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Calmodulin (CaM) regulates gating of several types of
ion channels but has not been implicated in channel
assembly or trafficking. For the SK4/IK1 K* channel,
CaM bound to the proximal C terminus (“C¢1 ” domain)
acts as the Ca®* sensor. We now show that CaM inter-
acting with the C terminus of SK4 also controls channel
assembly and surface expression. In transfected cells,
removing free CaM by overexpressing the CaM-binding
domain, Ct1, redistributed full-length SK4 protein from
the plasma membrane to the cytoplasm and decreased
whole-cell currents. Making more CaM protein available
by overexpressing the CaM gene abrogated the domi-
nant-negative effect of C¢1 and restored both surface
expression of SK4 protein and whole-cell currents. The
distal C-terminal domain (“C#2”) also plays a role in
assembly, but is not CaM-dependent. Co-immunopre-
cipitation experiments demonstrated that multimeriza-
tion of SK4 subunits was enhanced by CaM and inhib-
ited by removal of CaM, indicating that CaM regulates
trafficking of SK4 by affecting the assembly of channels.
Our results support a model in which CaM-dependent
association of SK4 monomers at their C¢I domains reg-
ulates channel assembly and surface expression. This
appears to represent a novel mechanism for controlling
ion channels, and consequently, the cellular functions
that depend on them.

In neurons, small-conductance Ca2"-activated K* (SK)!
channels participate in the slow after-hyperpolarization that
regulates action-potential frequency, spike frequency adapta-
tion, and long term potentiation (1-4). In non-excitable tissues,
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a related isoform, called IK (due to its intermediate conduct-
ance) contributes to volume regulation and the secondary im-
mune response in lymphocytes (5-9), salt and water transport
in colonic and airway epithelia (10, 11), activation of brain
microglia (12), and pathophysiological conditions, such as Dia-
mond-Blackfan anemia and sickle cell anemia in erythrocytes
(13, 14).

The existence of a Ca%*-activated K" (KCa) conductance was
first demonstrated in erythrocytes by Gardos (15). The gene
underlying this conductance was cloned by us and others. It
encodes a KCa channel that has been variously called SK4,
1K1, KCa4, and KCNN4 (14, 16-18). This channel, like other
members of the SK family, is tethered tightly at its proximal C
terminus (C¢I domain) to calmodulin (CaM), which opens the
channel in the presence of elevated intracellular Ca2* (7, 19,
20). The demonstration that SK channels and CaM can be
activated by divalent metal ions in the same order of preference
(21) has been interpreted to mean that CaM is both necessary
and sufficient to account for Ca?*-dependent gating of SK
channels. Recently, an x-ray crystallographic study suggested a
structural model for gating of SK channels that involved coor-
dinated, Ca?"-dependent interactions between CaM and CtI
domains (22).

Beyond the role of C¢1 in CaM binding and channel gating,
very little is known about domains involved in SK function,
such as channel assembly. SK channels lack the conserved
N-terminal tetramerization domains of voltage-gated K* chan-
nels (23-25) and the C-terminal multimerization domains of
human ether-a-go-go-related gene (26) and big Ca®“-activated
K* channels (27). Here we provide the first evidence that
multimerization of SK channel subunits is regulated by the
same molecule responsible for channel gating: CaM. We find
that CaM regulates the surface expression of SK4/IK1 protein
by regulating the multimerization of channels through inter-
subunit interactions between apposed C¢1 domains.

EXPERIMENTAL PROCEDURES

SK4 and Deletion Mutants Expressed in CHO Cells—For simplicity,
we will call the channel SK4 in the remainder of this paper. Cloning and
stable expression of human SK4 in CHO cells have been previously
described (16). In the present paper, the full-length human channel was
tagged at its C terminus with either a hemagglutinin (HA) or FLAG
epitope and subcloned into pCDNA3 (Invitrogen, Carlsbad, CA). Con-
struction of SK4.Flag and some epitope-tagged deletion constructs has
been previously described (7). Briefly, the deletion mutants were called
NM (encoding N terminus + six transmembrane domains), Ct1, Ct2
(distal C terminus), Ct1Ct2 (entire C terminus), NMCt1 (N terminus +
transmembrane domains + proximal C terminus) and NMC¢2 (N ter-
minus + transmembrane domains + distal C terminus). They were
constructed in the following manner: silent EcoRV and Xhol restriction
sites were sequentially added just upstream of the leucine zipper do-
main of Ct2 in the SK4 ¢cDNA using the Morph Mutagenesis kit (5'-3’,
Arapaho, CO). Then, after replacing the stop codon with an Xhol site by
PCR, the resulting amplification product was ligated to a pair of com-
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plementary oligonucleotides encoding either the FLAG or HA epitope
and flanked by XAol and NotI sites. The region of these cDNAs encoding
Ct1Ct2 was then amplified by PCR using primers containing a consen-
sus translation initiation sequence. The full-length SK4 (NMCt1Ct2)
and the translatable Ct1Ct2 protoconstructs were then cut internally
with either EcoRV or Xhol and re-ligated to excise specific SK4 regions;
i.e. cutting with EcoRV generated NMC¢2.Flag and Ct2.Flag, whereas
cutting with Xhol generated NMCt1.Flag and Ctl1.Flag. For electro-
physiology experiments involving the co-expression of the wild-type
channel construct with deletion mutants, the FLAG epitope was re-
moved from the deletion mutants by PCR, and the products were
subcloned into pTRACER (Invitrogen).

CHO cells were obtained from the American Type Culture Collection
(Manassas, VA). For some experiments, they were stably transfected
with pCDNAS into which wild-type or HA-tagged SK4 ¢cDNA had been
subcloned. CHO cells were grown in Iscove’s modified Dulbecco’s me-
dium with 10% fetal bovine serum, hypoxanthine + thymidine, and
antibiotic/antimycotic. Stable cell lines were isolated and characterized
(7, 16) and one clonal population expressing SK4 was chosen based on
high channel expression (large whole-cell currents). Control cell lines
expressing Kv3.1 (28) or a Kv1.3-GFP fusion protein® were generated by
similar means. All tissue culture reagents were from Life Technologies,
Inc.

Whole-cell Patch Clamp Recording of Wild-type SK4 and Co-ex-
pressed Deletion Mutants—Recordings were made at room temperature
(22-25 °C) with an Axopatch 1D amplifier (Axon Instruments, Foster
City, CA), and electrodes (3—5 megaohms) were fabricated from World
Precision Instruments glass (Sarasota, FL). The bath solution consisted
of (in mMm): 140 NacCl, 1 CaCl,, 5 KCl, 29 glucose, and 25 HEPES (pH
7.4). The pipette solution contained (in mm): 30 KC1, 100 K-gluconate, 5
EGTA, 5 MgATP, 10 HEPES (pH 7.2), supplemented with 4.27 mMm
CaCl, to obtain a free Ca®?* concentration of 1.0 um (7) based on a
stability constant of 16.2 for gluconate. All chemicals were the highest
purity available from Sigma. Data were acquired at a sampling rate of
10 kHz and filtered at 2 kHz prior to analysis with pCLAMP6.0 soft-
ware. On-line series-resistance compensation (80-90%) was used to
reduce voltage errors produced by large currents.

Prior to recording from cells in the whole-cell configuration, CHO
cells stably expressing human SK4 were transiently transfected with
the pTRACER vector or with pTRACER harboring one of the deletion
mutants: NM, Ct1, or Ct1C¢2. For transient transfection, 1 ug of cDNA
in 100 ul of Optimem was mixed with 6 ul of Lipofect AMINE in 100 ul
of Optimem and incubated at room temperature for 30 min. Each
transfection mixture was supplemented with 800 ul of Optimem and
transferred to a 35-mm Petri dish containing CHO cells (~10% conflu-
ent) stably expressing SK4. After a 5-h incubation, the transfection
medium was supplemented with 10% fetal bovine serum and incubated
for another 12 h. Then, the medium was replaced with complete normal
culture medium (as above). Cells were assayed for SK4 channel expres-
sion 3-15 h later (20-32 h after transfection) by measuring the current
density (current/capacitance) of green fluorescent cells.

For CaM overexpression, cDNAs used for transfection were supple-
mented with 0.5 pg of either pPCDNAS3 alone or pCDNAS3 containing the
mouse CaM cDNA. The CaM cDNA was obtained by searching Gen-
Bank™ for expressed sequence tags (ESTs) containing full-length CaM
open-reading frames and then purchasing EST 481929 from Research
Genetics (Huntsville, AL). After sequencing to confirm its identity, it
was subcloned between the EcoRI (5') and Notl (3') sites of pPCDNAS3.
For some recordings 10 uM recombinant chicken CaM protein (Calbio-
chem, La Jolla, CA) was added to the pipette solution.

Immaunofluorescence and Confocal Microscopy—Immunofluorescence
was performed as previously described (12). CHO cells transiently
transfected with various SK4 constructs and grown on glass coverslips
were washed twice with PBS and fixed for 5 min in PBS containing 4%
paraformaldehyde and 4% sucrose. The fixative was removed by wash-
ing (83X, 10 min each) in PBS. Then the cells were permeabilized with
0.25% Triton X-100 for 5 min followed by washing in PBS (2%, 5 min
each). Nonspecific antibody binding was blocked by incubating the cells
overnight in PBS containing 10% bovine serum albumin. After washing
in PBS (3%, 10 min each) the cells were incubated (2 h, room temper-
ature) with either mouse monoclonal anti-HA (Roche Molecular Bio-
chemicals) or rat monoclonal anti-HA antibodies (Sigma) in 3% bovine
serum albumin. After washing antibody-labeled cells in PBS (3%, 10
min each), they were incubated in secondary antibody (fluorescein
isothiocyanate-conjugated anti-rat or anti-mouse, Vector Inc., Burl-

2 R. Khanna, unpublished data.
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ingame, CA) for 30 min at room temperature. The cells were washed in
PBS (3%, 10 min each), then rinsed briefly in distilled water, and
mounted in SlowFade (Molecular Probes, Eugene, OR). Images were
obtained with a 40X quartz objective on an inverted laser scanning
confocal microscope (Bio-Rad MRC1000). All transfections and imaging
were done in a “blind” fashion.

Co-immunoprecipitating FLAG-tagged and HA-tagged SK4 Sub-
units—Stably expressed HA-tagged SK4 was assayed for interaction
with the FLAG-tagged wild-type or deletion mutants described earlier
(7). Using standard protocols (above), HA-tagged SK4-expressing cells
were transiently transfected with 1 pg of FLAG-tagged construct, plus
either 1 ug of CaM/pCDNAS3 or 1 ug of pCDNAS vector alone. After 1-2
days, cells were lysed in cold ionic-detergent buffer (1% deoxycholate,
0.5% Nonidet P-40, 0.1% SDS), and FLAG-tagged protein complexes
were precipitated with an anti-FLAG antibody (Sigma). Precipitates
were electrophoresed under denaturing conditions, transferred to ny-
lon, and Western blotted with an anti-HA antibody (Roche Molecular
Biochemicals) followed by a secondary horseradish peroxidase-conju-
gated goat anti-mouse antibody (Cedarlane, Hornby, ON) and visual-
ized by enhanced chemiluminescence (Amersham Pharmacia Biotech).

Biotinylation of Cell-surface Proteins—After some of the transient
transfections described above, CHO cells were assayed for surface ex-
pression of full-length or deletion mutants of SK4 using a biotinylation
assay (29). All procedures were conducted at 4 °C, except as indicated.
At 24-36 h posttransfection, CHO cells were washed with ice-cold
phosphate-buffered saline containing 0.1 mm CaCl, and 1 mm MgCl,
(PBS-CM) and then incubated for 30 min at 4 °C with 500 ul of 0.5
mg/ml sulfosuccinimidyl 6-(biotinamido)-hexanoate (EZ-link-Sulfo-
NHS-LC-biotin; Pierce Chemical Co.) Since the de-protonated form of
the primary amine of lysine acts as a target for the sulfate group on
biotin, this reagent selectively biotinylates lysine residues in proteins.
It is cell-impermeant because of the negative charge on the sulfate
group. The reaction was stopped by washing twice in PBS, then in 50
mM glycine to quench unbound biotin. The cells were then washed with
PBS-CM and lysed in 1% SDS for 10 min at 65 °C. The lysate was
diluted with four volumes of Triton X-100 lysis buffer and incubated for
a further 60 min on ice. Biotinylated proteins were isolated by incubat-
ing solubilized CHO membranes (100 pg of protein) with Neutravidin-
agarose (400 ul of a 50% slurry) (Pierce) pre-equilibrated in lysis buffer.
After rocking the reaction mixtures gently for 12-16 h at 4 °C, biotin-
neutravidin-agarose complexes were harvested by centrifugation and
washed three times with a 20-fold excess of lysis buffer and once with 10
mM Tris-HCl (pH 8.0) and 300 mm NaCl. The beads were resuspended
in 100 ul of SDS sample buffer and boiled for 5 min prior to SDS-
polyacrylamide gel electrophoresis. This was followed by immunoblot-
ting with an anti-HA antibody to detect total HA-tagged proteins at the
cell surface or an anti-B-tubulin antibody (Oncogene Research) to con-
firm that intracellular proteins were not biotinylated.

Statistics—Where appropriate, data are expressed as mean = S.E.
for the number of cells or experiments indicated. To test for significant
differences (p < 0.05) between two conditions, a Student’s ¢ test was
used. For current amplitudes, statistical analyses were performed us-
ing analysis of variance, and differences were considered significant for
p < 0.05 in a Student-Newman Keul posttest.

RESULTS

A CaM-dependent Dominant-Negative Effect of Ctl Overex-
pression—We first tested whether overexpressing each of the
domains, NM, Ct1Ct2, or Ctl, affects the formation of func-
tional full-length channels. Each of these constructs or the
control GFP-expressing vector (p)TRACER) was transfected
into CHO cells that stably expressed SK4, and whole-cell cur-
rents were recorded (Fig. 1A). The current at +60 mV was
divided by cell capacitance to normalize for cell size and ex-
pressed as average current density (Fig. 1B). Either C¢t1Ct2 or
Ct1 greatly reduced the SK4 current density compared with
vector-transfected cells; whereas, the NM region had no effect.
This dominant-negative effect appeared to be specific to SK4,
since CtI co-transfection did not reduce the voltage-activated
Kv3.1 current in stably transfected CHO cells (Fig. 1B).

Because the Ct1 domain binds CaM (7), this raised the pos-
sibility that C¢1 overexpression reduced the current by acting
as a CaM “buffer”, thereby reducing the amount of CaM avail-
able for channel gating. If so, gating should be restored by
including excess CaM protein in the patch pipette during
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Fic. 1. The C terminus of SK4 acts as a dominant negative
when co-expressed with a full-length channel construct. A, CHO
cells that stably expressed full-length (WT, wild-type) human SK4 were
transiently transfected with a recombinant deletion construct or empty
pTRACER vector, and then whole-cell currents were recorded. Left, the
transiently transfected constructs encoded the N terminus plus trans-
membrane domains (NM), the complete C terminus (Ct1Ct2) or the Ctl
domain (Ct1). Right, representative whole-cell currents recorded from
green fluorescent cells during 200-ms long steps between —120 and +60
mV from a holding potential of —70 mV. B, summary of experiments as
in part A. The amplitude at +60 mV was divided by the capacitance of
each transfected cell to calculate the current density (mean = S.E.;
number of cells is indicated on each bar). SK4 currents that were
significantly smaller than the vector-transfected controls are indicated
(**, p < 0.001, Student-Newman-Keuls posttest). Right, as a control for
specificity, CHO cells stably expressing Kv3.1 were transiently trans-
fected with vector alone or with the Ct1 construct of SK4. There was no
effect on Kv3.1 current density calculated at +40 mV (p > 0.05, one-way
analysis of variance).

whole-cell recording. This strategy was ineffective (Fig. 2); the
~56% reduction in current caused by Ct1 overexpression was
not relieved by infusing CaM protein into transfected cells (p <
0.01). In contrast, transfecting cells with CaM ¢cDNA prevented
the inhibition by co-transfected Ct¢1; the current was not sig-
nificantly different from controls (p > 0.05). These data suggest
that Ct1 over expression inhibits SK4 channels by limiting the
amount of cellular CaM available at an early stage of channel
assembly and/or trafficking, rather than by stripping channels
at the plasma membrane of their Ca®?*-binding gating
subunits.

To address the role of Ct1 in trafficking, CHO cells were
co-transfected with SK4.HA, with or without C¢I and CaM (as
above) and assayed for localization by immunofluorescence mi-
croscopy. Expression of full-length SK4 was mainly at the cell
surface, appearing as a ring around the cell periphery (Fig. 3A),
which in z-plane scans (not shown) appeared as a halo around
the cell. The SK4 channel protein was localized to the cell
surface whether overall channel protein expression was mod-
erate (Fig. 3A, left) or high (right). Simultaneous overexpres-
sion of either Ct1 (Fig. 3B) or Ct2 (Fig. 3D) resulted in cyto-
plasmic retention of full-length SK4 subunits; z-plane scans
(not shown) confirmed staining throughout the cytoplasmic and
perinuclear regions. Consistent with the ability of C¢1 to titrate
CaM availability, co-expression of CaM with Ct¢1 restored the
surface expression of full-length SK4 subunits and prevented
their cytoplasmic retention (Fig. 3C). As expected from the lack
of CaM binding to the Ct2 domain (7), overexpression of CaM
did not reverse the effect of overexpression of Ct2; the SK4
protein staining remained diffuse and intracellular (Fig. 3E).

Because confocal microscopy cannot prove that channels are
inserted into the cell membrane, a cell-surface biotinylation

CaM Regulates SK4/IK1 Channel Assembly and Trafficking

084
0.6+

0.4 wox

Current density (nA/pF)

0.2

Vector Ct1  Ct1+CaM Ct1+CaM

in pipette  cDNA

Fic. 2. CaM overexpression reverses the CtI dominant-nega-
tive action. Transient transfection of vector or CtI into CHO cells
stably expressing SK4 currents. All transiently transfected cells were
identified by co-transfection with green fluorescent protein. Whole-cell
current densities (= S.E.) were measured as described in Fig. 1. C¢I
transfection reduced the SK4 current (**, p < 0.01; Student-Newman-
Keuls posttest). The current was reduced to a similar extent when 10
uM CaM protein was present in the pipette solution during whole-cell
recording (**, p < 0.01). In cells co-transfected with CaM ¢cDNA and
Ct1, the SK4 current was much larger than with CtI alone (f, p < 0.01).

SK4.HA

SK4.HA + Ci1

SK4.HA + Ct1
+CaM

SK4.HA + Ci2

SK4.HA + Ct2
+CaM

Fic. 3. Surface expression of SK4 protein is conferred by CaM
binding to the proximal C terminus (C¢1) but not to the distal C
terminus (C#2). CHO cells were co-transfected with cDNA encoding
full-length SK4.HA and untagged Ct1 or Ct2 in the presence or absence
of exogenous CaM cDNA. Following paraformaldehyde fixation, the
cells were permeabilized and labeled with an anti-HA primary antibody
and finally a fluorescein isothiocyanate-conjugated anti-rat Ig second-
ary antibody. Representative confocal fluorescence (left panels) and
corresponding phase images (right panels) are shown for the indicated
transfections. A has an additional confocal image at the right. Arrows in
C indicate some regions of high surface expression of SK4 (IV, nucleus;
¢, cytoplasm). Scale bars: 5 pm (A-C); 10 um (D and E).

assay was performed. CHO cells were first transfected with
full-length SK4. After 24—-36 h, non-permeabilized cells were
treated with cell-impermeant sulfo-NHS-LC-biotin. Labeled
proteins were harvested by overnight incubation with Neutra-
vidin beads, and the precipitates were analyzed by Western
analysis with an anti-HA antibody. A specific SK4-sized band
(~48 kDa) was detected (Fig. 4A, lane 3), indicating robust
cell-surface expression. Bands were absent from control cells
(vector-transfected, lane 1) or when cells were not exposed to
biotin (lane 2). Biotinylation itself did not affect SK4 expres-
sion, as judged by Western analysis of whole-cell lysates (lower
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FiG. 4. Overexpression of Ct1 or Ct2 reduces SK4 surface ex-
pression; CaM partially reverses the effect of Ct1. Cell-surface
SK4 protein expression was monitored using a biotinylation assay (see
“Experimental Procedures” for details). CHO cells were co-transfected
with full-length SK4.HA (or Kv1.3.GFP) and untagged Ct1 or Ct2 in the
presence or absence of CaM overexpression. Following biotinylation,
the cell-surface proteins were harvested from cell lysates and the pre-
cipitates were analyzed with an anti-HA antibody or an anti-GFP
antibody. A, left panel, representative Western blot showing biotiny-
lated SK4 protein (~48 kDa) for each of the transfection conditions
used. Bands were absent from control cells (vector-transfected, lane 1)
or when cells were not exposed to biotin (lane 2). The blot below shows
SK4 expression in cell lysates from the same CHO cells (5 pg of protein
loaded per well). Right panel, as a specificity control, CtI or Ct2 was
transiently transfected into CHO cells that stably expressed a Kv1.3-
GFP fusion protein. A representative Western blot illustrates
Kv1.3.GFP expression monitored with an anti-GFP antibody. B, sum-
mary of the quantity of biotinylated SK4 or Kv1.3.GFP protein (mean =+
S.E.), calculated by densitometry from at least three independent ex-
periments, each performed in duplicate. Values that differ from channel
+ vector controls are indicated (*, p < 0.05; **, p < 0.01). A significant
difference with or without CaM co-transfection is indicated (T, p < 0.05).

bands). As an internal control, blots were stripped and probed
with a B-tubulin antibody to determine whether intracellular
proteins were biotinylated: no B-tubulin bands were observed
(not shown).

Only Ct1 binds CaM, but since we previously observed that
the Ct2 deletion mutant also failed to express current (7), we
next asked whether both regions might be involved in SK4
trafficking. CHO cells were co-transfected with full-length
SK4.HA and either Ct1 or Ct2. Co-expression of CtI decreased
the amount of biotinylated SK4 (lanes 3 versus 5) at the cell
surface by about 84% (Fig. 4A, p < 0.01, Student’s ¢ test). C¢2
co-expression (lane 7) decreased biotinylated SK4 at the cell
surface by ~97% (p < 0.01). These effects were specific for SK4
since surface biotinylation of another channel protein, Kv1.3,
was unaffected by co-expression with C¢1 or Ct2 (Fig. 4A, right
panel, data summarized in Fig. 4B). The biotinylation results
are in excellent agreement with the confocal microscopy images
above, since Western analysis of CHO cell lysates (blot beneath
Fig. 4A, left) showed that none of the conditions significantly
altered the overall expression of SK4 channel protein. Thus,
Ct1 and Ct2 exert their dominant-negative effect by reducing
cell-surface SK4 expression, not total channel protein. The
dominant-negative effect of Ct1 on SK4 cell-surface expression
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Fic. 5. CaM enhances SK4 subunit interactions. A, upper, cells
stably expressing HA-tagged SK4 were co-transfected with combina-
tions of FLAG-tagged SK4, with or without CaM or CtI1. Proteins were
immunoprecipitated with an anti-FLAG antibody, followed by Western
analysis with an anti-HA antibody (see “Experimental Procedures” for
details). Lower, immunoblots labeled with anti-HA from equal aliquots
of cell lysates from each transfection as a control for gel loading (40 ug
of protein loaded in each well). This example is representative of at least
three experiments with similar results. B, proposed model of Ct7-CaM
interactions corresponding to the experiments indicated by each lane in
A. C, evidence that SK4 subunit interactions result from cross-linking
of Ct1 domains by CaM. CHO cells were co-transfected with full-length
SK4.HA and Ct¢1.Flag, NMCt2.Flag or vector alone. Upper, immunopre-
cipitation with anti-FLAG antibody and Western analysis with an an-
ti-HA antibody (as in A). Lower, control for gel loading: immunoblots
labeled with anti-HA from equal aliquots of cell lysates for each trans-
fection condition. D, proposed model for Ct1 cross-linking by CaM.

was relieved by co-transfecting with CaM (Fig. 4A, lanes 5
versus 6); the level of biotinylated SK4 at the cell surface was
~2.3-fold higher than without CaM (Fig. 4B; p < 0.05). In
contrast, SK4 surface expression was not restored by co-trans-
fecting Ct2 with CaM (lanes 7 versus 8): biotinylated SK4
protein remained at ~4% of the control value.

Domain-Domain Interactions in SK4—To assay more di-
rectly for interactions between channel subunits, CHO cells
that stably expressed HA-tagged SK4 were first transiently
transfected with a cDNA-encoding FLAG-tagged SK4. At
36-48 h posttransfection, cells were lysed and proteins were
immunoprecipitated with an anti-FLAG antibody. The precip-
itates were separated by SDS-polyacrylamide gel electrophore-
sis and an anti-HA antibody was used for Western blotting.
There was a clear band of the predicted size of an SK4 mono-
mer with an HA epitope (~48 kDa) (Fig. 5A, lane 2), indicating
a stable association between HA- and FLAG-tagged SK4 sub-
units. There was no band if the immunoprecipitating antibody
was omitted (not shown) or if SK4.Flag was not included in the
transfection mixture (lane I1). Notably, co-transfecting CaM
c¢DNA significantly increased the amount of co-immunoprecipi-
tated protein (lanes 3 versus 2), implying that CaM facilitates
channel assembly.

Because CaM binds to the CtI domain, assembly may in-
volve linking of Ct1 domains in adjacent SK4 subunits (7, 19).
If so, multimerization should be inhibited by overexpressing
Ctl1 to titrate the available CaM. When untagged CtI was
overexpressed, the anti-FLAG antibody no longer immuno-
precipitated SK4.HA (lane 5). However, simultaneously over-
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Fic. 6. CaM-dependent interactions between CtI domains of
SK4. A, CHO cells were co-transfected with Ct1.HA and vector,
NMCt2.Flag, or Ct1.Flag. Following immunoprecipitation with an anti-
FLAG antibody, the precipitates were immunoblotted with an anti-HA
antibody. Top panel, Ct1 domains co-assemble in the presence of CaM
(lanes 5 and 6). A construct lacking Ct1 did not co-assemble with CtI
(lanes 1 and 2). Bottom panel, equal aliquots of cell lysate from each
transfection (40 pg of protein per well) resulted in expression of the
same amount of HA-tagged Ct¢I protein. B, model proposing that CtI
alone is cross-linked by CaM and that without CaM, no interaction can
occur between the channel monomers.

expressing CaM restored interaction between HA-tagged and
FLAG-tagged SK4 (lane 6). Again, none of the transfection
combinations significantly changed the overall SK4 protein
expression levels (lower panel). Fig. 5B shows a general
model of monomer interactions based on these results. We
envision that the endogenous CaM in CHO cells allows some
channels to assemble, but that more assembly takes place
when more CaM is available (lanes 2 versus 3). Ct1 overex-
pression appears to reduce channel assembly by buffering
CaM (lane 5), a process that can be overcome by overexpress-
ing CaM (lane 6). Our results support a model wherein CaM
enhances SK4 self-association.

To determine which channel domains interact, CHO cells
that stably expressed full-length SK4.HA were transfected
with vector, Ct1.Flag or NMCt2.Flag (Fig. 5C). Without CaM
co-transfection, a small amount of SK4.HA co-immunoprecipi-
tated with Ct1.Flag protein (lane 2). However, CaM co-expres-
sion dramatically increased the amount of co-immunoprecipi-
tated product (lane 3). Interestingly, NMCt2.Flag, which lacks
the Ct1 domain, also co-immunoprecipitated with full-length
SK4 (lane 4), but this interaction was not increased by CaM
(lane 5). Similar overall amounts of SK4 protein were ex-
pressed under all conditions (lower panel). As indicated in the
model in Fig. 5D, our results imply that more than one region
is involved in channel assembly, but that C¢1 confers the CaM-
dependence on channel assembly.

We further examined interactions between CtI and channel
protein domains by transiently transfecting Ct1.HA with either
NMCt2.Flag or Ctl.Flag (Fig. 6) and performing co-immuno-
precipitations as before. In some batches, CaM was also co-
transfected. Ct1 did not co-precipitate with the CtI-lacking
polypeptide, NMC¢2, whether or not CaM was over-expressed
(lanes 1 and 2), implying weak or non-existent interactions
between the CaM-binding domain (C¢1) and other domains. In
contrast, Ct1.Flag co-precipitated with Ct1.HA (lane 6), an
interaction that was greatly enhanced by CaM overexpression
(lane 5). Western analysis of cell lysates showed no changes in
total Ct1 expression (lower panel). Together, our data support a
model (Fig. 6B) whereby CaM facilitates assembly of SK4 chan-
nels through interactions between the CtI domains of the
monomers.

DISCUSSION
Role of the C Terminus and CaM in Gating of SK Channels—
Models of voltage-gated K* (Kv) channels that place the gate
near the interface between S6 and the C terminus (30, 31) have
been advanced by recent x-ray structural analysis of the inner

CaM Regulates SK4/IK1 Channel Assembly and Trafficking

mouth of the pore and the adjacent C-terminal region of bac-
terial K* channels (27, 32). The C-terminal domains of many
K™ channels have a region analogous to the recently crystal-
lized “regulator of K* conductance” (RKC) domain (27). In at
least one K* channel the gating mechanism involves a dimer
structure; the proximal C termini of adjacent subunits of BK
channels form a hydrophobic dimer cleft (27).

Interactions with CaM modulate the gating behavior of sev-
eral channels (for review, see Ref. 33), but SK channels are
highly unusual in having CaM as an integral component of the
gating mechanism (19, 20, 34, 35). For SK4, the CaM-binding
site (19, 20) is in a proximal region of the C terminus called Ct1
(7), immediately following S6. The gate of SK channels has
been proposed to consist of four apposed CtI regions that con-
strict the central pore when Ca2" is not bound (20) then open
the channel when Ca®* binds to and causes a conformational
change in the four bound CaM molecules. Recent x-ray struc-
tural data on SK2 showed the direct interaction of CaM with a
CaM-binding domain: two « helices from each proximal C ter-
minus of adjacent SK2 monomers appear to be linked by CaM
to form a channel dimer when Ca2" is bound to the N-lobe of
CaM (22).

Role of the C Terminus in Assembly and Trafficking of SK4—
Unlike gating, little is known about domains involved in the
assembly or trafficking of SK channels. SK channels lack
domains homologous with the N-terminal tetramerization
domains of many voltage-gated K* channels (23-25, 36).
However, an N-terminal SK tetramerization domain (of un-
determined sequence) was inferred from suppression of func-
tional channel activity when N-terminal fragments of SK2 or
SK3 were co-expressed with wild-type channel proteins
(9). Channel C termini can also contain regions critical for
cell-surface expression, such as the unique endoplasmic
reticulum-to-Golgi forward trafficking signals of some volt-
age-gated (37) and inwardly rectifying (38) K" channels.
Significantly, C-terminal deletions can prevent formation of
functional HERG channels (26).

For SK4 channels to be functional, four subunits must bind
to each other. However, it is not known if this occurs before the
channels are assembled and trafficked to the cell surface. We
previously found that SK4 constructs lacking either the CaM-
binding Ct1 domain or the conserved leucine zipper domain
(Ct2) failed to produce functional channels (7). We proposed
that failed gating could account for the lack of active channels
in the Ct1-lacking mutant but that the Ct2 domain was neces-
sary for channel formation. This led us to ask whether the C
terminus harbors a domain critical for assembly and/or traf-
ficking. We have now found that both CtI and Ct2 act as
dominant negatives when co-expressed with full-length SK4
protein. For C¢1, the dominant-negative effect is not simply due
to buffering of CaM gating subunits since the current was not
restored by adding excess CaM protein to the recording pipette.
Although Ct1 and Ct2 both reduced surface expression of SK4,
only for CtI was this effect relieved by co-expressing CalM,
consistent with the lack of CaM binding to Ct2. Our co-immu-
noprecipitation results show that CtI domains can interact
with each other and with full-length SK4 monomers and that
these interactions are greatly enhanced by CaM. Furthermore,
channel constructs that lack Ct1 still associate with full-length
monomers, but not with C¢1 monomers, and neither interaction
is affected by overexpressing CaM. The simplest interpretation
of these data is that without binding of CaM to the Ct¢1 domain,
SK4 channels do not assemble properly. Our interpretation of the
Ct1 dominant-negative effect is that C¢I buffers CaM, making it
unavailable for mediating subunit interactions. CaM overexpres-
sion restores the CaM availability and allows the C¢1 regions of
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full-length SK4 proteins to assemble into functional channels
that are then properly targeted to the cell surface.

The Ct2 domain also appears to contain a motif essential for
assembly and cell-surface expression of SK4. Although deleting
25 amino acids from the distal region of the C terminus of SK4
produced non-functional channels (39) no information was pre-
sented on whether this reflected a defect in channel assembly,
trafficking, or gating. A leucine zipper domain is conserved
across all mammalian SK channels, and is contained in the C¢2
domain of SK4 (16). Since leucine zipper domains can mediate
intersubunit interactions in other proteins (40), we previously
hypothesized that this domain is involved in binding SK sub-
units together (7, 16). We have now found that Ct2 is required
for cell-surface channel protein expression and Ct2 overexpres-
sion prevents the membrane localization of full-length SK4
subunits. Not surprisingly, since we previously observed no CaM
binding to Ct2 (7), we find that the dominant-negative effect is
not reduced by CaM overexpression. Consistent with the view
that Ct2 is important for proper folding and trafficking, a pre-
liminary report showed that leucine-to-alanine substitutions in
the leucine zipper motif prevent surface expression of SK4, pos-
sibly due to retention in the endoplasmic reticulum (41).

Role of CaM in SK4 Channel Assembly and Trafficking—In
principle, two very different processes could account for the
dominant-negative effect of Ct1 overexpression: i) a decrease in
the CaM binding necessary for gating and ii) a decrease in
CaM-CtI interactions involved in channel assembly. Our re-
sults support the second process. In the first scenario, buffering
CaM with excess CtI is expected to reduce the number of
CaM-occupied channels. Channels that lack CaM should never
open because binding of four CaM molecules is required for
channel gating (19, 20, 35). If so, adding purified CaM protein
to the patch pipette to restore CaM availability should reverse
the CtI-mediated dominant-negative suppression of current; it
did not. Instead, it appears that CaM must be present during
channel assembly and trafficking. CtI overexpression greatly
reduced SK4 currents and localization on the plasma mem-
brane, and this was overcome by simultaneously overexpress-
ing CaM for 20-32 h. Not only did CtI domains co-immunopre-
cipitate with each other, an interaction that was greatly
increased by CaM, but CtI did not co-immunoprecipitate with
other regions of the channel whether or not CaM was present.
Thus, titrating CaM availability with excess CtI interfered
with assembly of functional SK4 tetramers.

Combined with x-ray crystallographic studies of CtI-CaM
interactions (22), our data are consistent with a model in which
assembly is mediated by each CaM molecule bridging two Ct1
domains. This suggests a novel CaM-dependent mechanism for
regulating ion channel activity and cell function. CaM-depend-
ent assembly of SK channels could be an important feedback
mechanism for regulating the number of functional channels on
an intermediate time scale. The consequent hyperpolarization of
cells in the presence of elevated intracellular Ca®* might, in turn,
regulate certain cellular functions. For example, hyperpolariza-
tion could protect against neurotoxic hyperexcitability or pro-
mote T-cell proliferation by sustaining the Ca®" influx required
to generate the secondary immune response.
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