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ATP-sensitive potassium (Kytp) channels play import-
ant roles in many cellular functions such as hormone
secretion and excitability of muscles and neurons.
Classical ATP-sensitive potassium (lkrp) channels are
heteromultimeric membrane proteins comprising the
pore-forming Kir6.2 subunits and the sulfonylurea
receptor subunits (SUR1 or SUR2). The molecular
mechanism by which hormones and neurotransmitters
modulate Karp channels via protein kinase A (PKA)
is poorly understood. We mutated the PKA consensus
sequences of the human SUR1 and Kir6.2 subunits
and tested their phosphorylation capacities inXenopus
oocyte homogenates and in intact cells. We identified
the sites responsible for PKA phosphorylation in the
C-terminus of Kir6.2 (S372) and SUR1 (S1571). Kir6.2
can be phosphorylated at its PKA phosphorylation site
in intact cells after G-protein (Gs)-coupled receptor or
direct PKA stimulation. While the phosphorylation of
Kir6.2 increases channel activity, the phosphorylation
of SUR1 contributes to the basal channel properties
by decreasing burst duration, interburst interval and
open probability, and also increasing the number of
functional channels at the cell surface. Moreover, the
effect of PKA could be mimicked by introducing
negative charges in the PKA phosphorylation sites.
These data demonstrate direct phosphorylation by
PKA of the K o1p channel, and may explain the mechan-
ism by which Gs-coupled receptors stimulate channel
activity. Importantly, they also describe a model of
heteromultimeric ion channels in which there are func-
tionally distinct roles of the phosphorylation of the
different subunits.

Keywords ATP-sensitive K channel/Kir6.2/
phosphorylation/PKA/SUR1

Introduction

Regulation of ion channels by intracellular signals through
protein phosphorylation is an important event that controls
a wide variety of cellular functions (Levitagt al, 1994).
Many classes of ion channel, including £aNa' and
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K* channels, are regulated by protein phosphorylation
(Levitanet al, 1994). The most common mechanisms of
phosphorylation of ion channels are mediated by protein
kinase A (PKA) and protein kinase C (PKC); the phos-
phorylation by PKA and PKC on serine and threonine
residues alters channel properties by modifying the kinetics
and/or the number of active channels present at the
plasma membrane (Jonas and Kaczmarek, 1996). Despite
extensive studies of the phosphorylation—function relation-
ships of ion channels, little is known of distinct roles
for the phosphorylation of the different subunits in the
modulation of heteromultimeric ion channels.

Karp channels couple cell metabolism to membrane
potential in many types of cell, and participate in a variety
of cellular functions including hormone secretion, vascular
smooth muscle tone, and excitability in neurons and
muscles (Ashcroft, 1988). In pancreaflecells, the Kyrp
channel is critical for glucose- and sulfonylurea-induced
insulin secretion (Coolet al, 1988). Indeed, mutations
of the Kytp channel which result in loss of its function
lead to familial persistent hyperinsulinemic hypoglycemia
(Thomaset al., 1995; Kaneet al,, 1996). In addition, we
have recently found that there is almost no insulin secretory
response to either glucose or the sulfonylurea tolbutamide
in Karp channel-deficient mice (Miket al., 1998).

Classical Ktp channels comprise the inward rectifier
Kir6.2 subunits and sulfonylurea receptor subunits (SUR1
or SUR2), which belong to the ATP-binding cassette
(ABC) superfamily with two nucleotide binding folds
(NBF-1 and NBF-2) (Babenket al,, 1998; Seino, 1999).
Heterologous expression studies show that differing com-
binations of Kir6.2 and SUR1 or SUR2 (SUR2A or
SUR2B) reconstitute kp channels with distinct nucleo-
tide sensitivities and pharmacological properties (Inagaki
et al, 1995, 1996; Isomotet al, 1996). The pancreatic
B-cell Katp channel is composed of Kir6.2 subunits and
SUR1 subunits with 4:4 stoichiometry (Babenko al,,
1998; Seino, 1999). While the Kir6.2 subunits form the
K* ion permeable pore, and are thought to primarily
confer inhibition by ATP (Tuckeet al, 1997), the SUR1
subunits are thought to mediate the stimulatory effect of
MgADP, and are the primary target for pharmacological
agents such as sulfonylureas and Khannel openers
(Inagakiet al,, 1995; Nicholset al, 1996; Gribbleet al,
1997). Although deletion of the C-terminus of Kir6.2
(Kir6.2 AC26 or AC36) produces Krp channel currents
in the absence of SUR1 subunits (Tuclaral, 1997),
both Kir6.2 subunits and SUR1 subunits are normally
required for functional expression of th@-cell Karp
channel (Inagaket al, 1995).

In addition to being regulated by various nucleotides,
Katp Channels are modulated by hormones and neuro-
transmitters (De Weillet al., 1989; Wellmaret al,, 1998),
and accumulating data indicate that intracellular signals
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Phosphorylation of the human Karp channel
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channel activity. It has been shown that the activities of
Kap channels are regulated also by PKA (Ribadetal, Fig. 2. Expression of human wild-type and mutant Kir6.2Xenopus
1989; Quayleet al, 1994; Wellmanet al, 1998). In the oocytes and phosphorylation in hpmogen_ates upon stlmulatlon_of
. . cellular PKA. A) Cellular expression of wild-type and mutant Kir6.2
pancreatch-c_eII lines RINm5F and I_-||T, for _examp_le, in oocytes. Control oocytes without injection (lane 1) or oocytes
exogenously introduced PKA catalytic subunits activate injected with human SURL cRNA together with human wt Kir6.2
the Katp channels (Ribalett al., 1989). In arterial smooth  (lane 2) or mutant Kir6.2 (lanes 3-5) cRNAB)(Phosphorylation of
muscle and in ventricular myocytes, the,k channels  Wild-type and dmuta_nt 'ﬂre-zb'” hom‘l’ge”ates- The phojphory'aF'O”h
are als_o_ activated by Gs-coupled receptor stimulation or :)ergggﬂzewgssmmecf,\;Pe(gnseesng? jyagyeilg' ghg ’ﬁ)agndla)tﬂ;mt €
by addition of exogenous PKA (Not=i al, 1992; Quayle absence (lanes 1-4 and 6-11) or in the presencepdl PKA
et al, 1994). Phosphorylation by unknown kinases of the inhibitor H-89 (lane 5). Autoradiographs of immunoprecipitation of
sulfonylurea receptor is also thought to modulate the effect human Kir6.2 are shown. A representative example from three similar
of diazoxide on Kp channel activity (Niki and Ashcroft, results is shO\{vn._ st, proteins of known molecular mass (97.4, 66, 46,
. . . 30, 14.3 kDa); ni, non-injected oocytes.

1992), or to be involved in the maintenance of channel
activity (Findlay and Dunne, 1986). However, the molecu-
lar basis of PKA-mediated phosphorylation of#& phorylation in the cytoplasmic C-terminal region of human
channels is not known. Kir6.2, and four sites (T949, S1446, S1500 and S1571)

Due to the importance of PKA-mediatedy# channel in human SUR1 (Figure 1). While the putative sites for
phosphorylation in various tissues, we attempted to identify PKA phosphorylation in Kir6.2 are conserved among the
the PKA phosphorylation sites in the human pancreatic different species identified to date, those in SUR1 are not
B-cell Karp channel (Kir6.2/SUR1) and have investigated conserved. S1571 is a human-specific site, while the other
the effects of such phosphorylation on its activity and sites are also present in rat and/or hamster. Biosynthetic
kinetic properties. Our biochemical studies demonstrate labeling with F°S]methionine of Xenopus oocytes
directly that serine at residue 372 of Kir6.2 and serine at expressing SUR1 plus wild-type (wt) Kir6.2 or SUR1 plus
residue 1571 of SURL1 are both phosphorylated by PKA. each mutant Kir6.2 showed that wt Kir6.2 and all the
While the PKA site in Kir6.2 can be phosphorylated in mutants are expressed at a similar level (Figure 2A,
intact cells after Gs-coupled receptor or direct PKA lanes 2-5). The phosphorylation capacity by PKA stimula-
stimulation, SURL1 is already phosphorylated by PKA in tion was then tested in the homogenates. After immunopre-
the basal state. Electrophysiological analyses show thatcipitation of Kir6.2, an increase in th&P incorporation
while the phosphorylation of Kir6.2 increases activity of upon cAMP addition was detected Xenopusoocytes
the Karp channels, the phosphorylation of SURL1 affects expressing wt Kir6.2/SUR1 (Figure 2B, compare lane 2
channel properties by decreasing burst duration, interburstwith lane 4), indicating that Kir6.2 became phosphorylated
interval and open probability. These effects were mimicked in response to PKA stimulation. Addition of the specific
by introducing negative charges into PKA phosphorylation PKA inhibitor H-89 to the homogenate completely
sites of Kir6.2 (372D) or SUR1 (1571D). The phosphoryl- abolished the phosphorylation (Figure 2B, compare lane 4
ation of SUR1 is also involved in the maintenance of with lane 5), confirming the specificity of the PKA-
functional expression of fgp channels at the cell surface. mediated phosphorylation. Despite the similar level of
expression of wt Kir6.2, the mutant S372A and the double
mutant T224A/S372A (Figure 2A), the phosphorylation

Results of both mutants was completely abolished (Figure 2B,
Identification of the phosphorylation site for compare lane 4 with lanes 9 and 11), while the T224A
protein kinase A in the human B-cell K4rp channel mutation did not affect the phosphorylation of Kir6.2
(Kir6.2/SUR1) (Figure 2B, compare lane 4 with 7). Abolition of the PKA-

Analysis of the amino acid sequence reveals the presencemediated phosphorylation of Kir6.2 was also obtained by
of two consensus sites (T224 and S372) for PKA phos- mutating the serine 372 in aspartate (unpublished data).
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H-89 = & = = % in a reconstituted system.

injection w « w
ol = = g § % 2 PKA-mediated phosphorylation in the human B-cell
iran - Katp channel in intact cells

Although our data indicate clearly that phosphorylation
Fig. 3. Expression of human wild-type, rat wild-type and human occurs at specific sites in & channels, to determine if
mutant SUR1 inXenopusoocytes and phosphorylation in homogenates  these sites are phosphorylated in intact cells, we transiently
upon stimulation of cellular PKA.X) Cellular expression of wild-type transfected COS-1 cells with either human wt Kir6.2 or
and mutant SURL in oocytes. Control oocytes without injection . . .

(lane 1) or injected with human Kir6.2 cRNA together with human mutant Kir6.2 S372A cDNA together with either human
wild-type (lane 2), rat wild-type (lane 6) or human mutant (lanes 3-5) Wt _SUR_]-_ or the mutant SUR1 51_57_1A cDNA, and tested
SUR1 cRNA. B) Phosphorylation of wild-type and mutant SUR1 in their ability to be phosphorylated in intact cells after PKA
homogenates. The phosphorylation reaction was done in the absence stimulation. In untransfected COS-1 cells, neither Kir6.2

(lanes 1, 3, 6, 8, 10 and 12) or in the presence oftSDCAMP ; ; ;
(lanes 2, 4, 5, 7, 9, 11, 13 and 14) and in the absence (lanes 1-4 and nS%gSUTI_:]L. CO.U|d tl):e detezt:d a(fjteBI’ r?etabf“((:ﬁlzabell[ﬂg with
6-13) or in the presence of M PKA inhibitor H-89 (lanes 5 and [*>S]me 'Onm_e (Figure an , lane 1) orPJortho-

14). Autoradiographs of immunoprecipitation of human and rat SUR1  phosphate (Figure 4C and D, lanes 1-3). In transfected
are shown. A representative example from three similar results is cells, metabolic labeling with*$S]methionine showed that
shown. st, proteins of known molecular mass (97.4, 66, 46, 30, Wild-type and mutants of both subunits were expressed at

14.3 kDay; ni, non-injected oocytes. similar levels (Figure 4A and B, compare lane 2 with 3).

The phosphorylation of wt Kir6.2 but not that of Kir6.2
These results indicate that serine at residue 372 of Kir6.2 S372A was increased by stimulation of COS-1 cells
can be directly phosphorylated by PKA. with forskolin and 3-isobutyl-1-methylxanthine (IBMX)

A similar approach was used to identify the phosphoryl- or dibutyryl cyclic adenosine monophosphate (dbcAMP)
ation site for PKA in human and rat SUR1. Metabolic (Figure 4D, compare lane 4 with lane 5 or 6 and also
labeling with F®S]Jmethionine showed that the expression compare lane 7 with lane 8 or 9). This indicates that
levels of each SUR1 mutant in oocytes was comparable serine-372 in human Kir6.2 can also be phosphorylated by
with that of wild type (Figure 3A, compare lane 2 with PKA inintact cells. In contrast, wt SUR1 is phosphorylated
lanes 3-5). Wild-type human SUR1 became phosphoryl- under the basal condition (Figure 4C, lane 4). We could
ated in response to PKA stimulation, but wild-type rat not detect any significant increase in wt SUR1 phosphoryl-
SUR1 was not phosphorylated by PKA (Figure 3B, ation by stimulation with forskolin and IBMX or dbcAMP
compare lanes 3 and 4 with lanes 12 and 13, respectively).(Figure 4C, compare lane 4 with lane 5 or 6). In addition,
The abolition of the SUR1 phosphorylation by addition mutation of the PKA site (SUR1 S1571A) did not result
of the PKA inhibitor H-89 confirmed PKA specificity of  in any significant decrease in phosphorylation in the basal
the phosphorylation (Figure 3B, compare lane 4 with 5). state (Figure 4C, lane 7), and the PKA inhibitor H-89 did
Both the S1500A and S1446A mutants were phosphoryl- not reduce this basal phosphorylation (unpublished data),
ated to the same extent as the wild type (Figure 3B, indicating that basal phosphorylation is due to unknown
compare lane 4 with lane 9 or 11). In contrast, the kinases rather than PKA. In contrast to Kir6.2, no direct
phosphorylation in the S1571A mutant in response to PKA-mediated phosphorylation of human SURL in intact
PKA was completely abolished (Figure 3B, compare lane 4 cells could be detected.
with 7). PKA-mediated phosphorylation of human SUR1  To determine if the basal phosphorylation could mask
was also abolished by the substitution of serine-1571 with the PKA-mediated SUR1 phosphorylation, we performed
aspartic acid (unpublished data). In all proteins that are a two-dimensional phosphopeptide mapping and phospho-
known to be phosphorylated by PKA, two positively amino acid analysis (PAA) using the immunoprecipitated
charged lysine and/or arginine residues are present at —2wild-type and mutant human SUR1 from transfected
and -3 from the phosphorylated serine or threonine COS-1 cells with or without forskolin plus IBMX stimula-
(Pearson and Kemp, 1991). Neither rat nor hamster SUR1tion. Digestion with trypsin of immunoprecipitated wild-
contains a PKA consensus phosphorylation site corres-type and the mutant SUR1 S1571A showed similar maps
ponding to serine-1571 in human SUR1. Although the of the phosphopeptides. However, one peptide became
serine residue corresponding to 1571 in human SUR1 isalmost undetectable after the digestion of the mutant
present in both species, the —3 from this serine is not a SUR1, indicating that the SUR1 PKA site is located in
positively charged amino acid, but glutamine. Accordingly, the peptide (unpublished data). Since this phosphopeptide
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Fig. 5. Expression and phosphorylation of microsomal human wild-
type and mutant SUR1 with PKAA( Microsomal expression of wild-

stf1l2|3l4|5|6|7|8|9 type and mutant SURL. Untransfectgd cont(ol COS-1 cells (lanes 1
C and 2) or COS-1 cells transfected with wt Kir6.2 and wt SUR1
[ —SUR1 cDNAs (lanes 3 and 4) or the mutant Kir6.2 S372A and the mutant
ne SUR1 S1571A cDNAs (lanes 5 and 6B)(Phosphorylation of wild-
974-;_' type and mutant SURL in COS-1 cells. Timevitro phosphorylation
D u = ‘ ' - ' S assay was done in the absence (lanes 1, 3 and 5) or in the presence
~ | —Kirg.2 (lanes 2, 4 and 6) of the PKA catalytic subunit (20 U/reaction).
> Autoradiographs of immunoprecipitation of human SUR1 are shown.
f?ggﬂ” - | + |- - I + |- |- | +| - A representative example from three similar results is shown. st,
HeMIBT = [+l = [+] = |+ proteins of known molecular mass (97.4, 66, 46, 30, 14.3 kDa). Non-
% specific bands (*) were observed after immunoprecipitation of the
A c phosphorylated samples from untransfected and transfected COS-1
= % o I cells.
Kare | % 5 o o
channel s s % o SUR1. We then carried out an vitro phosphorylation
Y E assay using the exogenous PKA catalytic subunit.

Although a slight basal phosphorylation was still present,

Fig. 4. Expression and phosphorylation of human wild-type and despite the expression levels of the wild-type and mutant

mutant Kyrp channels in intact cells upon PKA stimulation. SUR;'— being similar (Fig_ure '_5A, insets 2 and 3), the
(A andB) Microsomal expression of wt Kir6.2/SUR1 and mutant addition of PKA substantially increased the phosphoryl-
Kir6.2 3f372Ad/ 5UR1|31571A lﬁrﬁ C?Ia“”e'§ in COS-1 Ce'I'IS- cctoq 2tion of wt SURT and not that of mutant SUR1 S1571A
Untransfected control COS-1 cells (lane 1) or COS-1 cells transfecte ; ;

with wt Kir6.2 and wt SURL (lane 2) or mutant Kir6.2 S372A and (Figure 5B, compare lanes 3 and 4 with lanes 5 and 6,
SUR1 S1571A (lane 3) cDNAQ andD) Phosphorylation of respectively). Thls suggests that huma.-n SUR1 can be
wild-type and mutant Krp channels in COS-1 cells. The phosphorylated in COS-1 cells at serine-1571 but, in
phosphorylation assay was done in the absence of PKA stimulators contrast to the case Menopusocyte homogenates, such
(lanes 1, 4 and 7) or in the presence of 108 forskolin and 1 mM PKA-mediated phosphorylation can be detected only when

IBMX (lanes 2, 5 and 8) or in the presence of 1 mM dbcAMP :
(lanes 3, 6 and 9). Autoradiographs of immunoprecipitation of human the basal phOSphoryIatlon of SUR1 due to unknown

Kir6.2 and SUR1 are shown. A representative example from three kinases and PKA is low.
similar results is shown. st, proteins of known molecular mass (97.4,

66, 46, 30, 14.3 kDa). Non-specific bands (*) were observed after Receptor-mediated phosphorylation of the human
ggﬂ:{;{gﬁg@l&ag%ls?fltg:”ghosphorylated samples from untransfected B-cell Ky7p channel in COS-1 and MING ce”s

In order to understand better the physiological role of the

PKA-mediated phosphorylation of Kir6.2, we investigated
was detected in the non-stimulated state and could not bewhether the activation of different Gs-coupled receptors
further increased after PKA stimulation, the SUR1 PKA could lead to a change in Kir6.2 phosphorylation. For this
site might already be phosphorylated by PKA in the basal purpose, COS-1 cells were transiently transfected with
state in intact cells. On the other hand, phosphoamino wild-type or the mutant (Kir6.2 S372A/SUR1 S1571A)
acid analysis identified the phosphorylation of a unique Karp channel together with various Gs-coupled receptors.
serine residue, and because the mutant SUR1 did notMetabolic labeling with $S]methionine of COS-1 cells
abolish this serine phosphorylation, the basal phosphoryl- showed that the wild-type and mutant Kir6.2 were
ation could be due primarily to unknown serine/threonine expressed at a similar level (Figure 6A, inset). We then
kinases (unpublished data). determined whether or not stimulation with epinephrine,

To ascertain if a relatively high level of basal phos- which activates endogenofig-adrenergic receptors, leads

phorylation due to unknown kinases and/or PKA accounts to phosphorylation of Kir6.2 at its PKA phosphorylation
for the failure to detect anincrease in PKA-mediated SURL1 site. Stimulation of B,-adrenergic receptors with
phosphorylation in intact cells, we eliminated possible epinephrine increased the phosphorylation of wt Kir6.2,
unknown cytosolic kinases by preparing a crude membranebut not that of the mutant (Figure 6B, compare lanes 9
preparation from COS-1 cells transfected with the wiK and 11 with lanes 10 and 12, respectively). The effect
channel (Kir6.2/SUR1) or the mutaniie channel (Kir6.2 of epinephrine could be abolished by tifeantagonist
S372/SUR1 S1571A). Since no phosphatase inhibitors alprenolol (unpublished data). These data indicate that the
were included during the preparation, this purification step phosphorylation of Kir6.2 aftef3,-adrenergic receptor
also allowed us to obtain a completely dephosphorylated activation is mediated by PKA. To investigate PKA-

4725



P.Béguin et al.

st[1]2]3]a 53 7] 8]a [10]11]12]13]14[15]16
A - - - e | e | - -
B“TRE=* Bul T8
hadl B .'“ . !"“*—wuﬁz
agorist [ [+] T+ [-[e[-To]-[+]-[+]-[+] -]
_Trgc%pwr PACAP GiP pe-adrenergic| somatostatin
S N I N I R
st[1]2]3]2
—SUR1
ﬂ'-‘:ﬂ: 1
D =H.'LK"—52
L o
L H
ik

Fig. 6. Expression and phosphorylation of human wild-type and
mutant Kyrp channels in COS-1 cells and the\e channels in MIN6
cells upon G-coupled receptor and PKA stimulatioh) Microsomal
expression of wt Kir6.2 and mutant Kir6.2 S372A in COS-1 cells.
COsS-1 cells expressing endogen@ssadrenergic receptor (lanes 9—
12) or expressing various G-coupled receptors: PACAP receptor
(lanes 1-4), GIP receptor (lanes 5-8) or somatostatin receptor

(lanes 13-16) cDNA was co-transfected with wt Kir6.2 and wt SUR1
(lanes 1, 2, 5, 6, 9, 10, 13 and 14) or co-transfected with the mutant
Kir6.2 S372A and SUR1 S1571A cDNAs (lanes 3, 4, 7, 8, 11, 12, 15
and 16). B) Phosphorylation of wild-type and the mutant Kir6.2 in
COS-1 cells. The phosphorylation assay was done in the absence of
agonist (lanes 1, 3, 5, 7, 9, 11, 13 and 15) or in the presence of 8 nM
PACAP-38 (lanes 2 and 4), UM GIP (lanes 6 and 8), 1AM

epinephrine (lanes 10 and 12) or 50 nM somatostatin (lanes 14 and
16). (C andD) Phosphorylation of Kir6.2 and SUR1 in mouse
pancreatid3-cell-derived MING cells. The phosphorylation assay was
performed in the absence of stimulator (lane 1) or in the presence of
100 pM forskolin and 1 mM IBMX (lane 2), 1 mM dbcAMP (lane 3)

or 8 nM PACAP-38 (lane 4). Autoradiographs of immunoprecipitation
of human Kir6.2 (A and B) from transfected COS-1 cells or mouse
SURL1 (C) and Kir6.2 (D) from MIN6 cells are shown. A
representative example from three similar results is shown. st, proteins
of known molecular mass (97.4, 66, 46, 30, 14.3 kDa). Non-specific
bands (*) were observed after immunoprecipitation of the
phosphorylated samples from transfected COS-1 cells and MING cells.

mediated phosphorylation further, Kir6.2 and SUR1 were

we examined the capacity of Kir6.2 and SUR1 to be
phosphorylated by forskolin and IBMX, dbcAMP or
PACAP stimulation in mouse pancreat:cell-derived
MING cells, in which both Kir6.2 and SUR1 are expressed
(Inagakiet al, 1995). Similarly to human SUR1 expressed
in COS-1 cells, a basal level of phosphorylation of SUR1
in MIN6 cells was observed in the absence of stimuli,
and it was not increased by direct PKA or PACAP
stimulation (Figure 6C, lanes 1-4). In contrast, Kir6.2
phosphorylation was increased significantly (2- to 3-fold)
after forskolin and IBMX stimulation (Figure 6D, compare
lane 1 with 2), but almost no increase was observed after
dbcAMP or PACAP stimulation (Figure 6D, compare
lane 1 with lane 3 or 4), suggesting that due to the lower
abundance of both Kir6.2 and SUR1 proteins in MING
cells as compared with transfected cells, only a maximal
stimulation of PKA permits detection of Kir6.2 phos-
phorylation in these cells. These results indicate that
Kir6.2 can be directly phosphorylated at S372, both after
G-coupled stimulation in a reconstituted system and after
direct PKA stimulation in native cells, suggesting a
physiological significance of PKA-mediated phosphoryl-
ation of Kir6.2.

Effects of PKA-mediated phosphorylation on

human B-cell K51p channel properties

To determine if PKA-mediated phosphorylation could
modulate the properties of the channel, we examined
the electrophysiological properties in excised inside-out
membrane patch configuration of COS-1 cells expressing
wt Karp channels or the PKA-site mutanta channels.
The PKA catalytic subunit was applied to the bath solution
containing 10uM ATP to prevent rundown of the j¢p
channel, but this ATP concentration was sufficient for use
as a PKA substrate (Ribalet al, 1989). A progressive
increase in Krp channel activity was observed from 6 to
10 min after application of the PKA catalytic subunit. As
shown in Figure 7A and B, increase in activity was
2-fold for both wt Kir6.2/SUR1 (212%) and Kir6.2/SUR1
S1571A (209%). In contrast, no significant increase in
activity was observed in Jgp channels comprising either
Kir6.2 S372A/ wt SUR1 or Kir6.2 S372A/ SUR1 S1571A

coexpressed with other G-coupled receptors such as(Figure 7C and D). This increase in channel activity was

pituitary adenylate cyclase-activating polypeptide
(PACAP) receptor PACAP-3 (Inagakt al, 1994), gastro-
intestinal inhibitory polypeptide (GIP) receptor (Yasuda

due to neither the change in channel conductan& (p
(743 = 0.7, 72.0x 0.8 in the absence of PKA and
721+ 2.9, 74.3% 1.8 in the presence of PKA, for wt

et al, 1994) or somatostatin receptor SSTR3 (Yamada Kir6.2/SUR1 and Kir6.2 S372A/ wt SUR1, respectively,

et al, 1992), all of which are known to be expressed
in pancreaticp-cells and to modulate insulin secretion
positively or negatively. PACAP and GIP stimulation,
which increase the cAMP content in cells (Inagekial.,
1994; Yasudeet al, 1994), were able to promote phos-
phorylation of wt Kir6.2 (Figure 6B, lanes 2 and 6). In
contrast, the Kir6.2 S372A could not undergo PACAP- or
GIP-induced phosphorylation (Figure 6B, lanes 4 and 8).
As a negative control, stimulation of the somatostatin
receptors, known to inhibit adenylyl cyclase activity, could

n = 5 for each), nor the change in ATP sensitivitg;,(
pM) (27.5 = 2.2, 26.5% 1.7 in the absence of PKA and
26.3 = 2.8, 25.9* 2.5 in the presence of PKA, for wt
Kir6.2/SUR1 and Kir6.2 S372A/ wt SURL1, respectively,

n = 5 for each), but to an increase in open probability of
single channels and/or an increase in the number of
functional channels which were already present in the
membrane (Figure 7, right). These data suggest strongly
that the Kyyp channel can be activated by direct PKA-
mediated phosphorylation of S372 in Kir6.2, and that

not increase Kir6.2 phosphorylation (Figure 6B, lanes 13— PKA phosphorylation of SUR1 is not required.

16). These results indicate that stimulation of receptors

To determine if PKA-mediated phosphorylation of

coupled to the cAMP-dependent signaling pathway leads SUR1 might have functional significance, we analyzed

to the phosphorylation of Kir6.2 at serine 372.
To determine if Kir6.2 and SUR1 in native cells can
be phosphorylated by direct PKA or receptor stimulation,
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Katp channel kinetics from patches which had only a
single channel. Interestingly, as shown in Figure 8, there
is an apparent difference in the channel kinetics between
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Before After PKA Treatment with alkaline phosphatase showed both PKA-
dependent and -independent processes: a PKA-dependent
process characterized by a transient increase in channel
activity (1.7-fold) of the Kp channels comprising wt
SUR1 (Figure 8A and C) that is abolished in thgK
channels comprising mutant SUR1 S1571A (Figure 8C
and D) and a PKA-independent process observed as a
decrease in channel activity of both wild-type and mutant
Katp channels after long exposure to alkaline phosphatase
(Figure 8, right). Treatment with alkaline phosphatase also
prolonged significantly burst and cluster duration, and to
some extent the long closed timg4) of the Kyrp channels
C Kir6.2 S372A / SUR1 wt 300 comprising wt SUR1 (Figure 8A and C; Table Il), while

no significant change was observed in thgr&channels

comprising mutant SUR1 S1571A (Figure 8B and D;

Table 1l). These results indicate that human SUR1 is

0__

1— " a4}

o M M | ] w ” M

°- indeed already present in its PKA-phosphorylated form in

D Kir6.2 S372A/ SUR1 S1571A 300 intact cells and can be dephosphorylated by the addition
0— of alkaline phosphatase. As shown in Figure 4, SURL is
;_— Mm m also phosphorylated in the basal state by unknown kinases.
— 1 1 -
A  lspa 00% Although alkaline phosphatase cleaves any of the phos
105 phate groups that are phosphorylated by PKA and unknown
i ) o ] ) kinases, the insensitivity of mutant SUR1 S1571A to
Fig. 7. Changes in activities of wild-type and various mutaniK alkaline phosphatase after short exposure indicates that
channels before and after application of the PKA catalytic subunit. . . .
Current recordings were obtained in inside-out patches excised from the bur_sp and cluster duration, interburst interval and open
COS-1 cells expressing wt Kir6.2 and wt SURL)( wt Kir6.2 and the probability effects are due to the PKA rather than unknown
mutant SUR1 S1571A8), the mutant Kir6.2 S372A and wt SURCY, kinase phosphorylation. In contrast, the progressive
and the mutant Kir6.2 S372A and mutant SUR1 S157Dj The decrease in open probability after longer exposure to

effect of PKA on channel activity was examined in the same patch for : - : P
each Ksrp channel. Holding membrane potential was —70 mV. alkaline phosphatase, which may be associated with ‘run-
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Representative recordings before and at 8-10 min after PKA down’, might be due to deph_osphorylation of the sites
application are shown. Right, relative open probability (NPo) recorded phosphorylated by unknown kinases.
at 8-10 min, in the absence (hatched columns) or presence (filled To confirm that negative charges in the Kir6.2 and

columns) of PKA catalytic subunit in the bath solution= 9-10

patches for (A_D). SUR1 PKA phosphorylation sites play a role in the

modulation of channel activity, we introduced constitu-
tively negative charges by replacing both phosphorylation
the Kaytp channels comprising wt SUR1 and those compris- sites with the acidic amino acid aspartic acid. This
ing the mutant SUR1 S1571A. A channels have a  substitution was shown to mimic the action of kinases (Li
complex kinetics, one open statgy)(and three closed et al, 1993). In patches which had only a single Kir6.2
states (.1, Teo Tca) (Alekseevet al, 1997). The mean  S372D/wt SUR1 channel, a 2- to 4-fold increase in open
open and closed times during bursts are defined,and probability was observed, compared with the wt Kir6.2/
Tc1, Fespectively. Interburst kinetics are defined principally SUR1 channel (0.12= 0.06 and 0.37+ 0.10, for wt
by longer closed times;, and 1.3 (Tc3 > T¢p). AS shown Kir6.2/SUR1 and Kir6.2 S372D/ wt SUR1, respectively,
in Figure 8 and Table I, the mean burst duration and the n = 4-7). In contrast, no significant change was observed
long closed time 13 of Karp channels comprising the in open probability (0.12+ 0.06 and 0.09+ 0.03, for wt
mutant SUR1 S1571A were significantly (2- to 3-fold) Kir6.2/SUR1 and wt Kir6.2/ SUR1 S1571D, respectively,
and dramatically (6- to 9-fold) prolonged, respectively, as n = 4-7) or channel kinetics (unpublished data) for the
compared with those of Jp channels comprising wt  SUR1 S1571D mutant, as would be expected if SUR1 is
SURL1. The cluster duration in #4p channels comprising  already phosphorylated under basal conditions. These
mutant SUR1 S1571A also was greatly prolonged results indicate that the presence of negative charges (i.e.
(Figure 8, compare A or C with B or D; Table I) and, as PKA phosphorylation) in Kir6.2 and SURL1 is sufficient
a consequence, the open probability was increasedto activate the Krp channel and to determine the basal
(Table I). On the other hand, no significant change was properties, respectively.
observed for the other kinetic parameterg,1.; and T, Interestingly, rubidium efflux from the J¢p channels
These findings together suggest that the PKA phosphoryl- comprising SUR1 S1571A expressed in COS-1 cells
ation site in SUR1 of Krp channels plays an important decreased by 68 12% ( = 3), compared with that
role in basal channel kinetics. from wt Kapp channels. Since this result contrasts with
Since disruption of the SUR1 PKA phosphorylation site the increase in open probability observed by patch—clamp
alone was sufficient to affect burst and interburst kinetics analysis (Table 1), we attempted to determine the level of
and open probability, we thought that the PKA site in functional expression at the cell surface by measuring
SUR1 might already be in the phosphorylated form in the channel density. The functional channel density is deter-
basal state in intact cells. To evaluate these possibilities,mined principally by the detectable rate of channels and
we performed a dephosphorylation experiment in which the number of channels in a patch. Both the channel
the alkaline phosphatase was applied to the bath solution.detectable rate and the number of channels in a patch
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Fig. 8. Changes in burst and cluster duration, interburst interval and open probability before and after application of alkaline phosphatase (10 U/ml).
Single channels were obtained in inside-out patches excised from COS-1 cells expressing wt Kir6.2 and wABURKif6.2 and the mutant

SUR1 S1571AB), the mutant Kir6.2 S372A and wt SURC), the mutant Kir6.2 S372A and mutant SUR1 S157TA.(Holding membrane

potential was —70 mV. Representative recordings before and after (2 min) alkaline phosphatase application are shown. Right, time course of the
relative channel activiy (NPo) recorded in the absence (open circles) or presence (filled circles) of alkaline phosphatase in the bath solution.

n = 7-11 patches in (A-D).

were markedly reduced in cells transfected with mutant indicates clearly that Kir6.2 is the major site of PKA
SUR1 S1571A (Table I). In these experiments, similar phosphorylation, and that channel activity is directly
expression levels of the wild-type and mutant SUR1 modulated by such PKA-mediated protein phosphoryl-
were detected, as assessed Bglmethionine metabolic  ation. Native Kyp channels in the pancreati-cell-
labeling (unpublished data). Using channel density and derived cell lines RINm5F and HIT showed a similar
open probability parameters, the channel activity @f#&K increase in channel amplitude (2- to 3-fold) after dbcAMP
channel comprising SUR1 S1571A can be estimated asstimulation (Ribaletet al, 1989). In addition, in excised
30-40% of wt Kytp channels. These results suggest that inside-out patch configuration, A& channels in RINm5F

a reduction in both the channel detectable rate and theand HIT exhibit a similar increase in open probability
number of channels within a patch accounts for the after PKA catalytic subunit application (Ribalet al,
decrease in rubidium efflux, and that disruption of the PKA 1989). Rodent pancreatig-cell Kyrp channels (Kir6.2/
phosphorylation site in SUR1 impairs channel activity by SUR1) reconstituted in COS-1 cells also require phos-
decreasing functional expression of thgrK channels at  phorylated serine at residue 372 in Kir6.2 to increase
the cell surface. the channel activity by PKA stimulation significantly
(K.Nagashima, P.Bguin, N.Inagaki and S.Seino, in pre-
paration). Since phosphorylation of the Kir6.2 subunit is
necessary for modulating both human and rodent Kir6.2/
We have shown that the humani¢ channel comprising ~ SUR1 channel activity, and, in addition, the Kir6.2 subunit
SUR1 and Kir6.2 subunits is directly phosphorylated by couples with either SUR1, SUR2A or SUR2B subunit
PKA or Gs-coupled receptor stimulation when reconstitu- (Inagakiet al, 1995, 1996; Isomotet al., 1996), PKA-
ted in Xenopusoocyte homogenates or in intact cells. mediated phosphorylation of the Kir6.2 subunit rather
We identified S372 and S1571 in Kir6.2 and SUR1, than the SUR1 subunit seems to play the more general
respectively, as unique targets for PKA-mediated phos- role in modulating Ktp channel activity. However, the
phorylation in each subunit. The phosphorylation detected simple replacement of the PKA phosphorylation site at
in MIN6 cells and the increase in channel activity in serine-1571 with alanine in human SURL1 prolonged the
inside-out patch configuration after PKA catalytic subunit burst and cluster duration, interburst intervals( and
application suggest that ¢ channels are positively increased the open probability. Thexs channels also
controlled by a PKA-mediated process. The abolition of underwent a reduction of activity by 60—-70% in intact
this increase in activity after disruption of serine in Kir6.2 cells, which might be explained by impaired functional

Discussion
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Channel number
in a patch
26.4+ 6.5
4.8+ 0.8
19.2+ 3.4
3.2+ 0.4

Channel density

Detectable rate

(%)

66.3
40.0
65.0
35.0

Interburst kinetics (ms)
(Tcad)
131+ 66
1120+ 712
102+ 36
863+ 4%

Long closed time
)
10.1+ 2.9
12.9+ 45
8.0+ 2.6
10.5+ 1.0

Short closed
time (t¢1)

0.49=+ 0.03
0.44= 0.03
0.49+ 0.02
0.49+ 0.04

Intraburst kinetics (ms)

Open time €,)
1.94=+ 0.19
2,21+ 0.13
1.92+ 0.10
2.22+ 0.30

Cluster duration

(ms)
75+ 12

75+ 18
394 + 113
274 = 372

Burst duration
(ms)
25+ 11
73+ 17°
35+ 12
74 = 207

Open probability

(Po)
0.62 0.08

0.13+ 0.03

0.12+ 0.06
0.44- 0.02

Recordings were made at —70 mV in ATP-free conditiams=[5-7 in all cases, except for the channel density determinaticn 60—80)].

A/alues significantly different from those for wild-typeals channels P <0.05).

Table I. Properties of wild-type and various mutani# channels

Katp channel

Kir6.2 wt/SUR1 wt

Kir6.2 wt/SUR1 S1571A
Kir6.2 S372A/SUR1 wt
Kir6.2 S372A/SUR1 S1571A

Phosphorylation of the human Karp channel

expression of Kyp channels at the cell surface. Moreover,
alkaline phosphatase treatment clearly demonstrates that
SURL1 is already phosphorylated by PKA in the basal state
in intact cells. Accordingly, in contrast to the case in
rodents, PKA phosphorylation of human SURL1 is respons-
ible in part for the maintenance of functional expression
of the channels at the cell surface, and seems to be a main
factor in determining the kinetic properties observed in
native human Krp channels. Consistent with our data,
Babenkoet al. (1998) found that removal of only the 15
residues of SURL1 in which the PKA phosphorylation site
is located eliminates almost all of the channel activity, as
assessed by rubidium efflux measurements using a series
of small truncations from the C-terminal end of SUR1.

How the PKA phosphorylation site of SUR1 is tonically
phosphorylated while that of Kir6.2 is not remains unclear.
There might be an unidentified molecule that modulates
the phosphorylation by interacting with the SUR1 or
Kir6.2 subunit. Alternatively, the affinities of the PKA
phosphorylation sites of the two subunits might be differ-
ent. For example, A-kinase-anchoring proteins (AKAPS),
which are known to anchor PKA close to preferred
substrates (Rubin, 1994), could be located in proximity
with SUR1 but not with Kir6.2 to explain the observed
difference of PKA phosphorylation in the basal state.
Another interesting feature of the PKA phosphorylation
sites in the different subunits is that they contribute to
open probability in the Kyp channels in an opposite way:
SURL1 and Kir6.2 PKA phosphorylation decreasing and
increasing the channel open probability, respectively.
Accordingly, both of the C-termini probably play an
important role in gating the jgp channel pore by modify-
ing the conformation of the region. Since the PKA action
of each subunit can be mimicked by the Kir6.2 (S372D)
or SUR1 (S1571D) mutant, the negative charges carried
by both subunits seem to be good candidates for this
structural change. Previous studies have also shown that
the C-terminus of Kir6.2 plays a crucial role in the
regulation of the Kp channel (Baukrowitzt al., 1998;
Shyng and Nichols, 1998; Tuckest al, 1998). The
C-terminus appears to be involved in the binding of ATP
and PIB (Baukrowitz et al, 1998; Shyng and Nichols,
1998; Tuckeret al,, 1998), to participate in the gating of
the channel (Drairet al., 1998) and to be involved in the
intracellular trafficking (Zeranguet al., 1999). One of the
possible structural modifications by PKA phosphorylation
could be interaction with cytoskeletal elements, as is
known of the C-terminal region of Kir2.3, in which
association or dissociation with cytoskeletal elements
is under regulation by PKA-mediated phosphorylation
(Cohenet al, 1996). However, the C-terminal region of
Kir6.2 does not contain known motifs which could interact
with cytoskeletal elements.

The PKA phosphorylation in SUR1 appears to be more
complex than in Kir6.2. On one hand, the presence of the
phosphate group in human SUR1 reduces open probability,
which then becomes similar to rodent,# channels
(Trapp et al, 1998), suggesting that the channels in the
basal state naturally tend to be in the low Po mode of
gating. On the other hand, since functional expression of
the channels at the cell surface is reduced in SUR1
S1571A, the PKA phosphorylation in SUR1 might also
be involved in the trafficking from the intracellular vesicles

4729



P.Béguin et al.

Table Il. Properties of wild-type and various mutani# channels after AP treatment

Katp channel Burst duration (ms)

Cluster duration (ms) Long closed timg (

Before alkaline phosphatase

Kir6.2 wt/SUR1 wt 15.7+ 2.4
Kir6.2 wt/SUR1 S1571A 26.6- 7.6
Kir6.2 S372A/SUR1 wt 18.7# 3.0
Kir6.2 S372A/SUR1 S1571A 53.6 3.7
After alkaline phosphatase
Kir6.2 wt/SUR1 wt 50.3= 9.2
Kir6.2 wt/SUR1 S1571A 36.9 11.1
Kir6.2 S372A/SUR1 wt 41.1+ 3.2
Kir6.2 S372A/SUR1 S1571A 52.6: 6.1

40+ 13 186+ 53
152+ 35 1318+ 208
50+ 5 197+ 57
169+ 19 1654+ 594
155+ 32 402 = 60
169+ 41 1236+ 279
103 + 15 576 = 162
178+ 37 1743+ 485

Recordings were made at —70 mV in tM ATP conditions 6 = 3-6 in all
a/alues significantly different after AP treatmert €0.05).

cases).

to the plasma membrane, as has been described of watesubunits appear to be phosphorylated by PKA in all

channel aquaporin-2 (Fushirat al, 1997), or participate

species identified to date, the phosphorylation of the SUR1

in the activation of channels already present on the plasmasubunits is species specific. In addition, the role of the
membrane. The C-terminus of SUR1, therefore, seems tophosphorylation of each subunit is distinct: the PKA

play a critical role in the regulation of &p channel
activity.

phosphorylation in Kir6.2 is responsible for increasing
channel activity of the Kyp channels and can be phos-

Katp channels can be activated by Gs-coupled receptor phorylated by Gs-coupled receptors, while the phosphoryl-

stimulation. For example, stimulation of calcitonin gene-
related peptide receptor (Quayét al, 1994; Wellman
et al, 1998), A receptor (Kleppisch and Nelson, 1995)
and 3;-adrenoreceptor (Narishiget al, 1994) activate
Katp Channels via an adenylyl cyclase/PKA pathway in

ation in SUR1 participates in the basal state of the channel
properties, including burst and cluster duration, interburst
interval and open probability, and is also important for

the maintenance of functional expression of the channels
at the cell surface. Accordingly, the present study shows

arterial smooth muscles, arterial myocytes and coronary a model of modulation of heteromultimeric ion channels

artery, respectively, leading to an increase in vasodilation

in which PKA-mediated phosphorylation of the different

in these tissues. Since the present data indicate a direcsubunits has distinct roles.

phosphorylation of Kir6.2 by stimulation of Gs-coupled
receptors in intact cells, and our preliminary experiment
shows that both rat SUR2A and SUR2B do not seem to
be direct substrates for PKA-mediated phosphorylation
(unpublished data), the mechanism by which Gs-coupled
protein receptor stimulation activatesy#6 channels in
these tissues appears to be due to a direct phosphorylatio
of serine-372 in Kir6.2 by PKA. In contrast, the physio-
logical significance of PKA-mediated phosphorylation of
the Kyrp channels in pancreatif-cells is less certain.
Activation of the Kyrp channels theoretically inhibits
insulin secretion, while activation of the cAMP/PKA
pathway normally stimulates insulin secretion (Ashcroft,

Materials and methods

Site-directed mutagenesis

Point mutations were introduced into the putative PKA phosphorylation
sites of human Kir6.2 and SUR1 by the polymerase chain reaction
|4P(:R)—based method. The mutations were confirmed by DNA sequencing
using automated DNA sequence analysis (ABlI PRISM 310 Genetic
Analyser, Perkin Elmer). Human SURL cloned from a human insulinoma
cDNA library (DDBJ/EMBL/GenBank accession No. AF087138), human
Kir6.2 (Inagakiet al, 1995) and rat SUR1 (gift from G.Bell) were
subcloned into the pSD5 vector. To increase the translation of foreign
cRNA in Xenopusocytes, the Suntranslated region of human Kir6.2,
human SUR1 and rat SUR1 was replaced with a modiXedopuss’-
untranslated region as described previouslygie et al, 1996).

1994; Jones and Persaud, 1998). Since the basal intracellu-

lar cAMP and PKA activity in pancreatic islets are higher
than in purifiedB-cells, and both are required to maintain
secretory activity (Pipeleeet al., 1985), the K1p channel
could be maximally phosphorylated in the basal state so
that no more increase in channel activity could occur after
the PKA stimulation. In that case, the PKA-mediated
phosphorylation of the kgp channel might not participate
in the stimulation process of insulin secretion. This hypo-
thesis of tonic PKA phosphorylation of 4 channels is
supported by a phosphorylation study of the glucose
transporter GLUT2 which shows that GLUT2 is maximally
phosphorylated by PKA in the basal state in pancreatic
islets but not in purified3-cells (Thorenset al, 1996).
Another possible role of PKA-mediated phosphorylation
of Karp channels inB-cells could be its participation
in the oscillation process comprising depolarization and
hyperpolarization (Ullrichet al., 1996).

In summary, our data indicate that while the Kir6.2
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Expression of cRNAs in Xenopus oocytes and

phosphorylation in homogenates

Stage V-VI oocytes were obtained frokenopus laevias described
previously (Bguin et al, 1996).In vitro synthesized cRNA (2.5 ng) for
human Kir6.2 and 10 ng of cRNA for human or rat SUR1 were injected
into oocytes. To confirm protein expression, some of the injected oocytes
were incubated in modified Barth’s medium containing 0.6 mCi/ml
[33S]methionine for 36 h and subjected to a 12 h chase in modified
Barth’s medium containing 10 mM cold methionine. Even after 3 days
chase, Kir6.2 and SUR1 injected alone or together were stable in the
oocytes, indicating that both subunits are insensitive to the oocyte
degradation pathway (unpublished data). Triton extracts were then
prepared as described (@sn et al, 1996), and Kir6.2 and SUR1 were
immunoprecipitated (see below). The remaining oocytes were incubated
for 2 days in modified Barth’s medium and yolk-free homogenates were
prepared as described previously ¢Be et al, 1996) and subjected to
phosphorylation experiments.

The PKA-dependent phosphorylation reaction in homogenates was
done in aliquots of eight or nine oocytes in the presence of M0
[y-32P]JATP and 5QuM cAMP (Sigma) at 25°C for 30 min. In some
cases, the PKA inhibitor H-89 (Calbiochem) was added 15 min before
the start of reactions. The reactions were stopped by heating at 95°C



and adding SDS (3.7% final concentration) and the samples were
subjected to immunoprecipitation (see below).

Cell culture and DNA transfection

COS-1 and MING6 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM; high glucose) supplemented with 10% fetal bovine
serum, streptomycin (604tg/ml) and penicillin (10Qug/ml). COS-1
cells were transiently transfected with wild-type or mutated human
Kir6.2 cDNA plus human SUR1 (4 and [ig of each subunit for

Phosphorylation of the human Karp channel

temperature (24-26°C). The holding potential was —70 mV. Before
experiments, the cells were perfused in the bath solution for at least
30 min. In inside-out patch configuration, the patches were first recorded
in a bath solution containing 10M ATP for at least 2 min and then
exposed to the test solution. PKA catalytic subunit (Sigma) and alkaline
phosphatase (Boehringer Mannheim) were used at a final concentration
of 100 and 10 U/ml, respectively. Before and after PKA stimulation,
ATP sensivity was determined at 1, 10, 100 and 1APDATP as
described (Inagakét al, 1995). Channel kinetics after AP treatment

biochemical and electrophysiological studies, respectively), using lipofec- were obtained by analyzing the data between 0 and 2 min. To measure
tamine and Opti-MEM | reagents (Life Technologies) or FUGENEG channel density at the cell surface, single channel recordings were
(Boehringer Mannheim), according to the manufacturer’s instructions. performed between 48 and 72 h after transfection. Detectable rate of

In some cases, human somatostatin receptor SSTR3 cDNA (Yamadachannels was determined by the ratio between patches expresgipg K

et al, 1992), GIP receptor cDNA (Yasudzt al, 1994) or PACAPR-3
cDNA (Inagakiet al, 1994) (3ug for each) was also co-transfected into
COS-1 cells. Transfected 100-mm dishes were split into three 60-mm
dishes. Two days after transfection, one dish was used for biosynthetic
[3®S]methionine labeling and the two remaining dishes were used for
phosphorylation assay (see below). For electrophysiological recordings,
COS-1 cells were plated on dishes (35-mm) containing glass coverslips
and either wild-type or mutated Kir6.2 cDNA and SUR1 cDNA were
cotransfected with the green fluorescent protein cDNA (pBRFP,

0.5 ug) as a reporter gene.

Metabolic labeling, and in vitro and in vivo phosphorylation
in COS-1 and MING6 cells
COS-1 cells were metabolically labeled by equilibrated cells in DMEM
without methionine fo 1 h and then incubated in the same medium
containing f°S]methionine (0.2 mCi/ml; Amersham) for 18 h at 37°C.
The phosphorylation experiments were performed as follows: COS-1 or
MING cells were equilibrated in phosphate-free DMEM for 2 h and then
incubated in the same medium containing carrier-f&® (0.2 mCi/ml;
Amersham) for an additional 2 h at 37°C. PKA-mediated phosphorylation
after direct PKA stimulation was tested by adding 100 forskolin
(Sigma) in the presence of 1 mM IBMX (Sigma) or by adding 1 mM
dbcAMP (Sigma) for 20 min. PKA-mediated phosphorylation after Gs-
coupled receptor stimulation was tested by adding agonists for endo-
genous or transfected receptors during 20 min as indicated in Figure 5.
Microsomes were prepared as described (Borgkinal, 1994) and
Kir6.2 or SUR1 were immunoprecipitated (see below).

The membrane preparation for the vitro phosphorylation from

channels and the total number of examined patches (80). Three
independent experiments were performed. The number of channels in a
patch was estimated by dividing the maximum current amplitude by the
Katp channel unitary current.

Data collection

Single channel currents were continuously stored on VCR tape with a
digital data recorder for later analysis. Data were analyzed by a
combination of pPCLAMP (ver6.0, Axon Instruments, Foster City, CA)
and in-house software. For evaluating the effects of the PKA catalytic
subunit and alkaline phosphatase on the channel activity (NPo) before
and after applying the enzymes, the currents were measured for 2 min
and averaged. The burst and cluster duration, intraburst and interburst
kinetics were measured from patches possessing only one functional
channel. For burst analysis, based on the preliminary experiment, a burst
in channel activity was defined as a set of openings and closures
terminated by a close event with a duratior2.5 ms (Alekseeet al,

1997; Sancheet al, 1998). A group of bursts which are separated by
closed time<20 ms are considered as one cluster of bursts. Closed time
distributions in the total record were well fitted by a sum of three
exponentsiy, Tep Tea) (Alekseevet al, 1997). Statistical significances
were tested using unpaired and paired Studdrests and results are
expressed as meah SE.
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