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abstract

 

To quantify the modulation of KCNQ2/3 current by [Ca

 

2

 

�

 

]

 

i

 

 and to test if calmodulin (CaM) medi-
ates this action, simultaneous whole-cell recording and Ca

 

2

 

�

 

 imaging was performed on CHO cells expressing
KCNQ2/3 channels, either alone, or together with wild-type (wt) CaM, or dominant-negative (DN) CaM. We var-
ied [Ca

 

2

 

�

 

]

 

i

 

 from 

 

�

 

10 to 

 

�

 

400 nM with ionomycin (5 

 

�

 

M) added to either a 2 mM Ca

 

2

 

�

 

, or EGTA-buffered Ca

 

2

 

�

 

-
free, solution. Coexpression of wt CaM made KCNQ2/3 currents highly sensitive to [Ca

 

2

 

�

 

]

 

i

 

 (IC

 

50

 

 70 

 

�

 

 20 nM, max
inhibition 73%, 

 

n

 

 

 

� 

 

10). However, coexpression of DN CaM rendered KCNQ2/3 currents largely [Ca

 

2

 

�

 

]

 

i

 

 insensi-
tive (max inhibition 8 

 

�

 

 3%, 

 

n

 

 

 

� 

 

10). In cells without cotransfected CaM, the Ca

 

2

 

�

 

 sensitivity was variable but gen-
erally weak. [Ca

 

2

 

�

 

]

 

i

 

 modulation of M current in superior cervical ganglion (SCG) neurons followed the same pat-
tern as in CHO cells expressed with KCNQ2/3 and wt CaM, suggesting that endogenous M current is also highly
sensitive to [Ca

 

2

 

�

 

]

 

i

 

. Coimmunoprecipitations showed binding of CaM to KCNQ2–5 that was similar in the pres-
ence of 5 mM Ca

 

2

 

�

 

 or 5 mM EGTA. Gel-shift analyses suggested Ca

 

2

 

�

 

-dependent CaM binding to an “IQ-like” mo-
tif present in the carboxy terminus of KCNQ2–5. We tested whether bradykinin modulation of M current in SCG
neurons uses CaM. Wt or DN CaM was exogenously expressed in SCG cells using pseudovirions or the biolistic
“gene gun.” Using both methods, expression of both wt CaM and DN CaM strongly reduced bradykinin inhibition
of M current, but for all groups muscarinic inhibition was unaffected. Cells expressed with wt CaM had strongly re-
duced tonic current amplitudes as well. We observed similar [Ca

 

2

 

�

 

]

 

i

 

 rises by bradykinin in all the groups of cells,
indicating that CaM did not affect Ca

 

2

 

�

 

 release from stores. We conclude that M-type currents are highly sensitive
to [Ca

 

2

 

�

 

]

 

i

 

 and that calmodulin acts as their Ca

 

2

 

�

 

 sensor.
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I N T R O D U C T I O N

 

M current is a voltage-gated, noninactivating K

 

�

 

 cur-
rent (Brown and Adams, 1980; Constanti and Brown,
1981) present in many neurons that plays a strong role
in determining neuronal excitability (Jones et al., 1995;
Wang and McKinnon, 1995). It has been identified as
resulting from the heteromeric assembly of KCNQ2,
KCNQ3 (Wang et al., 1998; Roche et al., 2002), and
KCNQ5 (Lerche et al., 2000; Schroeder et al., 2000)
subunits. Modulation of cloned KCNQ2/3 channels by
cloned M

 

1

 

 receptors has all the characteristics of mus-
carinic modulation of native M current in mammalian
sympathetic neurons (Selyanko et al., 2000; Shapiro et
al., 2000). In those neurons, several distinct second
messenger–mediated signaling pathways modulate it
strongly. One signal is initiated by the M

 

1

 

 subtype of
muscarinic acetylcholine (mAch) (Bernheim et al.,
1992; Hamilton et al., 1997) or angiotensin II AT

 

1

 

 (Sha-
piro et al., 1994) receptors via G proteins of the G

 

q/11

 

class (Delmas et al., 1998; Haley et al., 1998) and a dif-
fusible messenger (Selyanko et al., 1992) that is not

Ca

 

2

 

�

 

 and may be a phosphoinositide (Suh and Hille,
2002; Zhang et al., 2003). Another signal provoked by
bradykinin B

 

2

 

 and purinergic P

 

2Y

 

 receptors involves
rises in Ca

 

2

 

�

 

, and uses the traditional phospholipase
C/inositol triphosphate (PLC/IP

 

3

 

) pathway and release
of Ca

 

2

 

�

 

 from internal stores (Jones et al., 1995; Cruz-
blanca et al., 1998; Bofill-Cardona et al., 2000; Delmas
et al., 2002; Scholze et al., 2002). Specificity in these
two G

 

q/11

 

-mediated signals may arise from their organi-
zation in distinct membrane microdomains (Delmas et
al., 2002).

Previous work suggests that intracellular Ca

 

2

 

�

 

([Ca

 

2

 

�

 

]

 

i

 

) itself modulates M current, but the data con-
cerning Ca

 

2

 

�

 

-mediated M current regulation are con-
flicting. Whereas M channels in mammalian sympa-
thetic neurons were shown to be inhibited by [Ca

 

2

 

�

 

]

 

i

 

with an IC

 

50

 

 of 100 nM (Selyanko and Brown, 1996a,b),
M current in amphibian neurons has been shown to
display a more complex Ca

 

2

 

�

 

 sensitivity (Marrion et al.,
1991; Tokimasa, 1996; Tokimasa et al., 1996, 1997; Yu et
al., 1994). Furthermore, it has not been determined if
any such action of Ca

 

2

 

�

 

 is direct, or if some Ca

 

2

 

�

 

-sens-
ing protein is involved. Inhibition of mammalian M
current by intracellular Ca

 

2

 

�

 

 has seemed consistent
with the involvement of the PLC/IP

 

3

 

 cascade in brady-
kinin modulation of M current in sympathetic neurons,
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although the magnitude of globally measured [Ca

 

2

 

�

 

]

 

i

 

signals arising from B

 

2

 

 receptor stimulation in those
cells has always seemed unexpectedly modest (Cruz-
blanca et al., 1998; Delmas et al., 2002). In this hypoth-
esis, the M channel is highly sensitive to [Ca

 

2

 

�

 

]

 

i

 

, with
raised [Ca

 

2

 

�

 

]

 

i

 

 suppressing M current amplitude, and so
bradykinin signaling culminates with an interaction of
Ca

 

2

 

�

 

 in some manner with the channels.
Calmodulin (CaM)* is probably the best known of an

expanding class of intracellular signaling proteins that
use the binding of Ca

 

2

 

�

 

 as a molecular switch (Haese-
leer et al., 2002). The protein was first characterized as
the Ca

 

2

 

�

 

 sensor for the families of Ca

 

2

 

�

 

/CaM-depen-
dent protein kinases that are found in nearly every eu-
karyotic organism and mediate a vast array of Ca

 

2

 

�

 

-
dependent intracellular responses. However, much re-
cent work has revealed CaM to act as the Ca

 

2

 

�

 

 sensor of
several types of ion channels that are modulated by
Ca

 

2

 

�

 

 via mechanisms distinct from those involving kinases
or phosphatases (Saimi and Kung, 2002). In some of these
cases, such as high-threshold Ca

 

2

 

�

 

 channels, CaM ac-
tions involve binding to a motif on the channels, usu-
ally called an “IQ domain,” that is so named because it
often contains an isoleucine and a glutamine (Lee et
al., 1999; Peterson et al., 1999; Qin et al., 1999; Zuhlke
et al., 1999). For several other ion channels, CaM acts
by interacting with amphiphilic 

 

�

 

 (Baa) “1–5–10” or
“1–8–14” domains (Chen and Yau, 1994; Ehlers et al.,
1996; Schonherr et al., 2000; Trudeau and Zagotta,
2002), or in the case of small-conductance Ca

 

2

 

�

 

-acti-
vated K

 

�

 

 (SK) channels, with novel CaM-binding do-
mains (Xia et al., 1998; Keen et al., 1999). Sequence
analysis reveals motifs with aspects of IQ-like, as well as
1–5–10-like, domains on all five KCNQ channel sub-
types (Yus-Najera et al., 2002).

With the ability to reconstitute M current in a heter-
ologous system with a low background, we saw the op-
portunity to firmly establish the relationship between
[Ca

 

2

 

�

 

]

 

i

 

 and M-type channels and to ask if indeed rises
in [Ca

 

2

 

�

 

]

 

i

 

 in the appropriate physiological range de-
press M current. Thus, we quantified the relationship
between [Ca

 

2

 

�

 

]

 

i

 

 and M current in intact cells using
cloned KCNQ2/3 channels heterologously expressed
in cells with very little endogenous K

 

�

 

 current, and to
determine if calmodulin mediates the action. By vary-
ing [Ca

 

2

 

�

 

]

 

i

 

 without concomitant G protein activation
and the use of active or dominant-negative calmodulin,
we show that calmodulin confers a high sensitivity of
KCNQ2/3 channels to [Ca

 

2

 

�

 

]

 

i

 

, in the range shown by
Selyanko and Brown (1996a) for M channels in inside-

 

out patches from neurons. We also tested the hypothe-
sis that bradykinin-induced rises of Ca

 

2

 

�

 

 acts on M
channels via Ca

 

2

 

�

 

/CaM. We indeed find evidence that
CaM mediates [Ca

 

2

 

�

 

]

 

i

 

 modulation of M-type channels
and that bradykinin modulation involves actions in
concert with CaM, whereas muscarinic acetylcholine re-
ceptor

 

 

 

(mAchR)-mediated modulation is Ca

 

2

 

�

 

/CaM-in-
dependent.

 

M A T E R I A L S  A N D  M E T H O D S

 

cDNA Constructs

 

Plasmids encoding human KCNQ2, rat KCNQ3, human KCNQ4,
and human KCNQ5 (Genbank accessions AF110020, AF091247,
AF105202, and AF249278, respectively) were given to us by David
McKinnon (KCNQ2, KCNQ3; SUNY, Stony Brook, N.Y.), Thomas
Jentsch (KCNQ4; Zentrum fur Molekulare Neurobiologie,
Hamburg, Germany), and Klaus Steinmeyer (KCNQ5; Aventis
Pharma, Frankfurt am Main, Germany). Plasmids containing
wild-type (wt) (Persechini et al., 1989) or dominant-negative
(DN) vertebrate CaM were given to us by Trisha Davis (University
of Washington, Seattle, WA). DN CaM has an alanine substitu-
tion in each of the four Ca

 

2

 

�

 

-binding EF hands (D20A, D56A,
D93A, D129A). The wt and DN CaM coding regions were sub-
cloned by PCR into the pcDNA3 mammalian expression vector
(Invitrogen) using BamH1 and Xba1. KCNQ2 and KCNQ3 were
subcloned into pcDNA3 as described previously (Shapiro et al.,
2000). Myc-tagged KCNQ2–5 were generated by subcloning each
channel in frame into pCMV-myc (CLONTECH Laboratories,
Inc.) behind the myc epitope.

 

Cell Culture and Transfections

 

Chinese hamster ovary (CHO) cells were a gift of Feng Liu (De-
partment of Pharmacology, UTHSCSA, San Antonio, TX). Cells
were grown in 100-mm tissue culture dishes (Falcon) in DMEM
medium with 10% heat-inactivated fetal bovine serum plus 0.1%
penicillin/streptomycin in a humidified incubator at 37

 

	

 

C (5%
CO

 

2

 

) and passaged about every 4 d. Cells were discarded after

 

�

 

30 passages. For transfection, cells were plated onto poly-

 

l

 

-
lysine coated coverslip chips, transfected 24 h later with Polyfect
reagent (QIAGEN) according to the manufacturer’s instructions,
and experiments were performed 48–96 h after transfection. As a
marker for successfully transfected cells, cDNA-encoding green
fluorescent protein (GFP) was cotransfected together with the
cDNAs of the genes of interest. We found that 

 

�

 

95% of green-flu-
orescing cells express KCNQ2/3 currents in control experiments.

 

SCG Neuron Culture and Transduction/Transfection

 

Sympathetic neurons were isolated from the superior cervical gan-
glia (SCG) of 3–14-d-old male rats (Sprague-Dawley) and cultured
for 2–4 d. Rats were anesthetized with halothane and decapitated.
Neurons were dissociated using methods of Bernheim et al.
(1991), plated on 4 

 




 

 4 mm glass coverslips (coated with poly-

 

l

 

-
lysine) and incubated at 37

 

	

 

C (5% CO

 

2

 

). Fresh culture medium
containing nerve growth factor (50 ng/ml) was added to the cells
3 h after plating. For exogenous expression of wt and DN CaM in
SCG neurons, we used two expression methods. The first was the
Sindbis 

 

�

 

-viral system, and the second was the biolistic particle de-
livery system (“gene gun”; Bio-Rad Laboratories).

To construct the appropriate plasmids for the Sinbis method
(Invitrogen), wt or DN CaM cDNA was subcloned by PCR into
the multiple cloning site of pIRES2-EGFP (CLONTECH Labora-

 

*

 

Abbreviations used in this paper:

 

 CaM, calmodulin; CHO, Chinese
hamster ovary; DN, dominant-negative calmodulin; EGFP, enhanced
green fluorescent protein; mAchR, muscarinic acetylcholine recep-
tor; SCG, superior cervical ganglion.



T
he

 J
ou

rn
al

 o
f 

G
en

er
al

 P
hy

si
ol

og
y

19 Gamper and Shapiro

tories, Inc.) using Sal1 and Xma1, and nonmethylated DNA ex-
tracted from SCS110 E. coli (Stratagene). The CaM-IRES-EGFP
coding regions flanked by Xba1-Xba1 were then subcloned into
the pSinRep5 vector (Invitrogen) using Nhe1. Proper directional
cloning was verified with a BamHI digest. Pseudovirions were
generated in baby hamster kidney cells according to the Sind-
bis manual using in vitro RNA transcripts (mMessage mMa-
chine; Ambion) of the constructed plasmids just described and
DH(26S) helper plasmid. Infection of cells with these pseudoviri-
ons leads to expression of wt or DN CaM and EGFP as separate
proteins from a common promoter, allowing us to identify trans-
duced cells with EGFP fluorescence. Recordings from trans-
duced cells were made between 12 and 18 h after exposure to
pseudovirions.

For the biolistic method, we used the PDS-1000/He gene gun
(Bio-Rad Laboratories) according to the manufacturer’s instruc-
tions. In brief, cDNA subcloned into the bicistronic pIRES2 vec-
tor was coated onto 1-�m gold particles, spread on to the sup-
plied macrocarriers in an ethanolic solution, and allowed to dry
in a dessicated environment. We used a burst pressure of 650 psi,
which we empirically found to give the optimal expression effi-
ciency in SCG neurons. Cells were plated onto glass coverslips at
the time of dissociation, cultured overnight in 35-mm dishes, and
“shot” in those same dishes, with the cells already adhered to the
coverslips that we used for experiments. The culture medium was
aspirated from the dishes, bombardment performed at the top-
most slot in the bombardment chamber under 15–17 inches Hg
of vacuum, and fresh culture medium immediately added to the
dishes. Transfection efficiency was assumed to occur by the ran-
dom distribution of fired gold particles, and was �5% of cul-
tured neurons.

Electrophysiology

The whole-cell configuration of the patch-clamp technique was
mostly used to voltage clamp and dialyze cells at room tempera-
ture (22–25	C). Pipettes were pulled from borosilicate glass capil-
laries (1B150F-4; World Precision Instruments) using a Flaming/
Brown micropipette puller P-97 (Sutter Instruments Co.) and
had resistances of 2–3 M� when filled with internal solution and
measured in standard bath solution. Membrane current was mea-
sured with pipette and membrane capacitance cancellation, sam-
pled at 5 ms and filtered at 200 Hz by an EPC-9 amplifier and
PULSE software (HEKA/Instrutech). The whole-cell access resis-
tance was typically 4–10 M�. In some experiments on SCG cells,
the perforated-patch method of recording was used with ampho-
tericin B (120 ng/ml) in the pipette (Rae et al., 1991). Ampho-
tericin was prepared as a stock solution in 60 mg/ml in DMSO.
Pipette tips were very briefly dipped in pipette solution not
containing amphotericin, and back-filled with amphotericin-con-
taining solution. In these experiments, the access resistance was
typically 10–20 M� 5–15 min after seal formation. Cells were
placed in a 500-�l perfusion chamber through which solution
flowed at 1–2 ml/min. Inflow to the chamber was by gravity from
several reservoirs, selectable by activation of solenoid valves
(ValveLink 8; Automate Scientific). Bath solution exchange was
complete by �30 s.

To evaluate the amplitude of KCNQ2/3 currents, CHO cells
were held at 0 mV and 500-ms hyperpolarizing steps to �60 mV,
followed by a 650-ms pulse back to 0 mV, were applied every 3 s.
The amplitude of the current in CHO cells was usually defined as
the outward current at the holding potential sensitive to XE991
or linopirdine (50 �M), selective blockers of KCNQ channels
(Zaczek et al., 1998). Cells exhibited variable “run-down” in the
amplitude of KCNQ currents, and usually stabilized within sev-
eral minutes of whole-cell dialysis. Cells in which the “run-down”

exceeded 3% per minute were discarded. M currents in SCG
cells were studied by holding the membrane potential at �25 mV
and applying a 500-ms hyperpolarizing pulse to �60 mV every
3 s. M-current amplitude was measured at �60 mV from the de-
caying time course of the XE991/linopirdine-sensitive deactivat-
ing current as the difference between the average of a 10-ms seg-
ment, taken 20–30 ms into the hyperpolarizing step and the aver-
age during the last 50 ms of that step. All results are reported as
mean � SEM.

Ca2� Imaging

For simultaneous patch-clamp recording and Ca2� imaging of
CHO and SCG cells, we pipette-loaded fura-2 (100 �M) as the
pentapotassium salt. After gigaseal formation, single images at
340 and 380 nm were acquired for background correction. After
dialysis for 5–10 min, the imaging protocol was triggered in syn-
chrony by the PULSE software. Fluorescent microscopy was per-
formed with an inverted Nikon Eclipse TE300 microscope in DIC
configuration with an oil-immersion 40
/1.30 NA objective. A
Polychrome IV monochromator (T.I.L.L. Photonics) was used as
the excitation light source and FURA2 71000 and FITC HQ
96170M filter cubes (Chroma) were used for fura-2 and GFP im-
aging, respectively. Cells were excited alternatively at 340 and 380
nm (50–200 ms every 2s) and the fluorescence emission col-
lected by an IMAGO 12-bit cooled CCD camera and images
stored/analyzed with TILLvisION 4.0 software. Ratiometric data
were converted to [Ca2�]i by using the equation [Ca2�]i � K*
(R � Rmin)/(Rmax � R), where R is the 340/380 nm fluorescence
ratio and Rmin and Rmax are the ratios of Ca2�-free and Ca2�-
bound dye, respectively (Grynkiewicz et al., 1985). Rmin, Rmax,
and K* were measured from cells dialyzed with a KCl-based inter-
nal solution containing (in mM) 20 BAPTA, 5 MgCl2 and 5
HEPES (Rmin) or 10 CaCl2, 5 MgCl2 and 5 HEPES (Rmax) or 20
BAPTA, 10 Ca2�, 5 MgCl2, 5 HEPES (K*), and the values calcu-
lated were 0.15, 2.16, and 1.081 �M, respectively (n � 4–5 cells
for each). For the experiments assaying bradykinin-induced Ca2�

raises, SCG neurons were bath loaded with fura-2 AM (2 �M) for
30 min at 37	C in the presence of pluronic acid (0.01%). These
fura-2 signals were not calibrated due to inherent difficulties in
calibrating esterified indicator dyes (Zhou and Neher, 1993).

Gel-shift Assays

To assay for binding of CaM to IQ-like domains of KCNQ2 and
KCNQ3, 0.5–5 �g of purified recombinant vertebrate CaM
(given to us by Linda J. Roman and Bettie Sue Masters, Depart-
ment of Biochemistry, UTHSCSA, San Antonio, TX) was incu-
bated for 1 h at room temperature with an IQ1 peptide of
KCNQ2 (335–355, PAAGLIQSAWRFYATNLSRT), two slight vari-
ants of an IQ1 peptide of KCNQ3 (332–354, EKRRKPAAELI-
QAAWRYYATNP and 337–357, PAAELIQAAWRYYATNPNRI),
IQ2 peptides of KCNQ2 or KCNQ3 (KCNQ2 508–530, SIR-
AVCVMRFLVSKRKFKESLR; KCNQ3 481–503, AIRAVRILQFR-
LYKKKFKETLR) or the IQL peptide (�1C Ca2� channel KFYAT-
FLIQEYFRKFKKRKEQ; Peterson et al., 1999). All peptides were
synthesized at the Protein Core Laboratory, UTHSCSA, San An-
tonio, TX. The incubations were run on nondenaturing PAGE
using a 12% or 15% gel run at low voltage overnight at 4	C. Gels
were either silver stained (GelCode SilverSNAP stain kit; Pierce
Chemical Co.) at that point according to the instructions of the
manufacturer (for which case 5 �g of CaM was run on the gel),
or they were transferred to nitrocellulose and immunoblotted as
described below (in which case 0.5 �g of CaM was used). The in-
cubations and immunoblots were performed either in the pres-
ence of 2 mM Ca2� or with no added Ca2� plus 2 mM EGTA.
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Immunoprecipitations and Immunoblotting

Cells were grown in 100-mm culture dishes and transfected with
myc-tagged KCNQ2–5 and GFP, alone or together with wt or DN
CaM. After 48 h, cells were harvested with a rubber policeman in
RIPA lysis buffer (10 mM NaPO4, 150 mM NaCl, 1% Na deoxy-
cholate, 1% Triton X-100, 0.1% SDS) plus a cocktail of protease
inhibitors (1 �M N�-p-tosyl-l-lysine chloro-methyl ketone, 1 �M
N-tosyl-l-phenylalanine chloromethyl ketone, 1 �M 4-(2-amino
ethyl)-benzene sulfonyl fluoride HCl, 1 �M E-64, 1 �g/ml leu-
peptin and 1 �M pepstatin, all from Sigma-Aldrich) and lysate
proteins quantified with a BCA assay (Pierce Chemical Co.). Pro-
teins (400 �g/reaction) were immunoprecipitated overnight at
4	C using 2 �g of rabbit anti-CaM or anti-FAK antibodies (Santa
Cruz Biotechnology, Inc.) and 40 �l of protein A/G beads (Santa
Cruz Biotechnology, Inc.). Immunoprecipitated proteins bound
to pelleted protein A/G beads were washed thoroughly in RIPA
buffer (sometimes containing added Ca2� or EGTA), denatured
in Laemmli sample buffer, separated using SDS/PAGE, and elec-
troblotted onto nitrocellulose membranes. Nonimmunoprecipi-
tated lysates were denatured in Laemmli sample buffer, sepa-
rated using SDS/PAGE, and electroblotted onto nitrocellulose
membranes. Immunoblots were probed with mouse anti-myc
(CLONTECH Laboratories, Inc.) or anti-CaM primary antibod-
ies (1:1,000 dilution, overnight at 4	C) in a blocking solution
containing 5% nonfat dry milk (Carnation) in TBS/Tween and
subsequently treated with goat anti–mouse or anti–rabbit horse-
radish peroxidase–conjugated secondary antibodies (1:25,000 di-
lution, 45 min, room temperature; Jackson ImmunoResearch
Laboratories). Blots were developed with enhanced chemilumi-
nescence (Supersignal; Pierce Chemical Co.) and exposed on
X-ray film (Biomax).

Solutions and Materials

The external solution used to record KCNQ2/3 currents in CHO
cells contained (mM): 160 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 10
HEPES, (pH 7.4 with NaOH). In experiments in which we low-
ered [Ca2�]i, Ca2� was omitted from the bathing solution and
EGTA (10 mM) added. The regular pipette solution contained
(mM): 160 KCl, 5 MgCl2, 5 HEPES, 0.1 1,2-bis(2-aminophe-
noxy)ethane N,N,N,N-tetraacetic acid (BAPTA), 3 K2ATP, 0.1
KGTP (pH 7.4 with KOH). Reagents were obtained as follows:
BAPTA, fura-2, fura-2 AM, ionomycin, pluronic acid (Molecular
Probes); DMEM, fetal bovine serum, nerve growth factor, penni-
cillin/streptomycin (GIBCO BRL); ATP and GTP, (Sigma-
Aldrich); amphotericin B (Calbiochem) XE991 and linopirdine
were gifts of Michael E. Schnee (Dupont Pharmaceuticals).

R E S U L T S

Tests of Sensitivity to [Ca2�]i of Heterologously Expressed 
KCNQ2/3 Channels

We tested the Ca2� sensitivity of KCNQ2/3 heteromeric
channels in a heterologous expression system in which
the cDNA clones for KCNQ2 and KCNQ3, as well as
GFP as a reporter, were transiently transfected into chi-
nese hamster ovary (CHO) cells. Cells cotransfected
with KCNQ2 and KCNQ3 gave large currents typical
of KCNQ2/3 heteromultimers with the appropriate
blockade by 10 mM tetraethylammonium ions (48 �
3%, n � 5) (Shapiro et al., 2000). Untransfected CHO
cells display very little endogenous K� current, making

them a suitable cell line for these studies. Simultaneous
whole-cell clamp recording and Ca2� imaging was per-
formed on cells 2–4 d after transfection, with 100 �M
fura-2 dialyzed into the cytoplasm via the patch pipette.
We sought to vary intracellular Ca2� ([Ca2�]i) in a way
that was independent of G-protein activation (which
might modulate KCNQ2/3 channels by other means)
and to directly examine the effect of [Ca2�]i on the
KCNQ2/3 current. We accomplished this by perfusion
of cells with a bathing solution containing a low con-
centration (5 �M) of the Ca2� ionophore ionomycin
and either 2 mM Ca2�, (“2 Ca”) or no added Ca2� to-
gether with 10 mM EGTA (“0 Ca”). Using these two so-
lutions, we were able to vary [Ca2�]i in a concentration
range from �10 to �400 nM, reproducibly and in a
controlled manner. The vehicle for ionomycin (DMSO
0.5%) did not affect the KCNQ2/3 current. Fig. 1 A
shows such an experiment in which application of ion-
omycin plus 2 Ca to a cell ramped [Ca2�]i from �80
nM to �300 nM within several minutes. There was little
response of the KCNQ2/3 current to the change in
[Ca2�]i, except at very high [Ca2�]i where the current
amplitude started to decrease. In general, we found
that the sensitivity of the KCNQ2/3 current to [Ca2�]i,
was low and rather variable from cell to cell. For a cou-
ple cells, there was evidence of more [Ca2�]i sensitivity
in the KCNQ2/3 current amplitude, but for most, as in
the example in Fig. 1 A, the [Ca2�]i sensitivity was weak,
suggesting to us that the [Ca2�]i sensitivity in any given
cell might be dependent on the relative abundance of
expressed KCNQ2/3 channels and some endogenous
Ca2�-sensing protein.

Calmodulin Confers Strong Ca2� Sensitivity to
KCNQ2/3 Channels

To test if calmodulin (CaM) might be the Ca2� sensor
of KCNQ2/3 channels, we examined the effects of wild-
type (wt) CaM, or a dominant-negative mutant CaM
(DN CaM) in which all four EF-hands have the aspar-
tate to alanine mutation, rendering it unable to bind
Ca2� (Geiser et al., 1991). To confirm that our DN CaM
does not bind Ca2�, whole-cell lysates from CHO cells
transfected with wt or DN CaM were run on Western
gels in the presence of Ca2� or of EGTA, and immuno-
blotted with anti-CaM antibodies (Fig. 1, inset). Lysate
from cells expressing wt CaM, but not from those ex-
pressing DN CaM, migrated on the gel with an obvious
Ca2�-dependent mobility shift (we ascribe the faint
component from DN CaM cells which does seem to
have a shift to endogenous CaM).

We compared the Ca2� sensitivity of KCNQ2/3 cur-
rents in cells cotransfected with either wt CaM or with
DN CaM. Fig. 1 B shows the results from a cell trans-
fected with wt CaM together with KCNQ2/3 channels.
A protocol similar to that used in Fig. 1 A was used to
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record KCNQ2/3 currents simultaneously while vary-
ing [Ca2�]i using our ionomycin solutions. Plotted are
[Ca2�]i (red line) and the KCNQ2/3 current ampli-
tude (black circles). At the start of the experiment,
[Ca2�]i starts off very low (�10 nM); perfusion of iono-
mycin in 2 Ca raises [Ca2�]i to nearly 500 nM within
several minutes, and then perfusion of ionomycin in 0
Ca lowers [Ca2�]i again to �10 nM. As can be seen, the
amplitude of the KCNQ2/3 current responded briskly
to changes in [Ca2�]i. When [Ca2�]i increased, the
KCNQ2/3 current amplitude declined in parallel, and
when [Ca2�]i was lowered, the current recovered, in
this case increasing to a level even greater than that ini-
tially. However, a very different result was obtained in
CHO cells cotransfected with DN CaM instead of wt
CaM. In this case, the KCNQ2/3 current proved to be
nearly insensitive to [Ca2�]i varied over this range. Fig.
1 C shows such an experiment. When [Ca2�]i was in-
creased from �10 to �250 nM, the KCNQ2/3 current
amplitude decreased by �15%.

The responses of KCNQ2/3 currents to [Ca2�]i were
pooled by binning [Ca2�]i in 10 nM widths from �10 to
400 nM and averaging the inhibition for each bin for
all cells studied. The pooled results for wt- and DN
CaM–overexpressing cells and also for cells transfected
with KCNQ2/3 channels only are shown in Fig. 1 D and
show a dramatic increase in Ca2� sensitivity of KCNQ
currents induced by wt CaM overexpression. For cells
cotransfected with wt CaM, there was a strong depen-
dence of the current amplitude on [Ca2�]i. The data
were fit by a Hill equation with an IC50 of 70.0 � 20.0
nM, a saturating inhibition of 73.2 � 1.4%, and a Hill
coefficient of 2.0 (n � 10). Since [Ca2�]i measured glo-
bally in these experiments may not accurately reflect
submembrane [Ca2�], the IC50 obtained in Fig. 1 D
may be only approximate. For cells cotransfected with
DN CaM or those expressing no exogenous CaM, the
currents were only slightly dependent on [Ca2�]i.
Those data could not meaningfully be fit by a Hill equa-
tion. The maximal inhibition at 200 nM Ca2� in cells
transfected with DN CaM was only 8.3 � 2.5% (n � 10),
and in those not coexpressed with CaM it was 13.1 �
2.8% (n � 9). Thus, these experiments indicate that,
in the presence of functional CaM, KCNQ2/3 chan-
nels are highly sensitive to [Ca2�]i over the physiologi-
cal range of �10 to 400 nM, and suggest that CaM con-
fers the sensitivity to the channels. The steepness of
the concentration dependence also suggests that bind-
ing of at least two Ca2� ions are required for Ca2�/
CaM actions. Cells transfected with only KCNQ2/3
channels, but not CaM, showed a very variable re-
sponse to [Ca2�]i, as if the relative abundance of a
Ca2�-sensing partner might be involved. In contrast,
cells cotransfected with DN CaM displayed currents
only minimally sensitive to [Ca2�]i, suggesting that

Figure 1. Calmodulin confers high Ca2� sensitivity to KCNQ2/3
channels. CHO cells were cotransfected with KCNQ2 and KCNQ3
alone (A) or together with wt CaM (B) or DN CaM (C). KCNQ2/3
currents were recorded from pulses delivered every 3 s while
[Ca2�]i was simultaneously monitored from fluorescence of fura-2
(100 �M) loaded via the patch pipette. Plotted in the left panels in
A–C are the current amplitudes (filled circles) and [Ca2�]i (red
line), calculated as described in materials and methods. Bath
solutions containing ionomycin (5 �M) in either the 2 mM or 0
Ca2� solutions, or XE991 (50 �M) were applied during the peri-
ods indicated by the bars. Representative current traces are shown
in the right-hand panels. In the inset is shown an immunoblot us-
ing an anti-CaM antibody of whole-cell lysates from CHO cells
transfected with wt or DN CaM, run as Western gels in the pres-
ence of 2 mM Ca2� or 1 mM EGTA. (D) The data for all experi-
ments such as in A–C using non-CaM overexpressing (n � 9, open
circles), wt (n � 10, closed circles) or DN CaM (n � 10, filled
squares) overexpressing CHO cells were pooled and plotted as a
dose-response curve of inhibition versus [Ca2�]i. For each experi-
ment, the current and [Ca2�]i records were temporally aligned,
[Ca2�]i was binned in 10 nM widths, and the current amplitudes
within the appropriate time period were averaged. The current
was normalized to the maximal current (Imax). The standard error
for each bin in wt or DN CaM overexpressing cells is shown as the
shaded region along the curve, and that for control cells as error
bars. For wt CaM-expressing cells, the data were fitted by a Hill
equation of the form (1 � I/Imax)*100% � a*[Ca2�]i

n/(IC50
n �

[Ca2�]i
n), where a is the maximal current inhibition and n is the

Hill coefficient with values given in the text. (E) Bars show the
mean initial KCNQ2/3 current density measured at 0 mV for cells
transfected only with KCNQ2�3 channels (Control, n � 14), or
together with wt (n � 18) or DN CaM (n � 17), before application
of the ionomycin-containing bath solutions. **, significance at the
P � 0.01 level, Student’s t test.
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functional CaM is necessary for Ca2� modulation of
KCNQ2/3 channels.

Inhibition of KCNQ2/3 current in CHO cells overex-
pressing wt CaM was not accompanied by any signifi-
cant changes in current activation or deactivation ki-
netics. Measured at low [Ca2�]i (40 � 13 nM), activa-
tion and deactivation time constants in these cells were
145 � 14 ms and 110 � 20 ms, respectively (n � 8),
whereas when measured at elevated [Ca2�]i (335 � 137
nM) these values were 135 � 11 ms and 115 � 9 ms
(n � 8). While we did not directly measure the voltage
dependence of activation of the conductance as a func-
tion of [Ca2�]i, the lack of any change in activation or
deactivation kinetics make a shift in voltage dependence
very unlikely. This is because the voltage dependence
of the activation of the conductance of voltage-gated
channels is the sum effect of the rates of activation and
deactivation of the channels. Thus, the modulation of
KCNQ2/3 current amplitudes by Ca2�/CaM that we
show here is very unlikely to be due to a shift in voltage
dependence, in accord with that reported recently
(Wen and Levitan, 2002).

In these experiments, initial [Ca2�]i in cells ex-
pressed without CaM, with DN CaM, or with wt CaM
were similar (63 � 15, 54 � 12, 60 � 15 nM, respec-
tively, all n � 12). Since these values are near the IC50

for Ca2� action in cells expressed with wt CaM, we
might expect that expression of wt CaM would cause an
increase of tonic CaM action at “resting” [Ca2�]i. If so,
this predicts that initial current amplitudes (before we
altered [Ca2�]i with our ionomycin solutions) would be
considerably smaller in cells cotransfected with wt CaM.
Thus, we compared the density of the KCNQ2/3 cur-
rent in the groups of cells cotransfected with wt CaM,
with DN CaM, or without any CaM. We found a large
difference in current density in those three groups of
cells (Fig. 1 E). For cells not cotransfected with CaM,
the current density was 49 � 12 pA/pF (n � 14); for
cells cotransfected with DN CaM, it was 60 � 15 pA/
pF (n � 17), and for cells cotransfected with wt CaM,
it was only 14 � 2 pA/pF (n � 18, P � 0.01). The dif-
ference in current density between control and wt
CaM–overexpressing cells was not due to differences
in KCNQ2/3 channel expression since immunoblot
analysis of whole-cell lysates from CHO cells trans-
fected with myc-tagged KCNQ2/3 channels and wt or
DN CaM did not reveal a noticeable difference in cel-
lular channel expression in the three groups (unpub-
lished data), although such immunoblot analysis can-
not distinguish between proteins that are assembled
in the membrane as channels, and those that are not.
We interpret these results as suggesting that coexpres-
sion of wt CaM causes there to be tonically more Ca2�-
bound CaM molecules available to interact with the
channels.

SCG M Current Is Sensitive to Changes in [Ca2�]i

We tested if endogenous M channels in rat sympathetic
SCG neurons are also sensitive to [Ca2�]i. As for
KCNQ2/3 channels in CHO cells, we reasoned that we
should be able to regulate such Ca2� modulation in
SCG neurons by manipulating [Ca2�]i using our iono-
mycin-containing bath solutions. Such experiments are
made complicated in SCG cells by the plethora of Ca2�-
gated conductances that such neurons express, includ-
ing several types of Ca2�-activated K currents. These
Ca2�-activated K current, being biophysically and phar-
macologically quite different from M current (no slow
deactivation, very negative threshold for activation at
high [Ca2�]i, little XE991 or linopirdine sensitivity)
nevertheless produced considerable interference to
our measurements, especially at high [Ca2�]i. To mini-
mize such interference, we designed a protocol that al-
lowed short and relatively small (within 200 nM) Ca2�

rises (Fig. 2). In such experiments we started to perfuse
cells with EGTA-buffered Ca2�-free solution (without
ionomycin) shortly after gigaseal formation and contin-
ued perfusion during the loading of fura-2 into the
cell. Thus, we started to measure M current amplitude
and fura-2 fluorescence at relatively low initial [Ca2�]i

(usually 30–50 nM). [Ca2�]i was then elevated by a brief
application of ionomycin-containing 2 mM Ca2� solu-
tion. Once elevation of [Ca2�]i was detected, perfusion
was switched back to Ca2�-free solution, preventing an
exceedingly high [Ca2�]i rise that could turn on Ca2�-
activated conductances. Fig. 2 A shows one such experi-
ment. Elevation of [Ca2�]i from �80 to �150 nM in-
duced a strong suppression of M current amplitude
that then recovered when [Ca2�]i was lowered back to
its initial level. Data from nine such experiments are
summarized in Fig. 2 B. An increase of [Ca2�]i from
49 � 9 nM to 241 � 23 nM was accompanied by a re-
versible decrease of M current amplitude by 47 � 10%.
Thus, native M current is also highly [Ca2�]i sensitive,
and the sensitivity is in a similar range of [Ca2�]i as that
for KCNQ2/3 channels coexpressed with wt CaM in
CHO cells.

CaM Binds to KCNQ2–5 Subunits and to an IQ Domain on 
KCNQ3 Channels

Our physiological experiments suggested that CaM
might act by interacting with the channel proteins. It
has been demonstrated that neuronal M-type currents
are made by various combinations of KCNQ2–5 sub-
unit types (Jentsch, 2000; Roche et al., 2002; Shah et
al., 2002). It seems that KCNQ3 can act as the “master
subunit,” for it coassembles with KCNQ2 and KCNQ5,
but the latter two not with each other. Recent work has
focused on binding of CaM to domains on KCNQ2
channels (Wen and Levitan, 2002; Yus-Najera et al.,
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2002). Thus, we extended such experiments to the
other subtypes. To probe for CaM interactions with
KCNQ2–5, we performed immunoprecipitation (IP)
experiments, followed by immunoblotting. KCNQ2–5
subunits were epitope tagged by introduction of the
myc epitope to their amino termini and individually ex-
pressed in CHO cells. Current properties of KCNQ2–5
channels were not affected by introduction of the myc
epitope (unpublished data). In immunoblots prepared
from whole-cell lysates of CHO cells individually trans-
fected with myc-tagged KCNQ2–5 channels, anti-myc

antibodies specifically labeled the channels at the mo-
lecular weights of �100 kD for KCNQ2, 110 kD for
KCNQ3, 80 kD for KCNQ4, and 125 kD for KCNQ5
(Fig. 3 A, bottom). Lysate from cells expressed with wt
KCNQ3 was not labeled, showing the specificity of the
myc antibodies (unpublished data). CHO cells were in-
dividually transfected with myc-tagged KCNQ2–5, to-
gether with wt or DN CaM. IPs were performed using
anti-CaM antibodies of whole-cell lysates, either in the
presence of 5 mM Ca2�, or of 5 mM EGTA. The immu-
noprecipitated proteins were run as Western gels and
immunoblotted with anti-myc antibodies. The immu-
noblots strongly labeled myc-tagged KCNQ2–5 when
expressed with either wt or DN CaM, and in both high
or low [Ca2�]-immunoprecipitating conditions (Fig. 3
A, top middle). Thus, there is an association of both wt
and DN CaM with KCNQ2–5 channels at both high and
low [Ca2�]i.

In separate experiments, we compared the ability of
anti-CaM antibodies to IP myc–tagged KCNQ2 and
KCNQ3 in lysates from cells cotransfected with wt CaM
or cells only transfected with the channels. We also
used an antibody against focal adhesion kinase (FAK)
as an irrelevant antibody IP control. FAK is endoge-
nously expressed in CHO cells, but is not expected to
bind to KCNQ channels. Fig. 3 B shows that a faint sig-
nal was seen for KCNQ3, and a very faint signal was
seen for KCNQ2 in lysates from cells not cotransfected
with CaM (top panel). The signals were much stronger
for both KCNQ2 and KCNQ3 in lysates from cells
cotransfected with wt CaM (middle panel). When the
anti-FAK antibody was used for IP instead of the anti-
CaM antibody, there were no detectable signals at all
(bottom panel). The faint signals from CHO cells not
transfected with CaM implies that there must be some
level of endogenous CaM expression in CHO cells
since the anti-CaM antibody used for IP should only
pull down CaM (and any CaM-associated proteins). We
thus compared CaM expression in CHO cells trans-
fected with wt CaM, with DN CaM, or with no CaM. Fig.
3 B (bottom) shows that cells not transfected with any
CaM express a low, but detectable, level of endogenous
CaM, and that transfection of wt or DN CaM strongly
increases the CaM signal seen on immunoblot. The
stronger signal for DN CaM versus wt CAM does not
necessarily mean that DN CaM expresses better than wt
CaM, since our antibody seems to recognize apoCaM
better than Ca2�-bound CaM (see Fig. 1, inset). The
weak, but detectable, endogenous expression of CaM
in CHO cells is consistent with the variable, but gener-
ally weak, sensitivity of KCNQ2/3 channels to [Ca2�]i

seen in cells not cotransfected with CaM. In the elec-
trophysiology experiments, there would have to be
enough endogenous CaM to partner with the ex-
pressed KCNQ2/3 channels for the channels to be

Figure 2. Modulation of M current in SCG neurons by [Ca2�]i.
(A) SCG neurons were cultured for 48–72 h and simultaneous re-
cording of M current and monitoring of [Ca2�]i performed. Fura-2
(100 �M) was loaded into the cells via the patch pipette. Plotted
are the amplitudes of the deactivating time-dependent relaxations
at �60 mV from pulses given every 3 s (black circles), and [Ca2�]i

(red line), calculated from the fura-2 emission. Measurement was
started in EGTA-buffered Ca2�-free solution, and solutions con-
taining 2 mM Ca2� plus 5 �M ionomycin or the M-current blocker
linopirdine (LP, 50 �M) were applied during the periods indi-
cated by the bars. The bottom panel shows representative current
traces at the indicated times during the experiment. (B) Correla-
tion of changes in [Ca2�]i (hatched columns) and M current am-
plitude (solid columns) induced by the application of the 2 Ca
ionomycin solution (n � 9). ***, significance at the P � 0.001
level, paired Student’s t test.
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mostly [Ca2�]i-sensitive, and the results in Fig. 1 and
the immunoblot analysis here indicate that this is likely
not the case. However, the highly sensitive IP assay re-
quires only a low level of endogenous CaM to produce
a weak IP signal in cells not cotransfected with CaM.

If CaM associates with KCNQ2–5 channels in the
presence or absence of Ca2�, where might it act to

modulate the channels in a Ca2�-dependent manner?
Inspection of KCNQ2 and KCNQ3 channel sequences
reveals two carboxy terminus domains that have simi-
larity to the “IQ” domains originally described from
CaM interactions with myosin domains of the general
motif I-Q-x-x-I-R/K-G-x-x-x-R/K (Houdusse and Cohen,
1996). Subsequent work has revealed CaM to be the
Ca2� sensor for a number of different ion channels that
are sensitive to [Ca2�]i and that CaM often acts at such
IQ domains on these channels to modulate them upon
[Ca2�]i rises. For several different channels modulated
in this way, CaM acts by binding to IQ domains in a
Ca2�-dependent manner, although CaM may be pre-
tethered to the channels in its Ca2�-free “apoCaM”
form (for review see Saimi and Kung, 2002). In the case
of the more distal of the two IQ domains seen in KCNQ
channels, its sequence also has features of the 1-5-10
type of CaM-binding domain (Rhoads and Friedberg,
1997; Yus-Najera et al., 2002). We focused on KCNQ2
and KCNQ3 and will call their two IQ-like domains IQ1

and IQ2 (Fig. 4 A).
To test for interactions between CaM and these puta-

tive CaM-binding domains, we performed gel-shift as-
says using purified recombinant CaM protein and syn-
thesized peptides containing IQ1 and IQ2 of KCNQ2
and KCNQ3 (see materials and methods). As a posi-
tive control, we also used a peptide from the IQ-like do-
main identified on the CaV1.2 (�1C, L-type) Ca2� chan-
nel that has been shown to directly bind CaM in a Ca2�-
dependent manner on gel-shift assays (IQL peptide)
(Peterson et al., 1999). CaM protein was preincubated
at different peptide/CaM molar ratios or just with pep-
tide buffer, and the incubations run on nondenaturing
(native) PAGE. The migrated proteins were visualized
either by silver staining the gels, or by transferring the
proteins to nitrocellulose and immunoblotting with
anti-CaM antibodies. The gel-shift assays were run in
the presence of either 2 mM Ca2� or 2 mM EGTA in
the sample and running buffers. We found that, in the
presence of Ca2�, inclusion of the IQ2 peptides of both
KCNQ2 and KCNQ3, or the IQL peptide, caused a shift
in the mobility of CaM in the gel. However, for all three
peptides, there was no shift in CaM mobility in the ab-
sence of Ca2� (Fig. 4 B, n � 3). We did not observe a
mobility shift when we performed this same test using
any of the IQ1 peptides of KCNQ2 and 3 at molar ratios
up to 10:1 peptide:CaM. Thus, we suggest that the
Ca2�-dependent site of action on KCNQ2 and KCNQ3
subunits of Ca2�/CaM may be at their IQ2 domain.

Ca2�/CaM Mediates Bradykinin Inhibition of Neuronal
M Current

The data presented in Figs. 1–4 suggest that CaM can
act as the Ca2� sensor of cloned KCNQ2/3 channels,
and of native M channels, and could mediate Ca2�-depen-

Figure 3. CaM coimmunoprecipitates with KCNQ2–5 channels.
(A) CHO cells were transfected individually with myc-tagged
KCNQ2–5 channels and either wt CaM or DN CaM, as indicated.
Lysate proteins were immunoprecipitated in the presence of either
5 mM Ca2� (top panels) or 5 mM EGTA (middle panels) with anti-
CaM antibodies, the immunoprecipitates run as immunoblots and
probed with anti-myc antibodies. The bottom panels show immu-
noblots using anti-myc antibodies from the same lysates as in the
upper and middle panels, without immunoprecipitation. (B) CHO
cells were transfected with myc-tagged KCNQ2 or KCNQ3 chan-
nels, either alone (top) or together with wt CaM (middle, lower).
Lysate proteins were immunoprecipitated with either anti-CaM an-
tibodies (top, middle), or anti-FAK antibodies (lower), the immu-
noprecipitates run as immunoblots and probed with anti-myc anti-
bodies. The bottom panel is an immunoblot of lysates from CHO
cells transfected with wt CaM, DN CaM, or no CaM, and probed
with anti-CaM antibodies. We find that our anti-CaM antibodies
have higher affinity for apoCaM than for Ca2�-bound CaM.
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dent modulation. Since bradykinin suppression of M
current in rat sympathetic neurons involves a rise in
[Ca2�]i and is blocked by agents that prevent such rises
(Cruzblanca et al., 1998; Delmas et al., 2002), we hy-
pothesized that CaM can act as the Ca2� sensor of na-
tive M current as well and can be involved in bradyki-
nin modulation. We tested such a role for CaM in
bradykinin actions on M current in cultured rat supe-
rior cervical ganglion (SCG) sympathetic neurons by
exogenous expression in the neurons of wt or DN CaM,
using the Sinbis alphaviral method (Gamper et al.,
2003; Straiker et al., 2002). WT or DN CaM was trans-
duced into the neurons along with EGFP in the form
of a bicistronic vector (see materials and methods)
that also contains EGFP, and green-fluorescing neu-
rons were chosen for study. We found that neurons in-
fected with pseudovirions the previous night appeared
healthy and were suitable for patch-clamp study for
most of the following day. The left inset in Fig. 5 shows
transmitted light and fluorescent (�exit � 470 nm) mi-
crographs of a successfully transduced SCG cell using
the Sinbis method.

We compared the ability of bradykinin and the musca-
rinic receptor agonist oxotremorine (oxo-M) to inhibit
SCG M current in the three groups of cells using whole-
cell clamp. These experiments did not attempt to con-
trol [Ca2�]i with our ionomycin-containing bath solu-
tions, and used our usual pipette solution containing
100 �M BAPTA that allows [Ca2�]i to change (Beech et
al., 1991). We found that bradykinin inhibition was
much smaller in cells transduced with wt CaM or with

DN CaM, compared with those transduced only with
EGFP, but muscarinic inhibition was unaffected (Fig. 5,
A–C, left). Such data are summarized in Fig. 5 D (solid
bars). For neurons transduced with EGFP only (con-
trol), inhibition by bradykinin (250 nM) was 74 � 7%
(n � 8); for those with DN CaM, it was 30 � 9% (n � 10;
P � 0.001), and for those with wt CaM, it was 33 � 7%
(n � 7; P � 0.001). However, inhibition of M current by
oxo-M (10 �M) was similar in the three groups of cells,
for which the inhibitions were 91 � 1% (n � 8), 89 �
2% (n � 10), and 75 � 6% (n � 7), respectively.

Some investigators have reported subtle differences
in M current physiology when recording currents in
the perforated-patch versus whole-cell configuration.
In addition, we wanted a control for any possible unan-
ticipated effects of our psuedovirions used in the Sinbis
expression system. Thus, as a second method of expres-
sion of exogenous genes in SCG neurons, we used the
biolistic “gene gun” method (Malin and Nerbonne,
2000). As for the Sinbis experiments, cultured SCG
neurons were transfected with the bicistronic vectors
containing either wt CaM and EGFP, DN CaM and
EGFP, or EGFP alone. Neurons were cultured over-
night, “shot” with DNA-coated gold particles using the
gene gun, and green-fluorescing neurons studied the
following day. We did not see any deleterious effects of
penetration by the gold particles. The right inset in Fig.
5 shows transmitted light (left) and fluorescent (right,
�exit � 470 nm) micrographs of a successfully trans-
fected SCG cell using the gene gun method.

We performed parallel experiments to those done us-

Figure 4. CaM interacts with an IQ-like domain
in the carboxy terminus of KCNQ2 and KCNQ3.
(A) Alignment of regions of KCNQ2–5 channels
in the regions containing the IQ1 and IQ2 pep-
tides tested in gel-shift assays. Below the align-
ment is the consensus sequence for residues with
high similarity amongst KCNQ2–5. Yellow shad-
ing indicates completely conserved residues;
green-shading indicates weakly conserved resi-
dues, and blue-shaded regions are consensus resi-
dues derived from a block of similar residues at a
given position. The purple lines show the regions
most “IQ-like” in these domains. (B) Gel shift as-
says. Shown are Comassie blue–labeled 15% non-
denaturing Western gels of CaM incubated with
IQ1 and IQ2 peptides of KCNQ2 (both KCNQ3
IQ1 peptides given in materials and methods
gave the same negative result) and KCNQ3, and
the IQ domain of the �1C Ca2� channel (IQL) in
the presence of 2 mM Ca2� (left) or of 2 mM
EGTA (right) in the sample and running buffers
at CaM/peptide molar ratios indicated above
each lane. The double arrows point to the posi-
tion of CaM either alone, or bound to peptide.



T
he

 J
ou

rn
al

 o
f 

G
en

er
al

 P
hy

si
ol

og
y

26 Calmodulin Mediates Ca2� Modulation of M Current

Figure 5. Bradykinin inhibition of SCG M current is mimicked or blocked by wt or DN CaM. M currents were recorded from cultured
SCG neurons using the pulse protocol described in materials and methods. (A–C) Plotted on the panels are the amplitudes of the deac-
tivating time-dependent relaxations at �60 mV from pulses given every 3 s for neurons exogenously expressed with EGFP alone (A), or to-
gether with DN CaM (B) or wt CaM (C) using two different expression methods and recording techniques. On the left are shown experi-
ments using the Sinbis expression system and whole-cell recording, and on the right are shown experiments using the biolistic “gene gun”
and perforated-patch recording (materials and methods). Bradykinin (250 nM), oxo-M (10 �M), XE991 (50 �M), or linopirdine (LP,
50 �M) were bath applied during the periods shown by the bars. Shown on the right of the panels are representative current traces at the
indicated times from these experiments. In the inset are shown brightfield (left) or fluorescent (right) images of two SCG neurons trans-
duced with the Sinbis method (left), or transfected with the gene gun method (right). A neuron in each case displays EGFP fluorescence,
indicating successful transduction/transfection and were typical of those chosen for study. (D) Bars show mean inhibitions by bradykinin
or oxo-M for cells transduced/transfected with EGFP alone (Control), or together with DN CaM or wt CaM. The solid bars summarize the
Sinbis/whole-cell experiments and the hatched bars the gene gun/perforated-patch experiments. (E) Bars show mean initial M current
density measured at �60 mV, normalized as pA/pF, for neurons transduced/transfected with EGFP only (Control), or together with DN
CaM or wt CaM. ***, significance at the P � 0.001; **, P � 0.01; *, or P � 0.05 levels, Student’s t test.
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ing Sinbis transduction and whole-cell recording on
SCG cells transfected with the gene gun, using perfo-
rated-patch recording. We again compared the ability
of bradykinin and oxo-M to inhibit SCG M current in
the three groups of cells. As before, we found that
bradykinin inhibition was much smaller in cells trans-
fected with wt CaM or with DN CaM, compared with
those transfected only with EGFP, but muscarinic inhi-
bition was unaffected (Fig. 5, A–C, right). Such data are
summarized in Fig. 5 D (hatched bars). For neurons
transfected with EGFP only (control), inhibition by
bradykinin (250 nM) was 76 � 9% (n � 7); for those
with DN CaM, it was 38 � 12% (n � 7; P � 0.05), and
for those with wt CaM, it was 40 � 13% (n � 6; P �
0.05). However, inhibition of M current by oxo-M (10
�M) was similar in the three groups of cells, for which
the inhibitions were 86 � 4% (n � 6), 94 � 2% (n �
6), and 83 � 4% (n � 5), respectively. Thus, experi-
ments on SCG neurons transduced with Sinbis pseudovir-
ions, or transfected with the gene gun, and studied us-
ing the whole-cell or perforated-patch recording tech-
niques give the same result. Expression of wt or DN
CaM greatly affects bradykinin modulation, but has no
effect on modulation by muscarinic agonists.

One interpretation of the reduced inhibition by brady-
kinin in both DN CaM and wt CaM cells is that in the
former, bradykinin action is blocked by DN CaM, which
competes with endogenous CaM and prevents Ca2�-
mediated modulation; whereas, in the latter, overexpres-
sion of wt CaM increases tonic Ca2� modulation, mim-
icking bradykinin-induced suppression of M current. In
both cases, the extent of bradykinin modulation would
be greatly reduced, but this hypothesis predicts that, as
in the case in our CHO cell experiments, the initial M
current density in SCG cells should be much reduced in
cells transduced/transfected with wt CaM, and perhaps
somewhat larger in cells transduced/transfected with
DN CaM. Fig. 5 E summarizes our data showing that this
was precisely the case, both for the Sinbis/whole-cell ex-
periments and for the gene gun/perforated-patch ex-
periments. For the Sinbis/whole-cell experiments, for
SCG cells transduced only with EGFP, M current density
(at �60 mV) was 0.98 � 0.19 pA/pF (n � 8); for those
transduced with DN CaM, it was 1.38 � 0.31 pA/pF (n �
11), and for those transduced with wt CaM, it was re-
duced to 0.30 � 0.04 pA/pF (n � 12, P � 0.002). For the
gene gun/perforated-patch experiments, for SCG cells
transfected only with EGFP, M current density (at �60
mV) was 0.99 � 0.16 pA/pF (n � 9); for those trans-
fected with DN CaM, it was 1.42 � 0.25 pA/pF (n � 8),
and for those transfected with wt CaM, it was reduced to
0.49 � 0.09 pA/pF (n � 8, P � 0.01). M current ampli-
tudes, and the effects of wt or DN CaM overexpression
on them, were very similar between the two recording
and expression methods. These data suggest that Ca2�/

CaM mediates bradykinin inhibition of M current in
SCG neurons, and that, as in the reconstituted system,
overexpression in the cells of DN CaM or wt CaM blocks,
or amplifies, Ca2�-mediated actions, respectively.

CaM Does Not Alter Bradykinin-induced Ca2� Rises

We considered the possibilities that the effects of DN
CaM or wt CaM on bradykinin modulation could be
due to alterations in IP3 production, or on downstream
release of Ca2� from intracellular stores. To rule out
these possibilities, we investigated the extent of rises in
[Ca2�]i induced by bradykinin. [Ca2�]i was monitored
by bath-loading fura-2 into cultured SCG neurons as
the AM ester and imaging of [Ca2�]i in individual or
small groups of cultured cells. To ensure that intracel-
lular Ca2� stores were well-loaded, we used a protocol
that began with perfusion of cells in a high K� bath
solution (30 mM), which sets the cell-resting poten-
tial in a range where there is sufficient influx of Ca2�

through voltage-gated Ca2� channels to load stores.
This method has been shown to facilitate release of
[Ca2�]i from stores by Gq/11-coupled receptors in SCG
neurons (del Rio et al., 1999). We then assayed the abil-
ity of bradykinin (250 nM) to induce rises in [Ca2�]i in
neurons transduced only with EGFP using the Sinbis
method, with DN CaM, or with wt CaM. We observed
obvious bradykinin-induced rises in [Ca2�]i in about
two-thirds of the neurons in all three groups (9 of 13,
13 of 23, and 14 of 28 neurons, respectively). Typical

Figure 6. Bradykinin-induced Ca2� rises in SCG neurons are not
disturbed by wt or DN CaM. Shown in A are 340/380 nm ratiomet-
ric records of fura-2 emission from SCG cells transduced with
EGFP only (Control) or together with wt CaM or DN CaM using
the Sinbis method. Fura-2 was bath loaded into SCG neurons as the
AM ester for 30 min before the experiment. A high K� bath solu-
tion (30 mM) was first applied (which raises [Ca2�]i and loads
stores) several minutes before application of bradykinin (250 nM).
The traces have been offset from each other for clarity. We did not
calibrate [Ca2�]i in these experiments. (B) Bars show mean in-
creases in the 340/380 nm ratio by bradykinin (n � 9, 13, and 14
for control, DN CaM, and wt CaM, respectively).
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Ca2� rises induced by bradykinin are shown in Fig. 6 A
(left) for a cell from each group. There was no signifi-
cant difference in the extent of rises in [Ca2�]i, quanti-
fied as the change in the 340/380 nm ratio. We did not
calibrate [Ca2�]i with these AM-loaded fura-2 experi-
ments as this is notoriously unreliable (Zhou and Ne-
her, 1993). These data are summarized in Fig. 6 B. For
neurons transduced with EGFP alone, DN CaM, or wt
CaM, bradykinin caused a change in the 340/380 nm
ratio of 0.04 � 0.01 (n � 9), 0.03 � 0.01 (n � 13), and
0.03 � 0.01 (n � 14), respectively. We conclude that
the reductions in bradykinin modulation of M current
in neurons transduced/transfected with wt CaM or
with DN CaM were not due to a diminished ability of
bradykinin to release Ca2� from stores in those cells
and are indeed likely due to the role of CaM in Ca2�

modulation of the channels.

D I S C U S S I O N

This work implicates CaM in modulation of M-type K�

channels by intracellular Ca2� and suggests that brady-
kinin modulation of M current in sympathetic neurons
uses CaM in concert with rises of [Ca2�]i. In our recon-
stituted system using CHO cells, KCNQ2/3 channels
expressed alone, without CaM, showed a weak and vari-
able sensitivity to changes in [Ca2�]i. Cells coexpressed
with a DN CaM that cannot bind Ca2� displayed
KCNQ2/3 currents with almost no sensitivity to [Ca2�]i

over a physiological range from �10 nM to 400 nM.
However, those coexpressed with wt CaM as well as
KCNQ2/3 channels displayed currents that were highly
Ca2� sensitive over this range. Similar to KCNQ2/3 cur-
rent in CHO cells overexpressing wt CaM, native M cur-
rent in SCG neurons was also found to be highly Ca2� sen-
sitive. Gel-shift assays suggest that the site of CaM action
on KCNQ2 and 3 subunits may be at a domain sharing
features of IQ and 1-5-10 domains identified on other
Ca2�-sensitive channels. Finally, bradykinin modulation of
native M current, which involves rises in [Ca2�]i, is
blocked by expression in the neurons of DN CaM and
mimicked by expression of wt CaM. Thus, we suggest that
CaM acts as a Ca2� sensor of M-type channels, endowing
them with a high sensitivity to changes in [Ca2�]i.

Previous work on the action of [Ca2�]i on M current
has revealed differences in the [Ca2�]i sensitivity of
mammalian and amphibian M currents. Whereas M
channels in rat SCG neurons were suggested to be
highly Ca2� sensitive, with rises of [Ca2�]i depressing
channel activity (Selyanko and Brown, 1996a,b), M cur-
rent in frog sympathetic neurons seems to have a more
complex Ca2� sensitivity. It has been shown that in-
creases of [Ca2�]i in the range of 60–120 nM augments
M current in such neurons whereas further rises above
200 nM have an inhibitory effect (Marrion et al., 1991;

Yu et al., 1994; Marrion, 1996). In addition, calcineurin
involvement has been suggested in the frog (Marrion,
1996), but ruled out in the rat (Selyanko and Brown,
1996a). Perhaps the mechanisms conferring Ca2� sensi-
tivity of M current in lower vertebrates differs from
those of mammalian cells.

Since this work focuses on M channels in mammalian
cells, of most relevance to this study is the work of Alex
Selyanko in David Brown’s lab (Selyanko and Brown,
1996a,b). Using inside-out patches from SCG neurons,
they found an “exquisite” sensitivity of single M chan-
nels to cytoplasmic-facing [Ca2�]i, with an EC50 of �100
nM and maximal inhibition of 87%. Interestingly, they
found that not all patches from SCG cells had Ca2� sen-
sitivity to their M channels (28 of 44 patches) and spec-
ulated that perhaps a Ca2�-sensing auxiliary protein
sometimes dissociated away. Our results with KCNQ2/3
channels are quantitatively congruent with theirs and
suggest that the needed auxiliary protein was calmodu-
lin. The similarity of the concentration dependence of
Ca2� actions reported here (IC50 � 70 nM) and that of
Selyanko and Brown (1996a) imply that our global
measurements of [Ca2�]i in CHO cells are a reason-
able indicator of Ca2� sensed by KCNQ2/3 channels.
Although the extent of bradykinin-induced rises of
[Ca2�]i are modest (this study; Cruzblanca et al., 1998;
Delmas et al., 2002), we found that when partnered
with CaM, KCNQ2/3 channels are indeed exquisitely
sensitive to [Ca2�]i right in the range measured for rest-
ing [Ca2�]i in sympathetic neurons. Furthermore, the
steepness of the Ca2� dependence that we observed
means that bradykinin-induced rises of [Ca2�]i within
100 nM in amplitude would be more than sufficient to
have a large effect on M current.

A more subtle permissive effect of intracellular Ca2�

on muscarinic modulation has been described that
arises from the blocking action of intracellular Ca2�

buffers on mAchR inhibition of M-type K� and N-type
Ca2� channels (Beech et al., 1991; Shapiro et al., 1994,
2000; Cruzblanca et al., 1998). In the present work,
muscarinic inhibition of M current in SCG cells trans-
duced with DN CaM was unaffected in the same cells
in which bradykinin inhibition was strongly blocked.
Thus, it seems unlikely that CaM mediates this permis-
sive effect of [Ca2�]i on muscarinic modulation of M
current. Probably another Ca2�-binding protein (Bur-
goyne and Weiss, 2001; Guo et al., 2002) is involved in
this action or the site of this Ca2� action is not within
the channel, but within some other protein, e.g., phos-
pholipase C (Suh and Hille, 2002).

Much recent work has highlighted the role of CaM in
mediating Ca2� regulation of a number of different ion
channels. Although binding of Ca2� to CaM is the
switch in all of these actions, subtle differences have
been found in the precise mechanism by which Ca2�/
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CaM works. A central variant is whether calmodulin is a
dissociable or constitutive partner of the targeted chan-
nels. Examples of the former type of CaM/channel
modulation are the cyclic nucleotide–gated (Chen and
Yau, 1994; Hsu and Molday, 1994; Varnum and Zagotta,
1997; Trudeau and Zagotta, 2002), EAG K� (Schonherr
et al., 2000), and NMDA channels (Ehlers et al., 1996).
Examples of the latter type of action (often called the
“pretethering mechanism”) are the SK K� and L-type
Ca2� channels (for reviews see Levitan, 1999; Saimi and
Kung, 2002). Even in the latter two cases, true preteth-
ering of Ca2�-free apoCaM has been difficult to un-
equivocally show, although the method of 3-cube FRET
has proven powerful in this regard (Erickson et al.,
2001).

Two recent papers have reported on the biochemis-
try of calmodulin binding to KCNQ channels (Wen and
Levitan, 2002; Yus-Najera et al., 2002). Using similar
biochemical approaches, both papers demonstrated
CaM binding to the intracellular COOH-terminal do-
mains of KCNQ2 and KCNQ3 channels, and disruption
of binding by mutagenesis of residues at regions similar
to those named IQ1 and IQ2 in the present study. The
former work suggested that CaM is not involved in Ca2�

modulation of M-type channels, but rather in their as-
sembly in the membrane, a secondary role for CaM also
suggested for SK4/IK1 K� channels (Joiner et al.,
2001). While we did not systematically investigate this
issue, we did not observe less KCNQ2/3 current in cells
not cotransfected with wt CaM or in those cotrans-
fected with DN CaM. Rather, we found that currents
were smaller in cells overexpressing CaM and greater
in cells overexpressing DN CaM, which is more consis-
tent with a role for CaM in Ca2� sensing than in chan-
nel assembly. It may be, however, that CaM has a dual
role in KCNQ channel physiology.

As in the present work, both Yus-Najera et al. (2002)
and Wen and Levitan (2002) found both Ca2�-depen-
dent and -independent aspects of CaM–KCNQ channel
interactions. The first group suggest a Ca2� depen-
dence of the interaction that is inverted: CaM binds to
the channels better in the absence of Ca2� and tends to
dissociate upon [Ca2�]i rise, and DN CaM was found
not to interact with the channels. The second group
found that both wt CaM and DN CaM interact with
KCNQ2, consistent with our results that DN CaM can
act as a dominant negative in CaM actions. Both groups
report that mutations in regions containing our IQ1

and IQ2 sequences disrupted CaM–channel interac-
tions. Given the importance that both groups ascribed
to both of these regions for CaM binding to KCNQ2
subunits, we were surprised to find in the current work
that IQ2, but not IQ1, produced a Ca2�-dependent gel
shift of CaM. Interestingly, our IQ2 domains also con-
tain the 1-5-10 type of CaM-binding motif like that used

by NMDA channels to bind to CaM in a nonconstitutive
way (Ehlers et al., 1996), perhaps intriguingly predict-
ing our results for KCNQ2/3 heteromultimers that
seem to fit to neither a strict pretethering nor dissocia-
ble model.

The effects of overexpression of wt CaM in reducing
basal KCNQ2/3 currents in CHO cells or M current in
SCG neurons suggest that at resting [Ca2�]i, a signifi-
cant fraction of the channels may be CaM free. We sug-
gest that overexpression of wt CaM creates more Ca2�-
bound CaM molecules able to interact with the chan-
nels, thus increasing tonic CaM action. At resting
[Ca2�]i (�60 nM) in our CHO cells coexpressing wt
CaM, some fraction of channels are tonically modu-
lated. We were then able to alter the modulation by ex-
ternally varying [Ca2�]i, increasing or decreasing the
current. In SCG cells, the resting [Ca2�]i has been mea-
sured to be in the 50–100 nM range (Thayer et al.,
1988; Beech et al., 1991; Trouslard et al., 1993; Cruz-
blanca et al., 1998; del Rio et al., 1999; Delmas et al.,
2002) and so by overexpressing wt CaM, we likewise
reason that many more M-channels than usual are toni-
cally modulated by Ca2�/CaM before bradykinin stimu-
lation. Our ionomycin experiments in SCG cells (Fig.
2) confirm the tonic Ca2� modulation of M channels
suggested by previous work (Selyanko and Brown,
1996b). The disrupting abilities of DN CaM on Ca2�

modulation of KCNQ2/3 channels in CHO cells and
on bradykinin modulation of M current in SCG cells
strongly imply that DN CaM can interact with the chan-
nels.

While there are several models that might explain
our results, we find attractive one that involves a gener-
ally modest affinity of apoCaM for the channels, with a
higher affinity for them of Ca2�/CaM, and conse-
quently a distinct and strong affinity of Ca2� for the
CaM–channel complex. This idea is supported by the
observations that the affinity of Ca2� for apoCaM,
which is usually in the low �M range, is often increased
a thousand-fold upon binding of apoCaM to its sub-
strate, and that the affinity of apoCaM for IQ-like do-
mains can be quite variable, depending on the exact se-
quence involved (Jurado et al., 1999). Thus, overex-
pression of wt CaM leads to greater association of the
channels with CaM by mass action and to their greater
tonic inhibition at resting Ca2�. Overexpression of DN
CaM, however, leads to greater association of the chan-
nels with DN CaM over endogenous CaM, resulting in
channels that remain Ca2�-insensitive and in SCG M
current that is not modulated by bradykinin. Future
work will seek to determine the affinity and kinetics of
the binding of apoCaM and Ca2�/CaM to KCNQ chan-
nels and for the binding of Ca2� to the CaM–channel
binding domain complexes. Such experiments will de-
termine the precise model of CaM action, and yield in-
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sights into the physiological responses that couple
changes in Ca2� to control of M current, and thus, to
regulation of neuronal excitability.
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