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KChIP-Like Auxiliary Subunits of Kv4 Channels Regulate
Excitability of Muscle Cells and Control Male Turning
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Voltage-gated Kv4 channels control the excitability of neurons and cardiac myocytes by conducting rapidly activating-inactivating
currents. The function of Kv4 channels is profoundly modulated by K � channel interacting protein (KChIP) soluble auxiliary subunits.
However, the in vivo mechanism of the modulation is not fully understood. Here, we identified three C. elegans KChIP-like (ceKChIP)
proteins, NCS-4, NCS-5, and NCS-7. All three ceKChIPs alter electrical characteristics of SHL-1, a C. elegans Kv4 channel ortholog, currents
by slowing down inactivation kinetics and shifting voltage dependence of activation to more hyperpolarizing potentials. Native SHL-1
current is completely abolished in cultured myocytes of Triple KO worms in which all three ceKChIP genes are deleted. Reexpression of
NCS-4 partially restored expression of functional SHL-1 channels, whereas NCS-4(efm), a NCS-4 mutant with impaired Ca 2�-binding
ability, only enhanced expression of SHL-1 proteins, but failed to transport them from the Golgi apparatus to the cell membrane in body
wall muscles of Triple KO worms. Moreover, translational reporter revealed that NCS-4 assembles with SHL-1 K � channels in male
diagonal muscles. Deletion of either ncs-4 or shl-1 significantly impairs male turning, a behavior controlled by diagonal muscles during
mating. The phenotype of the ncs-4 null mutant could be rescued by reexpression of NCS-4, but not NCS-4(efm), further emphasizing the
importance of Ca 2� binding to ceKChIPs in regulating native SHL-1 channel function. Together, these data reveal an evolutionarily
conserved mechanism underlying the regulation of Kv4 channels by KChIPs and unravel critical roles of ceKChIPs in regulating muscle
cell excitability and animal behavior in C. elegans.

Key words: C. elegans; calcium binding; KChIP; male mating; potassium channel; turing behavior

Introduction
Native voltage-gated K� channels (Kv) are often complexes com-
posed of pore-forming �-subunits and auxiliary subunits. Auxil-
iary subunits modulate a wide range of Kv channel properties,
including electrical and pharmacological characteristics, traffick-
ing to the plasma membrane, and turnover of the channels (Li et
al., 2006; Cai et al., 2007; Pongs and Schwarz, 2010). The impor-
tance of accessory subunits is also validated by the facts that
mutations of these genes result in human diseases such as hyper-
tension, epilepsy, Long QT syndrome, and periodic paralysis
(Abbott et al., 1999; Sesti et al., 2000; Abbott et al., 2001; Kuo et
al., 2001; Brenner et al., 2005; Schulte et al., 2006; Roepke et al.,
2009).

The majority of genes encoding K� channels are conserved
between C. elegans and mammals. Voltage-gated K� channels,
such as ether-a-go-go (EAG)-type EGL-2, ERG-type (EAG re-
lated) UNC-103, Shaw-type EGL-36 and KHT-1, Shab-type
KVS-1, and an inward rectifying channel EXP-2, regulate many
behaviors including locomotion, defecation, pharyngeal
pumping, egg-laying, chemotaxis, habituation, and male mat-
ing in C. elegans (Elkes et al., 1997; Johnstone et al., 1997;
Davis et al., 1999; Weinshenker et al., 1999; Bianchi et al.,
2003; Garcia and Sternberg, 2003; Cai et al., 2009). However, it
is unclear whether native K � channels in C. elegans, physio-
logically similar to those in mammals, also possess conserved
auxiliary subunits. The existence of ancillary subunits would
provide the possibility of using C. elegans animal model to
understand the underlying mechanism of interaction between
� and auxiliary subunits of potassium channels and the phys-
iological roles of ancillary subunits in modulating cell excit-
ability. To date only KCNE-like subunits named MPS-1-4
have been identified to assemble with two K � channels in C.
elegans, KVS-1 and KHT-1, which regulate sensory and learn-
ing behaviors, respectively (Bianchi et al., 2003; Cai et al.,
2005; Park et al., 2005; Cai et al., 2009).

K� channel interacting proteins (KChIPs) are soluble auxil-
iary subunits of Kv4 �-subunits, the rapidly activating/inactivat-
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ing (A-type) voltage-gated K� channels that control excitability
of neurons and cardiac myocytes (Kuo et al., 2001; Birnbaum et
al., 2004; Rhodes et al., 2004; Thomsen et al., 2009; Wang et al.,
2013). KChIPs belong to the neuronal Ca 2� sensor superfamily
that exhibits four Ca 2�-binding EF hand motifs. Previous studies
in heterologous expressing systems have demonstrated that
KChIPs alter Kv4.2 current properties including activation and
inactivation kinetics, as well as trafficking of the channels (An et
al., 2000; Holmqvist et al., 2001; Shibata et al., 2003; Jerng et al.,
2005; Tang et al., 2013). The modulation is dependent on Ca 2�

binding to the EF hands of KChIPs (An et al., 2000; Patel et al.,
2002; Pioletti et al., 2006). In this study, we identified three
KChIP-like neuronal calcium sensor proteins, NCS-4, NCS-5,
and NCS-7, in C. elegans. These ceKChIPs regulate muscle cell
excitability and animal behaviors by controlling the generation of
SHL-1 channels. We also clarify that Ca 2� binding to ceKChIPs
promotes trafficking of SHL-1 proteins at the stage of transport-
ing them from the Golgi apparatus to the cell membrane.

Materials and Methods
Strains and culture of worms. N2, shl-1(ok1168) and unc-54(e190) were
obtained from the Caenorhabditis Genetics Center (CGC). ncs-4(tm4409),
ncs-5(tm4951), ncs-7(tm5037) were obtained from the National BioRe-
source Project (NBRP), Japan. All mutant strains were outcrossed with N2 at
least five times to clean background before experiments. Triple KO mutant
ncs-4(tm4409);ncs-7(tm5037);ncs-5(tm4951) strain was generated by cross-
ing ncs-4(tm4409) with ncs-7(tm5037) and ncs-5(tm4951) worms. We con-
structed Pncs-4::gfp, Pncs-5::gfp, Pncs-7::gfp, Pshl-1::mcherry, Pncs-4::ncs-4::gfp,
Pncs-4::ncs-4;TripleKO, Pncs-4::ncs-4(efm);TripleKO, Pncs-4::ncs-4(efm);ncs-
4(tm4409), and Pncs-4::ncs-4;ncs-4(tm4409)-transgenic worms. We also
constructed-transgenic strains expressing Pshl-1::gfp::shl-1/Pmyo-3::mcd8::mcherry
in N2 worms; Pshl-1::gfp::shl-1/Pmyo-3::mcd8::mcherry, Pshl-1::gfp::shl-1/Pncs-4::ncs-
4/Pmyo-3::mcd8::mcherry, Pshl-1::gfp::shl-1/Pncs-4::ncs-4(efm)/Pmyo-3::mcd8::
mcherry, Pshl-1::gfp::shl-1/Pncs-4::ncs-4(efm)/Pmyo-3::sp12::mcherry, and Pshl-1::gfp::
shl-1/Pncs-4::ncs-4(efm)/Pmyo-3::aman-2::mcherry in Triple KO worms.
Punc-68::gcamp5/Punc-68::dsred2, Punc-68::gcamp5/Punc-68::dsred2;shl-1(ok1168),
and Punc-68::gcamp5/Punc-68::dsred2;ncs-4(tm4409)-transgenic male worms were
generated for calcium imaging. Worms were cultivated on standard
NGM plates with a layer of OP50 Escherichia coli at 20°C or 25°C.

Molecular biology. Three ceKChIP genes, NCS-4, NCS-5, and NCS-7,
were cloned by RT-PCR. Primers: NCS-4 gene, forward: 5�-ATGAGCA
GCTGGAAACGACGTTCTG-3� and reverse: 5�-TCAACCAGGAA-
GAAGAGTGTAAAGT-3�; NCS-5 gene, forward: 5�-ATGGGCGGAGCC
TCATCAATTGACT-3� and reverse: 5�-TTAAAGAGGCTTGGCACA
GTTGGCA-3�; NCS-7 gene, forward: 5�-ATGGGTGCATTTTTCACAA
ATCACA-3� and reverse: 5�-CTAGATATTTAATAATCCGCTTGAG-
3�. The cloned cDNAs were subsequently inserted into pCI-neo vectors.
The ncs-4(efm) mutant with abolished Ca 2�-binding ability was con-
structed through site-directed mutagenesis of both aspartic acid and gly-
cine in EF hand motif to alanine following the method described by An et
al. (2000). To clone plasmids for coimmunoprecipitation, hemaggluti-
nin (HA) sequence was epitope tagged in the C terminus of NCS-4,
NCS-5, and NCS-7. These constructs were then subcloned into the pCI-
neo vector; c-Myc-tagged SHL-1 plasmid was generated by inserting
SHL-1 cDNA into (PCS2�MT) vector. To construct plasmids for ex-
pressing in C. elegans, NCS-4 DNA and its �4 kb upstream promoters
were amplified from N2 C. elegans genomic DNA and inserted into
pPD95.75 plasmid. shl-1 DNA and its �10 kb promoter were amplified
from N2 C. elegans genomic DNA. Primers: shl-1 DNA: forward:
5�-ATGGCTTCGGTGGCGGCGTGGCTGC-3� and reverse: 5�-TTA-
CAGTTGCGATACGCAAATTTTG-3�; shl-1 promoter: forward: 5�-
AGATCAAAAGTGGGGACTCTGATGA-3� and reverse: 5�-TCTGAA
GAAGACAACGACGACGGAT-3�. To construct Pshl-1::gfp::shl-1 plasmid,
green fluorescence protein (GFP) sequence ( 2E� 237K) was inserted in
the N terminus of SHL-1 between residues 156E and 157R. Next, the
corresponding fused cDNA was cloned into pPD95.75 vector. For body-wall
muscle specific expression, �3 kb myo-3 promoter was amplified from N2

worm genomic DNA. mcd8 cDNA was a generous gift from Dr. Zuoren
Wang; sp12 and aman-2 cDNA were cloned from N2 genome according to
methods described previously (Rolls et al., 2002; Poteryaev et al., 2005).
Pmyo-3::mcd8::mcherry-transgenic plasmid was generated by joining myo-3
promoter and mcd8 cDNA in frame with mcherry reporter gene in the
pPD95.75 vector. Pmyo-3::sp12::mcherry-transgenic plasmid was gener-
ated by joining myo-3 promoter and sp12 cDNA in frame with mcherry
reporter gene in the pPD95.75 vector. Pmyo-3::aman-2::mcherry-
transgenic plasmid was generated by joining myo-3 promoter and gene
sequences for 1– 82 aa of AMAN-2 in frame with mcherry reporter gene in
the pPD95.75 vector. Primers: myo-3 promoter, forward: 5�-TCAGTCT
GGAAATAGGCGTTAACTT-3� and reverse: 5�-TTCTAGATGGATC
TAGTGGTCGTGG-3�; mcd8 gene, forward: 5�-ATGGCCTCACCGTTG
ACCCGCTTTC-3� and reverse: 5�-GCGGCTGTGGTAGCAGATGAG
AGTG-3�; sp12 gene, forward: 5�-ATGGACGGAATGATTGCAAT
GCTCC-3� and reverse: 5�-TTTCGTCTTCTTTGTCTCCTTTTTC-3�; A
short region (1– 82 aa) of aman-2 gene, forward: 5�-ATGGGAAAA
CGCAATTTCTATATTA-3�andreverse:5�-TTCTTCATCAAAATCTAC
CGATTTT-3�. Punc-68::gcamp5 and Punc-68::dsred2 expression plasmids
were generated by joining �2.6 kb of unc-68 upstream promoter as
described by Maryon et al. (1998) and full-length gcamp5 or dsred2
cDNA into pPD95.75 vector.

Construction of transgenic animals. All transgenic worms were obtained
by microinjecting corresponding plasmids into appropriate strains.
The transient transforming lines for Pncs-4::ncs-4;ncs-4(tm4409) and
Pncs-4::ncs-4(efm);ncs-4(tm4409) were integrated by UV-TMP method
(Kage-Nakadai et al., 2012). The progeny were selected by 100% presence of
the marker (Pmyo-2::GFP) and the target genes were confirmed via PCR am-
plification. For each integrated-transgenic strain, two independent lines
were used for behavioral analysis after outcrossing four times.

Electrophysiology: patch recording in HEK293T cells. Whole-cell record-
ings were performed in HEK293T cells after 36 – 48 h after transfection.
Data were recorded with an Axopatch 200B (Axon), filtered at 5 kHz, and
sampled at 2 kHz. Bath solution was composed of the following (in mM):
4 KCl, 100 NaCl, 10 HEPES, pH 7.5 with NaOH, 1.8 CaCl2, and 1.0
MgCl2. Pipette solution contained the following(in mM): 100 KCl, 10
HEPES, pH 7.5 with KOH, 1.0 MgCl2, 1.0 CaCl2, and 10 EGTA, pH 7.5
with KOH. All experiments were recorded at room temperature. Whole-
cell SHL-1 currents were evoked in response to 400 ms depolarizing
voltage steps to potentials between �80 and �80 mV (in 10 mV incre-
ments) from a holding potential of �80 mV.

Patch recording in C. elegans myocyte culture. Embryonic cells were
isolated and cultured as described previously (Strange et al., 2007; Cai
and Sesti, 2009). Muscle cells were identified based on distinctive mor-
phology in cell culture and GFP labeling by Pmyo-3::GFP (Christensen et
al., 2002). Recordings were performed 3–5 d after cell plating. Whole-cell
patch-clamp recordings were obtained in cultured muscle cells using a
method described previously (Santi et al., 2003). Bath solution contained
the following (in mM): 145 NaCl, 5 KCl, 1 CaCl2, 5 MgCl2, 10 HEPES/
NaOH, pH 7.50, and 20 D-glucose. The low-Ca 2� pipette solution con-
sisted of the following (in mM): 125 potassium gluconate, 18 KCl, 0.25
CaCl2, 4.45 MgCl2, 10 EGTA/KOH, and 10 HEPES/KOH, pH 7.5. The
Ca 2�-free pipette solution consisted of the following (in mM): 125 po-
tassium gluconate, 18 KCl, 4.7 MgCl2, 10 D-glucose, 10 HEPES/KOH, pH
7.5, and 100 �M BAPTA-AM. Whole-cell current traces were obtained by
applying voltage steps from �80 to 80 mV in 20 mV increments from a
holding potential of �80 mV.

Macroscopic conductance was calculated using the equation G �
I/(V � Vrev), where I is the microscopic current, V is the command
voltage, and Vrev is the reversal potential for K �. The G value was nor-
malized to the maximum value and then fitted with a Boltzmann func-
tion: G/Gmax�[1 � exp(�(V � V0.5)/K )] �1, where V is the command
voltage and V0.5 and K are the midpoint of activation and activation slope
factor, respectively. The time course of inactivation was obtained by
fitting macroscopic currents recorded from both HEK293T cell and cul-
tured myocytes to a single-exponential function.

Coimmunoprecipitation. Human embryonic kidney-293 T (HEK293T)
cells were cultured in DMEM supplemented with 5% fetal bovine serum, 1%
penicillin/streptomycin (Invitrogen) in a 5% CO2 incubator at 37°C.
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cDNAs were transfected using Lipofectamine 2000 (Invitrogen) and cells
were harvested 48 h after transfection. The transfected cells were lysed in
1% (v/v) NP-40, 50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 1 mM NaF, 1 mM

PMSF, and protease inhibitor (Roche). The supernatants of cell lysates
were incubated with c-Myc antibody (Sigma) for 3 h at 4°C and then
immunoprecipitated with protein A/G Plus agarose (Pierce) for 3 h at
4°C. Immune complexes were separated on 12.5% SDS-PAGE gels and
probed with anti-HA (Roche) and anti-c-Myc (Sigma) antibodies,
respectively.

Silver staining and mass spectrometry. Transgenic Pncs-4::ncs-4::gfp and
Pncs-4::gfp worms were raised synchronously at 25°C. The worms were
collected and lysed with buffer containing 50 mM Tris-Cl, pH 7.4, 150 mM

NaCl, 1 mM NaF, 1 mM PMSF, protease inhibitor (Roche), and 1% (w/v)
N-dodecyl �-D-maltoside (Sigma) at 4°C for 1 h. The lysate was cleared at
40,000 � g for 40 min and the supernatant was collected. GFP-tagged
NCS-4 was immunoprecipitated using GFP-Trap resin (Chromotek) at
4°C for 1 h. Immune complexes were separated on 15% SDS-PAGE gels
and visualized by silver staining. Proteins of immunoprecipitated complexes
were then identified by tandem mass spectrometry.

Thrashing assay. Age-matched young adult N2, shl-1(ok1168), ncs-
4(tm4409), ncs-5(tm4951), and ncs-4(tm4409);ncs-7(tm5037 );ncs-
5(tm4951) (Triple KO mutant) hermaphrodites were examined
individually in a drop of M9 buffer for 1 min. Body bends were
defined as a change in the direction of bending in the middle of the
body. At least 20 animals per strain per assay were counted.

Mating efficiency tests. Mating behavior of N2, shl-1(ok1168), ncs-
4(tm4409), ncs-5(tm4951), shl-1(ok1168);ncs-4(tm4409), and Triple KO
mutant males was conducted as described previously (Yin et al., 2014)
with some modifications. Briefly, 1 male of each strain together with two
N2 hermaphrodites were placed on a 3.5 cm NGM plate seeded with
5-mm-diameter lawn (10 �l of OP50 was spotted onto NGM plate, al-
lowing to grow for �1 day). Males were picked out 24 h later and mating
efficiency was scored 3 d later. Mating efficiency was scored by calculat-
ing the ratio of successful mating plates to total plates. Males of each
strain were placed with young adult unc-54(e190) hermaphrodites to
record mating processes via a microscopic camera. For turning behavior,
only the first attempt was counted and the percentage of successful turn-
ing was calculated as the number of successful turning males divided by
the total number of tested males. At least 20 males per genotype were
analyzed. All behavioral assays were performed without knowing the
worms’ genotype.

Calcium imaging. To monitor the activity of diagonal muscles, the
Ca 2� indicator G CaMP5 (Akerboom et al., 2012) and DsRed2 were
expressed in diagonal muscles of male worms by unc-68 upstream pro-
moter (Maryon et al., 1998). To record the turning behavior in male
mating, a young adult transgenic male of each strain was placed together
with young adult unc-54(e190) hermaphrodites in 2-mm-thick NGM
plate with a very thin layer of bacteria OP50. Images were captured
through Nikon A1R laser scanning confocal imaging system at 2 Hz. G
CaMP5 and DsRed2 were excited at 488 and 543 nm, respectively. A 4�

Figure 1. Expression pattern of the ceKChIP Proteins NCS-4, NCS-5, and NCS-7. A, ceKChIP protein sequences and alignment with human KChIP3. NCS-4, NCS-5, and NCS-7 show 36%, 26%, and
38% identity with KChIP3, respectively. The red, green, and blue colors indicate identical, strongly, and weakly similar residues, respectively. Sequence alignment was obtained by ClustalW analysis.
B, Fluorescent microscopy images taken from Pncs-4::gfp-transgenic worms. White arrows indicate head neurons (left, top), body wall muscles (left, bottom), vulva muscles (right, top), and tail
neurons (right, bottom). C, Expression pattern of NCS-5 in Pncs-5::gfp-transgenic worms. White arrows indicate head neurons (left, top), body wall muscles (left, bottom), vulva muscles (right, top),
and tail neurons (right, bottom). D, Fluorescent microscopy images taken from Pncs-7::gfp-transgenic worms. White arrows indicate head neurons and pharyngeal muscles (left), vulva muscles
(middle) and tail neurons (right). Scale bars, 20 �m.
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objective lens in conjunction with a 5� zoom was used to acquire images
of Ca 2� transient for �1 min for each worms. The ratio of G CaMP5/
DsRed2 fluorescence of diagonal muscles in image stacks was calculated
by Nikon A1R fluorescence ROI statistics software. The value of G
CaMP5/DsRed2 in diagonal muscles of the same male moving alone
(without hermaphrodite) was regarded as R0.

Results
Cloning a family of KChIP proteins in C. elegans
We blasted human KChIP3 amino acid sequence against the C.
elegans protein database to identify putative KChIPs orthologs in
C. elegans. This analysis led us to identify three neuronal Ca 2�

sensor proteins, NCS-4, NCS-5, and NCS-7, that share significant
sequence similarities to mammalian KChIP3 (Fig. 1A). To
determine expression patterns of these putative C. elegans
KChIP-Like (ceKChIP) genes, we cloned them by Reverse-
Transcription-PCR and then generated transgenic animals har-
boring translational GFP reporters. NCS-4 was strongly
expressed in body wall and vulva muscles, as well as few neurons
in head and tail (Fig. 1B). Translational reporter of NCS-5 was
observed in many head neurons and also in body wall muscles in
which the GFP signals were relatively weak (Fig. 1C), whereas
NCS-7 was only expressed in few neurons in head and tail and
some vulva muscles (Fig. 1D). The SHL-1 �-subunit (a sole or-
thology of mammalian Kv4 channel) is widely expressed in pos-
terior intestine, body wall muscles, vulval muscles, male-specific
diagonal muscles, and a variety of neurons (Fawcett et al., 2006).
This suggests that ceKChIPs may assemble with SHL-1 to form a
complex in these tissues.

Each ceKChIP modulates K� Channel SHL-1 in
HEK293T cells
To determine whether NCS-4, NCS-5, and NCS-7 act as regula-
tory subunits of SHL-1 channel, we coexpressed them with
SHL-1 in HEK293T cells to characterize influences of ceKChIPs
on SHL-1-elicited currents. The SHL-1 channels, like their mam-
malian homology Kv4.2, produced a typical fast transient current
with fast activation and inactivation (Fig. 2A). Coexpression of
ceKChIPs with SHL-1 altered the characteristics of K� currents.
All three ceKChIPs increased peak current densities by �3- to
5-fold (Fig. 2A,B) and slowed down inactivation kinetics (Fig.
2A,C). The time course of inactivation at �80 mV fitted to a
single exponential shifted from � � 29 � 2 ms for SHL-1 alone to
256 � 20 ms for the channel formed by SHL-1/NCS-4, 76 � 9 ms
for SHL-1/NCS-5, and 156 � 13 ms for SHL-1/NCS-7, respec-
tively (Fig. 2C). Compared with SHL-1 alone (activation V1/2 �
20.2 � 1 mV), coexpression of NCS-4 and NCS-5 with SHL-1
shifted the channel activation to more negative potentials with V1/2

� 10.2 � 0.5 and 14.4 � 0.9 mV, respectively; coexpression of
NCS-7, however, did not affect the activation of SHL-1 channels
(V1/2 � 23.5 � 0.8 mV; Fig. 2D). These results suggest that NCS-4,
NCS-5, and NCS-7 are regulatory subunits that modulate SHL-1
channels in a manner similar to that of mammalian KChIPs/Kv4.

SHL-1 forms functional complex with ceKChIPs in body wall
muscles of C. elegans
We next investigated whether ceKChIPs form functional com-
plexes with SHL-1 in native C. elegans tissues, as translational

Figure 2. ceKChIPs modulate the function of SHL-1 channels in HEK293T cells. A, Representative whole-cell currents from cells mock-transfected, transfected with SHL-1 alone, or transfected
with NCS-4, NCS-5, and NCS-7, respectively. Currents were elicited by voltage jumps from �80 mV to �80 mV in 10 mV increments, filtered at 5.0 kHz, and sampled at 2.0 kHz. Voltage protocol is
shown above graph for SHL-1 alone. B, Peak current density–voltage (�–V) relationships for K � channel formed by SHL-1alone (n � 35 cells), SHL-1/NCS-4 (n � 16 cells), SHL-1/NCS-5 (n � 19
cells), and SHL-1/NCS-7 (n � 25 cells). Peak current densities were obtained by dividing peak currents at corresponding voltage by the cell capacitance. Mean value of the HEK293T cell capacitance
was 17.0, 15.3, 17.4, and 16.7 pF for SHL-1 alone, SHL-1/NCS-4, SHL-1/NCS-5, and SHL-1/NCS-7, respectively. C, Inactivation time constants for currents elicited by SHL-1alone, SHL-1/NCS-4,
SHL-1/NCS-5, and SHL-1/NCS-7 at �80 mV. The time constants were calculated by fitting macroscopic currents to a single exponential function, I0 � I1exp(�t/�). D, G/GMax relationships for
SHL-1alone, SHL-1/NCS-4, SHL-1/NCS-5, and SHL-1/NCS-7. The theoretical lines were calculated by fitting each curve to the Boltzmann function. Data shown are mean � SEM. n � 3 experiments.
*p 	 0.001 (unpaired Student’s t test).
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reporter analysis and elecrophysiological evidence suggest. Spe-
cifically, we detected a strong colocalization of NCS-4 and NCS-5
with SHL-1 in body wall muscles (Fig. 3A,B). In contrast, only a
proportion of head neurons expressed both SHL-1 and its part-
ners NCS-4 and/or NCS-5 (Fig. 3A,B). All three ceKChIPs coim-
munoprecipitated with SHL-1 in HEK293T cell expression
system (Fig. 3C).

We then generated transgenic strains expressing GFP or GFP
fused NCS-4 (NCS-4::GFP) using the driver of ncs-4 promoter.
To validate whether NCS-4 and SHL-1 form a complex in vivo,
we trapped NCS-4 interacting proteins by pull-down assays using
antibody against GFP in extracts prepared from the-transgenic
worms. The immunoprecipitates were then resolved by SDS-
PAGE and proteins were visualized by silver staining. We found
several differential bands between extracts prepared from-
transgenic worms expressing GFP and NCS-4::GFP. One of these
bands at a molecular weight between 70 and 95 kD specifically
appeared in the sample from Pncs-4::ncs-4::gfp-transgenic worms
(Fig. 3D). Mass spectrometry analysis subsequently identified
several peptides of SHL-1 proteins in this band (Fig. 3D), indi-
cating that SHL-1 and NCS-4 form functional complexes in C.
elegans.

ceKChIPs are essential components of native SHL-1
channel complexes
The properties of voltage-gated K� currents in body wall muscles
of C. elegans were first described by Richmond and Jorgensen

(1999). Since then, the components of K� currents in muscle
cells have been well documented. Three K� channels, SHK-1,
SHL-1, and SLO-2, were reported to constitute the macroscopic
outward K� currents in muscle cells (Yuan et al., 2000; Santi et
al., 2003; Fawcett et al., 2006; Gao and Zhen, 2011; Liu et al.,
2011). Under physiological conditions with low intracellular
concentrations of Cl� (4 –10 mM) and Ca 2� (10 –100 nM), K�

currents with typical fast transient outward components were
elicited by a series of voltage steps applied from �80 to �80 mV
(in 20 mV increments) from a holding potential of �80 mV in
cultured myocytes of N2 worms (Fig. 4A). In contrast, there were
no fast transient components in the cultured myocytes from a
shl-1-null mutant shl-1(ok1168) (Fig. 4A). This observation is
consistent with a previous study (Fawcett et al., 2006) and cor-
roborates the notion that SHL-1 is the only conductor of the fast
transient component of the outward K� current in C. elegans
muscle cells.

Translational reporter GFP indicated that NCS-4 and NCS-5,
but not NCS-7, colocalized in body wall muscles. We then per-
formed whole-cell patch-clamp experiments to determine
whether ceKChIPs contribute to forming functional native
SHL-1 channels. ncs-4(tm4409) and ncs-5(tm4951), two mutants
in which ncs-4 and ncs-5 genes were deleted, respectively, were
then used to examine fast transient K� currents in their myo-
cytes. K� currents in cultured myocytes from both ncs-
4(tm4409) and ncs-5(tm4951) worms displayed a decreased fast

Figure 3. ceKChIPs assemble with SHL-1 in vitro and in vivo. A, Expression pattern of Pshl-1::mcherry and Pncs-4::gfp in body wall muscles (left) and head neurons (right). A merged yellow color
indicates colocalization of SHL-1 and NCS-4 in body wall muscles (left, white arrows) and some head neurons (right, white arrows). B, Expression pattern of Pshl-1::mcherry and Pncs-5::gfp in body wall
muscles (left) and head neurons (right). A merged yellow color indicates colocalization of SHL-1 and NCS-5 in body wall muscles (left, white arrows) and some head neurons (right, white arrows).
For both A and B, scale bars, 20 �m. C, Coimmunoprecipitation of c-Myc-tagged SHL-1 with HA-tagged NCS-4, NCS-5, and NCS-7 in HEK293T cells. Lysates were immunoprecipitated using c-Myc
antibody and protein A/G beads. Western visualization was done with anti-c-Myc and anti-HA antibodies. n � 4 independent experiments. D, SDS-PAGE and silver staining of immunoprecipitates
from Pncs-4::gfp or Pncs-4::ncs-4::gfp-transgenic worms using antibody against GFP (left). Subsequent mass spectrometry analysis of the immunoprecipitates identified peptides of SHL-1 protein in
the sample from Pncs-4::ncs-4::gfp-transgenic worms (right).
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transient component as measured by the P/S value obtained by
dividing the peak current by the sustained current at the end of
the test pulse (Fig. 4A,B). The P/S values at � 80 mV were 1.57 �
0.10 in ncs-4(tm4409) mutant worms and 1.62 � 0.09 in ncs-
5(tm4951) mutant worms, respectively, both of which were
significantly lower than that in N2 worms (2.0 � 0.1; each p 	
0.05), but higher than that in shl-1(ok1168) worms (1.17 �
0.03; each p 	 0.01) (Fig. 4B). The current density in cultured
myocytes of ncs-4(tm4409) or ncs-5(tm4951) worms, however,
was not significantly different from that of shl-1(ok1168)
worms (Fig. 4C). The results suggest that both NCS-4 and
NCS-5 contribute to native SHL-1 currents. Furthermore, the
fast transient component of outward K � current was not de-
tected in cultured myocytes from the Triple KO mutant
worms where all three ceKChIP genes (ncs-4, ncs-5 and ncs-7 )
were deleted, and accordingly, the P/S value (1.16 � 0.05)
decreased to the value of shl-1(ok1168) worms (Fig. 4 A, B).
Peak current density (pA/pF) at � 80 mV in cultured myo-
cytes from Triple KO mutant was 86 � 10, a value significantly
lower than that in N2 worms (131 � 17, p � 0.03) (Fig. 4C).
The activation of the outward K � currents shifted to more
hyperpolarization potential (8.1 � 2.7 for Triple KO vs 15.3 �
2.4 for N2 worms) in myocytes of Triple KO mutants, but the
value did not change in ncs-4(tm4409) or ncs-5(tm4951) myo-
cytes (Fig. 4D). Together, these results suggest ceKChIPs are
indispensable components of SHL-1 native K � channels.

Ca 2� binding to NCS-4 is required for transporting SHL-1
proteins from the Golgi apparatus to the cell membrane
Previous studies have demonstrated that the regulation of Kv4
channels by KChIPs is Ca 2� dependent to some extent (An et al.,
2000; Hasdemir et al., 2005; Pioletti et al., 2006; Anderson et al.,
2010), however, the role of Ca 2� signaling in the generation and
regulation of native Kv4 channel is not fully addressed. To answer
this question, we constructed a NCS-4 mutant NCS-4(efm) with
disrupted Ca 2�-binding by mutating highly conserved aspartic
acid and glycine residues at positions 1 and 6, respectively, to
alanine within EF-hand motifs 2, 3 and 4 of NCS-4 (Fig. 5A). The
mutagenesis sites of NCS-4(efm) are same with that of Triple EF
mutant of KChIP1 as described by An et.al (An et al., 2000). In the
HEK293T cells, we found that the NCS-4(efm) failed to regulate
SHL-1 K� channel currents (Fig. 5B–E), but retained its physical
interaction with the channel (Fig. 5F), consistent with a similar be-
havior observed in the mammalian orthologs (An et al., 2000).

In parallel experiments, wild-type NCS-4 and EF hand mu-
tated NCS-4(efm) were expressed in the Triple KO worms by
ncs-4 upstream promoter to explore the role of Ca 2� signaling in
maturation of native SHL-1 channels. As expected, reexpression
of NCS-4, but not NCS-4(efm) significantly increased the current
densities and P/S value of outward K� currents (Fig. 6A–C) in
cultured myocytes of Triple KO worms, suggesting Ca 2�-
binding to EF hands of NCS-4 is essential for the generation of
functional SHL-1 channels. A relatively slow inactivation of tran-

Figure 4. ceKChIPs contribute to generating native SHL-1 K � current. A, Representative whole-cell currents elicited by membrane voltage steps from �80 to �80 mV with 20 mV increment
(inset) in cultured myocytes from N2, shl-1(ok1168), ncs-4(tm4409), ncs-5(tm4951), and ncs-4(tm4409);ncs-7(tm5037);ncs-5(tm4951) (Triple KO) worms. Currents were recorded 4 d after seeding.
B, P/S values of currents at �80 mV in cultured myocytes of N2, shl-1(ok1168), ncs-4(tm4409), ncs-5(tm4951), and Triple KO worms. The P/S values were obtained by dividing the peak current by
the sustained current at the end of the test pulse. C, Peak current density and voltage (�–V) relationships in cultured myocytes of N2, shl-1(ok1168), ncs-4(tm4409), ncs-5(tm4951), and Triple KO.
Data were from n � 12, 11, 17, 15, and 12 cells, respectively. Mean value of the cultured muscle cell capacitance was 1.2, 1.0, 1.3, 1.1, and 1.1 pF for N2, shl-1(ok1168), ncs-4(tm4409),
ncs-5(tm4951), and Triple KO worms, respectively. D, G/Gmax relationships for N2, shl-1(ok1168), ncs-4(tm4409), ncs-5(tm4951), and Triple KO. The theoretical lines were calculated by fitting each
curve to the Boltzmann function. V1/2 � 15.3 � 2.4 mV, K � 12.6 � 2.2 for N2, V1/2 � 13.4 � 3.3 mV, K � 12.1 � 3.0 for shl-1(ok1168), V1/2 � 11.3 � 1.9 mV, K � 12.5 � 1.7 for
ncs-4(tm4409), V1/2 � 18.7 � 2.0 mV, K � 11.6 � 1.8 for ncs-5(tm4951), V1/2 � 8.0 � 2.6 mV, K � 11.9 � 2.4 for Triple KO, respectively. *p 	 0.05, **p 	 0.01 (unpaired Student’s t test).
Data shown are mean � SEM.
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sient current was observed in cultured myocytes from
Pncs-4::ncs-4;TripleKO transgenic worms and chelation of Ca2� ions
in the pipette solution by addition of 100 �M BAPTA, a rapid Ca2�

chelator, speeded up inactivation of the transient current (the Tau
value: 64 � 5 ms vs 35 � 7 ms; p 	 0.05) (Fig. 6D,E) and hence
increased the P/S value (1.62 � 0.09 vs 1.88 � 0.09; p 	 0.05) (Fig.
6D,E). These results suggest that Ca2� signaling also modulates
electrical characteristics of native SHL-1 currents.

Consistent with electrophysiological results that SHL-1 elic-
ited currents were absent in Triple KO mutant myocytes (Fig.
4A,B), we found that GFP fused SHL-1 (GFP::SHL-1) proteins
were expressed in body wall muscles of wild-type N2, but not in
that of Triple KO worms (Fig. 7A). GFP::SHL-1 proteins were
reexpressed on coexpression with either NCS-4 or NCS-4(efm)
driven by ncs-4 promoter in body wall muscles of Triple KO
worms (Fig. 7A), suggesting that Ca 2� binding ability of NCS-4
are dispensable for the biosynthesis of SHL-1 proteins. Fur-
ther, we explored whether Ca 2� binding ability of NCS-4 af-
fect trafficking of SHL-1 proteins. Red fluorescence protein
mCherry fused mCD8 (Collins and Koelle, 2013), AMAN-2
(an �-mannosidase II) (Rolls et al., 2002), signal peptidase SP12
(C34B2.10) (Rolls et al., 2002; Poteryaev et al., 2005), all of which
driven by myo-3 promoter, were then used as organelle marker to

visualize cell membrane, Golgi apparatus, and endoplasmic retic-
ulum (ER) in body wall muscle cells, respectively. GFP::SHL-1
proteins were enriched at cell membranes of adjacent body wall
muscle cells as well as dense body areas, and colocalized with cell
membrane marker mCD8 in body wall muscle cells of N2 and
Pncs-4::ncs-4;TripleKO transgenic worms (Fig. 7B). However,
SHL-1 proteins showed no colocalization with mCD8 in body
wall muscles of Pncs-4::ncs-4(efm);TripleKO transgenic worms
(Fig. 7B), suggesting trafficking of the channel was disrupted.
Indeed, most of SHL-1 proteins were resided in the Golgi appa-
ratus, as they merged with a Golgi marker AMAN-2, but not an
ER marker SP12 in body wall muscles of Pncs-4::ncs-4
(efm);TripleKO transgenic worms (Fig. 7C). Together, the data
suggest that Ca 2� binding ability of NCS-4 is required for traf-
ficking of SHL-1 channels at stage of transporting them from the
Golgi apparatus to the cell membrane.

SHL-1/NCS-4 controls turning behavior in male mating
A slight but significant defect in thrashing behavior and a de-
creased efficiency in male mating were observed in shl-1(ok1168)
worms (Fig. 8A,B). The result is consistent with previous report
(Fawcett et al., 2006). We next investigated how regulation of
SHL-1 function by KChIPs affects worm behaviors. In ncs-

Figure 5. Ca 2�-binding ability of NCS-4 is required for regulation of SHL-1 in HEK293T cells. A, Ca 2�-binding motif EF hands in NCS-4 protein. In the second, third, and fourth EF hand motifs,
first amino acid aspartic acid (D, red) and sixth amino acid glycine (G, red) are well conserved. NCS-4(efm) was generated by mutating both D and G in EF hand motifs to alanine (A). B, Representative
whole-cell currents recorded from cells expressing SHL-1 alone or with wild-type NCS-4 and EF hand mutant NCS-4(efm), respectively. C, Peak current density–voltage (�–V) relationships for K �

channel formed by SHL-1 alone, SHL-1/NCS-4, and SHL-1/NCS-4(efm). Data are from n�25, 23, and 19 cells, respectively. Peak current densities obtained by dividing peak currents at corresponding
voltage by the cell capacitance. Mean value of HEK293T cell capacity was 18.3, 15.5, and 17.8 pF for SHL-1 alone, SHL-1/NCS-4, and SHL-1/NCS-4(efm), respectively. *p 	 0.001 (unpaired Student’s
t test). D, Inactivation time constants for K � channels formed by SHL-1 alone, SHL-1/NCS-4, and SHL-1/NCS-4(efm) currents at �80 mV. Time constants of inactivation were calculated by fitting
macroscopic currents to a single exponential function. *p 	 0.001 (unpaired Student’s t test). E, G/Gmax relationships for SHL-1 alone, SHL-1/NCS-4, and SHL-1/NCS-4(efm). The theoretical lines
were calculated by fitting each curve to the Boltzmann function. For C–E, all data shown are mean � SEM. F, Coimmunoprecipitation of c-Myc tagged SHL-1- and HA-tagged NCS-4 and NCS-4(efm).
Lysates were immunoprecipitated using c-Myc antibody and protein A/G beads. Western visualization was done with anti-c-Myc and anti-HA antibodies.
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4(tm4409), ncs-5(tm4951), and Triple KO worms, the speed of
thrashing in M9 solution decreased to a level comparable to that
in shl-1(ok1168) mutants (Fig. 8A). In contrast, the ability to
mate with hermaphrodites was quite different among ceKChIP
mutant males (Fig. 8B). The mating efficiency of ncs-4(tm4409)
and Triple KO mutant males decreased to a level similar to that of
shl-1(ok1168) males, whereas that of ncs-5(tm4951) males was
not statistically different from that of wild-type N2 worms (Fig.
8B). Double deletion of ncs-4 and shl-1 genes did not further
reduce the male mating efficiency (Fig. 8B), suggesting that
NCS-4 modulates male mating behaviors through regulating the
function of SHL-1 channels.

Male mating is among most complex behaviors in C. elegans.
It involves a series of steps including, response, backing, turning,
vulva location, spicule insertion, and sperm transfer (Emmons
and Sternberg, 1997; Barr and Garcia, 2006). To determine which
step(s) of mating behaviors is impaired by the absence of SHL-1/
NCS-4 K� channels, we recorded male mating processes. We
found that 75% of shl-1(ok1168) males and 70% of ncs-4(tm4409)
males failed to complete a turning behavior when they tried to
mate. In contrast, only 10% of N2 males and 23% of ncs-
5(tm4951) males displayed unsuccessful turning during an at-
tempt to mate (Fig. 8C).

Turning behaviors are controlled by male-specific diagonal
muscles (Emmons and Sternberg, 1997; Barr and Garcia, 2006),
in which expression of SHL-1 has been observed previously

(Fawcett et al., 2006). Translational reporter GFP showed that
NCS-4, but not NCS-5, was expressed in male specific diagonal
muscle (Fig. 8C). NCS-4 thus may assemble with SHL-1 to form
native SHL-1/NCS-4 channel complexes that regulate the excit-
ability of diagonal muscles. We then monitored diagonal muscle
activity during male turning of mating behavior with ratiometric
Ca 2� imaging by expressing the Ca 2� indicator protein G
CaMP5 in the muscles together with DsRed2 (both via unc-68
promoter). To minimize movement during Ca 2� imaging, par-
alyzed unc-54(e190) hermaphrodites were used to mate with N2,
shl-1(ok1168), and ncs-4(tm4409) males. We found that the Ca 2�

signals in the diagonal muscles of N2 males began to increase
when their posterior tails approached the end of hermaphrodites
(head or tail) during the backing step and reached the maximum
when males attempted to turning their tails. After turning, the Ca2�

signals decreased quickly (Fig. 8D). In contrast, both shl-1(ok1168)
and ncs-4(tm4409) males showed a sustained higher level of Ca2�

signals, as reflected by fact that the values of 
R/R0 in diagonal mus-
cles of these mutant males were significant higher than those in N2
males at time points of �0.5, 0, 0.5, and 1 s (Fig. 8D). These results
suggest that both mutant males had a defect in regulating excitability
of their diagonal muscles. Thus, ceKChIPs play an important role in
controlling locomotion and male mating behaviors by regulating the
function of SHL-1 K� channels in C. elegans.

We then investigated whether disruption of a link between
Ca 2� signaling and SHL-1/NCS-4 has an adverse effect on male

Figure 6. Ca 2� binding to NCS-4 is essential for the generation of functional SHL-1/NCS-4 channels. A, Representative whole-cell currents in cultured myocytes from Triple KO,
Pncs-4::ncs-4;TripleKO, and Pncs-4::ncs-4(efm);TripleKO worms. Currents were recorded 4 d after seeding. B, Peak current density and voltage (�–V) relationships in cultured myocytes of Triple KO,
Pncs-4::ncs-4;TripleKO, and Pncs-4::ncs-4(efm);TripleKO worms. Data are from n � 12, 17, and 18 cells, respectively. Mean value of cultured myocytes was 1.2, 1.1, and 1.2 pF for Triple
KO, Pncs-4::ncs-4;TripleKO, and Pncs-4::ncs-4(efm);TripleKO strains, respectively. C, P/S values of currents at �80 mV in cultured myocytes of Triple KO, Pncs-4::ncs-4;TripleKO, and
Pncs-4::ncs-4(efm);TripleKO worms. *p 	 0.05 (unpaired Student’s t test); data shown are mean � SEM. D, Representative whole-cell currents in cultured myocytes of Pncs-4::ncs-4;TripleKO worms
in the absence (left) and presence (right) of 100 �M BAPTA. E, Inactivation time constants (left) and P/S values (right) of currents in myocytes of Pncs-4::ncs-4; Triple KO with or without 100 �M BAPTA
in pipette solution at �80 mV. Data are from �10 cells per treatment. Time constants were calculated by fitting macroscopic currents to a single exponential function. *p 	 0.05 (unpaired
Student’s t test). Data shown are mean � SEM.

Chen et al. • KChIP-Like Subunits Regulate Excitability J. Neurosci., February 4, 2015 • 35(5):1880 –1891 • 1887



mating behaviors of C. elegans. Indeed, we found that reintroduc-
tion of wild-type NCS-4, but not the NCS-4(efm), fully rescued
the defects in turning behaviors and thus mating efficiency of
ncs-4(tm4409) males (Fig. 8E). The result is consistent with the
finding that disruption of Ca 2�-binding ability of NCS-4 dis-
turbed the trafficking of SHL-1 proteins in body wall muscles.
Therefore, Ca 2�-dependent regulation is necessary for SHL-1/
ceKChIPs channels to control worm behavior.

Discussion
ceKChIPs are essential components of SHL-1 channel
complexes in C. elegans
In this study, we provide molecular evidence that ceKChIPs are
essential components of the native SHL-1 channel complex in C.
elegans muscle cells. This was supported by at least three lines of
evidence. First, ceKChIPs NCS-4, NCS-5, and NCS-7 modified
kinetic characteristics of SHL-1 currents in vivo and in vitro. Sec-
ond, NCS-4 and NCS-5 colocalized and physically interacted
with SHL-1 in heterologous expressing systems and in the native
tissues. Finally, deletion of ncs-4 or ncs-5 gene significantly re-
duced the fast transient component of outward K� currents in
myocytes and, more importantly, abolishment of all ceKChIPs
identified in this study totally eliminated the SHL-1 elicited out-
ward currents in C. elegans muscle cells. Our data also supported
the hypothesis that the function of SHL-1 is dependent on the
expression of ceKChIPs. Similar codependence of Kv4 and
KChIPs has been observed in mammalian neurons and cardiac

cells (Kuo et al., 2001; Norris et al., 2010), suggesting a conserved
mechanism underlying the interaction between Kv4 channels
and KChIPs across species. Likewise, the interdependent role of
Kv � and accessory subunits also has been observed in other
subfamilies of Kv channels (Bianchi et al., 2003; Wu et al., 2010).
This may represent a fundamental principle for linking the bio-
genesis of K� channel accessory and pore-forming subunits.

Our study also reveals a novel mechanism underlying modu-
lation of Kv4 by KChIPs in vivo. Previous studies in heteroge-
neous expressing systems have demonstrated that KChIPs
promote the intracellular trafficking of Kv4 by releasing the chan-
nel from intrinsic endoplasmic reticulum retention (Shibata et
al., 2003). The regulation is profoundly affected by Ca 2� signal-
ing, and the Ca 2� binding ability of KChIPs is required for Kv4.2
channels reaching the Golgi complexes (An et al., 2000; Hasdemir
et al., 2005). Obviously, KChIPs have a more versatile role in
maturation of Kv4 channel complexes in vivo because they also
facilitate the biogenesis of Kv4 channels by stabilizing nascent
proteins. The Ca 2� binding ability to EF hands is dispensable for
KChIPs facilitating the biogenesis of Kv4 channels in vivo, in
disagreement with the observation that disruption of Ca 2� bind-
ing abolished modulation of Kv4.2 by KChIPs in cultured cells
(An et al., 2000; Pioletti et al., 2006). In addition, Ca 2� binding to
KChIPs is required at stage of transporting Kv4 from the Golgi
complex to the cell membrane in vivo (Fig. 7B,C) rather than
from the ER to the Golgi apparatus as found in cultured cells

Figure 7. Ca 2� binding to NCS-4 is required for trafficking SHL-1 channels from the Golgi apparatus to the cell membrane. A, Expression pattern of SHL-1 proteins in body wall muscles of N2,
Triple KO, Pncs-4::NCS-4;TripleKO, and Pncs-4::ncs-4(efm);TripleKO worms. SHL-1 was fused with GFP at N terminus. Scale bar, 20 �m. White arrows indicate head muscles. B, Distribution of SHL-1
proteins in body wall muscle cells of N2, Pncs-4::ncs-4;TripleKO, and Pncs-4::ncs-4(efm);TripleKO worms. Cell membrane was visualized by mCD8::mCherry. Thin arrows indicate rows of dense bodies
and thick arrows show the cell membranes of adjacent body wall muscle cells. Scale bar, 10 �m. C, Intracellular distribution of SHL-1 proteins in body wall muscle cells of Pncs-4::ncs-4(efm);TripleKO
worms. The organelles endoplasmic reticulum (top) and Golgi apparatus (bottom) of the cells were visualized by SP12::mCherry and AMAN-2::mCherry, respectively. Triangle and arrows indicate
nucleus of body wall muscle cells and Golgi vesicles, respectively. Scale bar, 10 �m. In all cases, �10 worms per genotype were examined.
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(Hasdemir et al., 2005). The discrepancy may simply come from
the different experimental systems. Our findings thus provide
new insights into how KChIPs modulate Kv4 channels in vivo.

Three ceKChIPs modulate cell excitability
ceKChIPs, like SHL-1, are involved in the control of body wall
muscle cell excitability. They not only promote the biogenesis of
SHL-1 K� current, but also modulate the current characteristics
in muscle cells. Previous studies have demonstrated that the
SHL-1 native channels activate in a more hyperpolarized voltage
(��14 mV shift) than the cloned channels expressed in heterol-
ogous systems (Santi et al., 2003; Fawcett et al., 2006; Wu et al.,
2010). Our data reveal that the discrepancy could be due to the
existence of ceKChIPs. Coexpression of NCS-4 or NCS-5 with
SHL-1 significantly shifted the voltage dependence of activation
to �13 or 10 mV more hyperpolarized voltage, respectively. The
channel complex formed by SHL-1 and NCS-4 or NCS-5 was
activated at the V1/2 �10 mV, similar to that of the native SHL-1
channel. This finding also further supports the hypothesis that
SHL-1 and NCS-4/NCS-5 assemble together to generate native

fast transient outward currents in C. elegans muscle cells. We also
noted that the time course of SHL-1/NCS-4 or SHL-1/NCS-5
currents inactivation in a heterogolous system is slower than that
of native SHL-1-elicited currents. The difference could be due to
many possible factors, including possible additional ancillary
subunits (e.g., DPPLs), stoichiometry of NCS-4/NCS-5 and
SHL-1, as well as posttranslational modification occurring in na-
tive cells.

A pore-forming � subunit of the Kv4 channel could assemble
with multiple accessory subunits. Therefore, the stoichiometry of
the KChIPs and Kv4 determines the molecular diversity of native
channels that are critical for fine-tuning cell excitability in differ-
ent tissues. Our data show that SHL-1 channel could assemble
with NCS-4 and NCS-5 in body wall muscles. It is very likely that
SHL-1 simultaneously binds to NCS-4 and NCS-5, but we could
not rule out the possibility that it assembles individually with
these KChIPs in a certain muscle cell. Interestingly, SHL-1 only
assembles with a single type of KChIP, NCS-4, in male-specific
diagonal muscles. All three ceKChIPs are expressed in the ner-
vous system of C. elegans and colocalize with SHL-1 in some

Figure 8. NCS-4 modulates turning behavior in male mating in C. elegans. A, Head thrashing of N2, ncs-4(tm4409), ncs-5(tm4951), Triple KO, and shl-1(ok1168) worms. Data are from at least
three independent experiments (�20 worms per genotype per experiment). *p 	 0.05 (unpaired Student’s t test). B, Mating efficiency of N2, ncs-4(tm4409), ncs-5(tm4951), Triple KO,
shl-1(ok1168), and ncs-4(tm4409);shl-1(ok1168) males. Data were from at least three independent experiments; n � 20 males per genotype per experiment. *p 	 0.05 (unpaired Student’s t test).
C, Left, turning behavior of male mating in N2, ncs-4(tm4409), ncs-5(tm4951), Triple KO, shl-1(ok1168), and ncs-4(tm4409);shl-1(ok1168) males. More than 20 males per genotype were recorded
in a total of three independent experiments. *p 	 0.05 (Fisher’s exact test). Right, Fluorescent confocal microscopy and phase-contrast light images of diagonal muscles in Pshl-1::gfp-transgenic
(top) and Pncs-4::gfp-transgenic (bottom). The diagonal muscles are indicated by arrows. Scale bar, 20 �m. D, Left, Phase-contrast light images and Ca 2� transient images of diagonal muscles of
N2, ncs-4(tm4409), and shl-1(ok1168) male worms during turning behavior in mating. Individual tested male mated with paralyzed unc-54(e190) hermaphrodites. The time point that the tested
male started to flex its tail is defined as time 0. The green and red indicate the fluorescence of GCaMP5 and DsRed2, respectively. Arrows indicate diagonal muscles. Scale bar, 20 �m. Right, Changes
in 
R/R0 at diagonal muscles of N2, ncs-4(tm4409), and shl-1(ok1168) males during turning behavior. R represents the ratio of GCaMP5/DsRed2 fluorescence. The value of GCaMP5/DsRed2 in
diagonal muscles of the same male moving alone (without hermaphrodite) was regarded as R0. Data were obtained from �15 males per genotype in a total of four independent experiments.
*
R/R0 in diagonal muscles of ncs-4(tm4409) and shl-1(ok1168) males are significant higher than that in N2 males at time points of �0.5, 0, 0.5, and 1 s, *p 	 0.05 (unpaired Student’s t test). E,
Left, mating efficiency of N2, ncs-4(tm4409), Pncs-4::ncs-4;ncs-4(tm4409), and Pncs-4::ncs-4(efm);ncs-4(tm4409) males. Data are from at least three independent experiments, n � 20 males per
genotype per experiment. *p 	 0.05 (unpaired Student’s t test). Right, Turning behavior of N2, ncs-4(tm4409), Pncs-4::ncs-4;ncs-4(tm4409), and Pncs-4::ncs-4(efm);ncs-4(tm4409) males. More than
20 males per genotype were recorded in a total of three independent experiments. *p 	 0.05 (Fisher’s exact test). In all cases, data shown are mean � SEM.
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neurons. This indicates that ceKChIPs may also modulate neu-
ronal excitability, but their physiological roles remain to be de-
termined. The expression of ceKChIPs and SHL-1 is not
completely overlapped in the nervous system, so other ancillary
components of SHL-1 may exist in neurons of C. elegans.

SHL-1/NCS-4 control turning behavior in male mating
Male mating is the most complex behavior exhibited by the nem-
atode C. elegans and involves the steps of response, backing, turn-
ing, vulva location, spicule insertion, and sperm transfer
(Emmons and Sternberg, 1997; Barr and Garcia, 2006). The ex-
citability of neurons and muscles need to be fine-tuned for the
optimal performance of the complex behavior. An interaction
between BK and EAG family K� channels produces the muscle
excitability levels that regulate the timing of spicule protraction
during male mating (LeBoeuf and Garcia, 2012). Here, we show
that SHL-1/NCS-4 channel complexes regulate the excitability of
male diagonal muscles and control turning behavior in male mat-
ing. Previously, the defect in mating behaviors of shl-1(ok1168)
males has been shown to result in the inability to locate the vulva
(Fawcett et al., 2006). We also observed a defect in the vulva
location in a limited number of shl-1(ok1168) mutant males who
turned successfully (data not shown). However, given that turn-
ing occurs before vulva location during mating, the impairment
of mating behaviors in ncs-4(tm4409) and shl-1(ok1168) males
may be primarily due to a defect in the turning process. Conceiv-
ably, removal of SHL-1 channels by deletion of either the ncs-4 or
shl-1 gene results in hypersensitivity of the diagonal muscle to
Ach and then stiffening of the diagonal muscle during the turning
step of male mating.
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