by the foura-helices of the C-terminus and that modulin but not Ca"-calmodulin binding. Their observation
different binding sites existed for apocalmodulin and'Ga is remarkably similar to our finding that deletion of the distal
calmodulin. By expression of a series of truncation mutants 118 amino acids of the C-terminus in hSK%® and hSK 134
of SK2, they were able to localize a region of 15 amino acids eliminates apocalmodulin binding but leavesGealmodu-
that was essential for €agating (Figure 5). Recently, Keen lin binding practically intact.



Splice Variants of hSK1

When our findings in hSK1 are considered together with

those of Xia et al.7) and Keen et al.9) in rSK2 and those
of Fanger et al.{0) and Khanna et al.g] in hiK1, a view

of calmodulin binding to SK and IK channels emerges in
which large portions of the C-terminus are probably involved

in apocalmodulin binding, while C&-calmodulin may bind

to a more restricted region in the middle of the cytoplasmic
C-terminal tail. Our experiments establish that a sequence
of 20 amino acids in this region of hSK1 or the corresponding

17 amino acid sequence in hSKY, which are jettisoned in
the truncated splice variants hS®¥ and hSK13, exhibit
both apocalmodulin and &acalmodulin binding properties.

The alternative splicing of hSK1 that we have described
permitted a natural confirmation of much of the calmodulin

binding data that were obtained in rSK2, ©) and hiK1
(8, 10) through a series of engineered deletions.

The effects of second messengers other than calmodulin
may be modified by the deletions introduced into the

2.
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Ishii, T. M., Silvia, C., Hirschberg, B., Bond, C. T., Adelman,
J. P., and Maylie, J. (199Broc. Natl. Acad. Sci. U.S.A. 94
11651-11656.

3. Joiner, W. J., Wang, L.-Y., Tang, M. D., and Kaczmarek, L.

4,

5.

K. (1997) Proc. Natl. Acad. Sci. U.S.A. 941013-11018.
Logsdon, N. J., Kang, J., Togo, J. A., Christian, E. P., and
Aiyar, J. (1997)J. Biol. Chem. 27232723-32726.

Kohler, M., Hirschberg, B., Bond, C. T., Kinzie, J. M.,
Marrion, N. V., Maylie, J., and Adelman, J. P. (19%ience
273 1709-1714.

6. Schreiber, M., and Salkoff, L. (199Bjophys. J. 731355~

1363.

7. Xia, X. M., Fakler, B., Rivard, A., Wayman, G., Johnson-

8.

9.

C-terminus through alternative splicing. The terminal 118 10.

amino acids deleted in the truncated variants hSRland

hSK173% contain two casein kinase Il phosphorylation
domains, two leucine zipper motifs, and one protein kinase
C phosphorylation site. Although casein kinase Il has not

been reported to affect the gating of khannels, its potential

effect on SK channels cannot be discounted since phosphor-

11.

12.

ylation by this kinase has been implicated in the regulation 13.

of both NMDA (23) and ryanodine receptorg4). And while

14.

protein kinase C has not been reported to date to regulate 15.

SK channels, it has been proposed to affect the gating of

several other kinds of Kchannels, including BK235) and
IK (26) channels.

The deletion of the three amino acids A452, Q453, and
K454 in hSKI®" does not appear either to disrupt any of
the phosphorylation or binding sites described above or to
unmask new consensus domains for other signaling mol-
ecules. It is of considerable interest, however, that although
these three amino acids are present in hSK1 and its
orthologue rSK1, they are absent from other members of

the SK/IK family of C&"-activated K channels 2—5).
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