THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 35, pp. 29815-29824, August 24, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

The A-kinase Anchoring Protein Yotiao Facilitates Complex
Formation between Adenylyl Cyclase Type 9 and the /.,

Potassium Channel in Heart”

Received for publication, May 22, 2011, and in revised form, July 3, 2012 Published, JBC Papers in Press, July 9, 2012, DOI 10.1074/jbc.M112.380568

Yong Li*, Lei Chen®, Robert S. Kass®, and Carmen W. Dessauer*'

From the *Department of Integrative Biology and Pharmacology, University of Texas Health Science Center at Houston, Houston,
Texas 77030 and the SDepartment of Pharmacology, Center for Molecular Cardiology, and Department of Medicine, College of
Physicians and Surgeons, Columbia University, New York, New York 10032

potassium ion current (Iy).

isoproterenol.

\_

(Background: In heart, the A-kinase anchoring protein (AKAP) Yotiao anchors the KCNQ1 subunit of the slow outward
Results: Adenylyl cyclase type 9 (AC9) is associated with the I;; complex and sensitizes PKA phosphorylation of KCNQ1 by

Conclusion: Yotiao facilitates complex formation between AC9 and I, in heart.
Significance: Sympathetic regulation of I, is important for repolarization in heart.
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The scaffolding protein Yotiao is a member of a large family of
protein A-kinase anchoring proteins with important roles in the
organization of spatial and temporal signaling. In heart, Yotiao
directly associates with the slow outward potassium ion current
(Ixs) and recruits both PKA and PP1 to regulate I}, phosphory-
lation and gating. Human mutations that disrupt I;,-Yotiao
interaction result in reduced PKA-dependent phosphorylation
of the I subunit KCNQ1 and inhibition of sympathetic stimu-
lation of Iy, which can give rise to long-QT syndrome. We have
previously identified a subset of adenylyl cyclase (AC) isoforms
that interact with Yotiao, including AC1-3 and AC9, but sur-
prisingly, this group did not include the major cardiac isoforms
AC5 and AC6. We now show that either AC2 or AC9 can asso-
ciate with KCNQ1 in a complex mediated by Yotiao. In trans-
genic mouse heart expressing KCNQ1-KCNE1, AC activity was
specifically associated with the I;..-Yotiao complex and could be
disrupted by addition of the AC9 N terminus. A survey of all AC
isoforms by RT-PCR indicated expression of AC4 -6 and AC9 in
adult mouse cardiac myocytes. Of these, the only Yotiao-inter-
acting isoform was AC9. Furthermore, the endogenous Iy-Yo-
tiao complex from guinea pig also contained AC9. Finally, AC9
association with the KCNQ1-Yotiao complex sensitized PKA
phosphorylation of KCNQ1 to B-adrenergic stimulation. Thus,
in heart, Yotiao brings together PKA, PP1, PDE4D3, AC9, and
the I channel to achieve localized temporal regulation of B-ad-
renergic stimulation.

The slow delayed rectifier current (I,,)* is critical for the late
phase repolarization of the cardiac action potential. This out-
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ward potassium channel is composed of four KCNQ1 a-sub-
units assembled with accessory KCNE1 B-subunits (1, 2). In
humans, the sympathetic regulation of the cardiac action
potential requires PKA-mediated phosphorylation of the
KCNQI1 subunit of the I, channel (3, 4). Phosphorylated
KCNQL1 increases [, current and shortening of the action
potential duration that occurs to allow sufficient diastolic inter-
vals in the face of increased heart rate. To facilitate PKA phos-
phorylation, KCNQ1 must assemble with the A-kinase anchor-
ing protein (AKAP) Yotiao (5). Yotiao is the smallest (250
kDa) splicing variant of AKAP9. Mutations in KCNQI1 or
Yotiao that disrupt this complex give rise to variants 1 and 11
of the long-QT syndrome (LQT1 and LQT11), one of the
potentially lethal heritable arrhythmia syndromes (6). For
example, both the inherited S1570L mutation in Yotiao and
the G589D mutation in KCNQI1 that occur in LQT1
and LQT11 patients reduce the interaction between KCNQ1
and Yotiao (5, 7). This eliminates cAMP-induced phosphor-
ylation of the channel and the functional response of the I
channel to B-adrenergic stimulation.

AKAPs often bring together opposing regulatory molecules
such as kinases and phosphatases to set up localized temporal
regulation of signal transduction pathways. Yotiao is no excep-
tion and recruits PKA and PP1 to the [, complex to modulate
the PKA phosphorylation state of a single serine residue (Ser-
27) located in the KCNQ1 N terminus (5, 8, 9). Yotiao itself is
also the target of PKA phosphorylation on Ser-43 to further
enhance regulation by B-adrenergic receptor stimulation (10,
11). The local levels of cAMP around the channel are tightly
regulated by anchoring phosphodiesterase (PDE4D3) to the
I Yotiao complex (12). In myocytes, PDE4D3 regulates basal
I, activity but likely also plays a role in the temporal kinetics
upon sympathetic activation as well.

We have previously shown that Yotiao can also associate
with adenylyl cyclase (AC) isoforms 1, 2, 3, and 9, but surpris-

guanosine 5’-3-O-(thio)triphosphate; IP-AC, immunoprecipitation-AC;
CaM, calmodulin.
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ingly not with the main cardiac isoforms AC5 and AC6 (13).
Thus, it was unclear whether direct anchoring of AC to Yotiao
occurred in heart to regulate I, ... We now show that AC9 is part
of the I, complex in heart. Although either AC2 or AC9 can
form complexes with Yotiao and KCNQ1 in HEK293 cells, only
AC9is expressed in adult cardiac myocytes. In addition, activity
assays and Western blotting demonstrated AC9 association
with KCNQL1 in transgenic mouse hearts and endogenous I
complexes in guinea pig. Finally, expression of Yotiao and AC9
with KCNQI1 enhanced the p-adrenergic stimulation of
KCNQI1 phosphorylation. Thus, Yotiao sets up several feed-
back loops by bringing together cAMP synthesis and degrada-
tion along with PKA phosphorylation and PP1 dephosphory-
lation for tight control of I, function.

EXPERIMENTAL PROCEDURES

Plasmids—Myc-tagged Yotiao, Myc-tagged fragments of
Yotiao, AC isoform expression vectors in pcDNA3, and the
fusion of human KCNQ1-human KCNE1 in pcDNA3 were
described previously (13-16). GST fusions to AC N termini
were created by PCR and included residues 1-61 of bovine
AC1, residues 1-43 of rat AC2, residues 1-77 of rat AC3, and
residues 1-116 of human AC9 (13, 14). GST-AC2-NT was a
generous gift from Dr. Nathan Dascal (Tel Aviv University, Tel
Aviv, Israel). The N termini for AC1, AC2, and AC9 were
cloned into pGEX-4T (GE Healthcare) using the restriction
enzymes BamHI and Notl; AC3-NT was cloned into pGEX-CS
using Ncol and EcoRL

Antibodies—The antibodies used were rabbit anti-PKAR2f3
(1:1000 dilution; BD Transduction Laboratories), goat anti-
KCNQI1 (Santa Cruz Biotechnology), goat anti-AC9 (Santa
Cruz Biotechnology), mouse anti-c-Myc (9E10, National Cell
Culture Center), and mouse anti-GST (Santa Cruz Biotechnol-
ogy). Rabbit anti-Yotiao and anti-phospho-Ser-27 KCNQ1
antibodies were generated as described previously (13, 17).

Protein Purification—Gag-His, was expressed in Escherichia
coli, purified, and activated with [**S]GTPyS (18). GST-tagged
proteins were purified on glutathione resin (Amersham Biosci-
ences) and dialyzed into buffer containing 50 mm HEPES (pH
8.0), 100 mm NaCl, 5% glycerol, 2 mm DTT, and 1 mM EDTA as
described previously (19).

Cell Culture and Transfections—HEK293 cells and CHO
cells were maintained in DMEM or Ham’s F-12 medium,
respectively, and supplemented with 10% (v/v) fetal bovine
serum and 50 pg/ml penicillin and streptomycin. CHO cells
stably expressing KCNQ1 were maintained in Ham’s F-12
medium containing hygromycin B (500 pg/ml) with 10% FBS
(7). For transient expression of proteins, HEK293 cells were
seeded at 5 X 10° cells/10-cm culture dish and grown for 1 day
prior to transfection with Lipofectamine 2000 (Invitrogen) and
analyzed 40 —44 h later. Plasmid DNA (total of 10 ug) used to
transfect cells in 10-cm dishes included Yotiao (5 ug), AC2 or
AC9 (2.5 ug), and pcDNA3-KCNQI-KCNE1 (2.5 ug). CHO
cells were seeded at 4 X 10° cells/10-cm culture dish and grown
for 24 h prior to transfection with Lipofectamine 2000 and har-
vested after 30-36 h.

GST Pulldown Assays—GST pulldown assays were as
described previously (13). Briefly, lysates from transfected
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HEK293 cells (500 ug) were incubated with GST, GST-AC1-
NT, GST-AC2-NT, GST-AC3-NT, or GST-AC9-NT (50 ng)
for 30 min at 4 °C. Glutathione-agarose (30 ul of resin) was
added to each sample for 2 h. Samples were washed three times
with wash buffer and analyzed by Western blotting.

Immunoprecipitation-AC (IP-AC) Assay—Assays were per-
formed essentially as described (13, 20, 21). To perform the
IP-AC assay, transfected HEK293 or CHO cells were rinsed
with PBS and then lysed with buffer (50 mm HEPES (pH 7.4), 1
mM EDTA, 1 mm MgCl,, 150 mm NaCl, 0.5% C;,E,, and prote-
ase inhibitors) and homogenized using a 23-gauge syringe. For
competition experiments, competing proteins were added dur-
ing homogenization. Cellular debris was removed by centrifu-
gation, and a 30-ul aliquot was saved to measure AC activity in
the starting material. Samples were rotated at 4 °C for 1 h with
the appropriate antibody, followed by an additional 1 h with 30
ul of protein A-Sepharose. Samples were washed two times
with lysis buffer containing 0.05% C,,E,, resuspended in buffer
lacking NaCl with 0.04% C,,E,, and analyzed for AC activity.
The indicated stimulators and assay components (22) were
added to the immunoprecipitate as described previously, and
cAMP was detected by enzyme immunoassay (Assay Designs)
or using [y->*P]ATP.

Preparation of Heart Extracts—Frozen adult transgenic
mouse hearts or guinea pig hearts were thawed in PBS with
protease inhibitors as described (21). The hearts were rinsed,
quartered, and homogenized with a Polytron homogenized in
lysis buffer lacking detergent. For competition experiments,
GST fusion proteins were added to this homogenization step.
After addition of 1.0% Triton X-100, the extracts were further
homogenized with a Dounce homogenizer, followed by centri-
fugation at 14,000 rpm to remove the insoluble fraction. The
extracts were used immediately for experiments.

Primary Adult Cardiomyocyte Isolation—Adult mouse car-
diomyocytes were isolated as described (23). Briefly, hearts
were excised from 2-month-old C57BL mice and placed in ice-
cold saline, and the aortas were cannulated. Hearts were per-
fused with warm perfusion buffer for several minutes, followed
by perfusion with digestion buffer containing collagenase.
Once digested, tissue was minced and concentrated by centri-
fugation. After calcium reintroduction, cardiomyocytes were
plated and cultured with 2% carbon dioxide for 4—6 h.

AC Isoform Expression Analysis—Total RNA was prepared
from adult mouse cardiomyocytes using an RNeasy kit (Qiagen)
and quantitated using the NanoDrop® 1000 spectrophotome-
ter. First-strand cDNA was generated from DNase-treated total
RNA using Moloney murine leukemia virus reverse transcrip-
tase (New England Biolabs) and oligo(dT) primers. Specific AC
c¢DNAs were amplified by semiquantitative PCR using Tagq
polymerase (Promega) and forward and reverse PCR primers,
previously characterized for mouse AC isoforms (24). Ampli-
fied PCR products were run on 1.5% agarose gels from three to
four reaction cycles to ensure linearity.

Statistical Analysis—Data were analyzed by analysis of vari-
ance with multiple comparisons using the Bonferroni ¢ test or
between two groups using Student’s ¢ test from an average of at
least three experiments, each performed in duplicate or tripli-
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FIGURE 1. AC2 and AC9 activities associate with KCNQ1-KCNE1 in a Yotiao-dependent manner. HEK293 cells were transfected with AC2 (A and B) or AC9
(Cand D) with or without Myc-tagged Yotiao or KCNQ1-KCNE1 fusion protein. Transfected cell lysates were then subjected to immunoprecipitation (/P) using
antibodies against KCNQ1 (A and C) or c-Myc (B and D). The associated AC activity in each immunoprecipitation was measured following stimulation by
exogenous addition of 100 nm Ge plus 50 nm G~y for AC2 or 400 nm Ga, for AC9. KCNQ1-KCNET did not compete with AC association with Yotiao. Data are
represented as the mean = S.E. of three independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001 using the Bonferroni t test (A and B) or Student’s t test

(Cand D).

cate. Experiments were considered significant for p values
<0.05.

RESULTS

There is significant evidence for cAMP- and PKA-dependent
regulation of I that is dependent on the association of the
channel with the AKAP Yotiao, yet the source of cAMP that
leads to this regulation is unknown. We have previously iden-
tified a subset of AC isoforms that interact with the scaffolding
protein Yotiao, including AC1-3 and AC9, but not the predom-
inant cardiac myocyte isoforms AC5 and AC6 (13). Of these,
only AC2 and AC9 have previously been reported to be
expressed in cardiac myocytes and thus capable of regulating
I, Therefore, we have focused on AC2 and AC9 as potential
sources for CAMP to regulate [..

KCNQ1 Forms Complexes with AC2 or AC9 via Interactions
with Yotiao—To determine whether KCNQ1-KCNE1 can
associate with AC2 or AC9 in a Yotiao-dependent manner, we
transfected HEK293 cells with plasmids encoding AC, c-Myc-
tagged Yotiao, and/or a fusion of KCNQI1-KCNE]1 as indicated
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(Fig. 1). Protein complexes were immunoprecipitated using
antibodies directed against KCNQ1 (Fig. 1, A and C) or the
c-Myc tag on Yotiao (Fig. 1, Band D). We then measured the
associated AC activity present in the immunoprecipitates
(referred to as an IP-AC assay). AC2 and AC9 activities were
both associated with KCNQ1-KCNE1 immune complexes,
giving rise to ~5- and 3-fold increases in associated AC
activity, respectively, compared with controls lacking
KCNQI1-KCNEL1 expression (Fig. 1, A and C). The interac-
tion of AC9 with the channel was dependent on the presence
of Yotiao, as a significant reduction of AC9 activity was
observed in the absence of Yotiao expression. Although
Yotiao significantly facilitated AC2-KCNQ1-KCNEL1 associ-
ation, there was significant AC2 (but not AC9) activity asso-
ciated with KCNQ1-KCNET1 in the absence of Yotiao expres-
sion (Fig. 1A). This may be due to weak direct binding
between AC2 and KCNQ1-KCNEI1 or via interactions with
endogenously expressed AKAPs in HEK293 cells, such as
AKAP79, which also anchors AC2. KCNQI1-KCNE1 does
not compete for AC2 or AC9 association with Yotiao, as no
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FIGURE 2. AC9-NT binds to amino acids 1-808 of Yotiao. A, GST-tagged AC N termini were screened for interactions with Yotiao by GST pulldown assay using
HEK293 cell lysates expressing Myc-tagged Yotiao. Yotiao bound AC2-NT and AC9-NT, but not AC1-NT or AC3-NT (upper). GST protein input for each ACN
terminus is shown (lower). B, diagram of Myc-tagged Yotiao fragments. /PR, inositol 1,4,5-trisphosphate receptor. C and D, Yotiao and/or Yotiao fragments
were expressed in HEK293 cells and subjected to GST pulldown assay using GST or GST-AC9-NT. AC9-NT bound Yotiao residues 1-808; deletion of regions

808-966 did not interfere with binding.

reduction of Yotiao-associated AC activity was observed
upon coexpression of KCNQ1-KCNEI1 (Fig. 1, B and D).

Mapping AC2 and AC9 Interaction Domains with Yotiao—
We have previously shown that AC2-NT interacts with resi-
dues 808 -957 of Yotiao (13), but interaction sites of AC9 and
Yotiao have not been mapped. GST-tagged AC N termini from
all AC isoforms previously identified as Yotiao-interacting pro-
teins were used to pull down any associated Yotiao (Fig. 24).
AC2-NT and AC9-NT, but not AC1-NT and AC3-NT, bound
to Yotiao in GST pulldown assays. The AC9-NT-binding site
on Yotiao was determined by similar GST pulldown assays
using deletions and truncations of Yotiao (Fig. 2B). Deletion of
the AC2-binding site on Yotiao (A808-966) had no effect on
ACO9-NT binding, although this deletion completely abolished
AC2 association (21). Rather, the primary interaction site of
AC9 was within the first 808 residues of Yotiao, although at
least two separate sites of contact within this region were iden-
tified when further truncations were tested. AC9-NT also very
weakly bound His,-tagged fragment 808 —956 as detected by in
vitro binding assays (data not shown). This may be due to the
repeating nature of Yotiao, which has several stretches within
region 1-808 that have weak homology to region 808 -956
(25-37% identity). Therefore, we focused on the AC N termini
as potential Yotiao-AC9 interaction-disrupting proteins rather
than fragments of Yotiao.

AC2-NT and AC9-NT were both tested for their ability to
disrupt Yotiao-AC interactions (Fig. 3, A and B). IP-AC assays
for Yotiao-AC2 or Yotiao-AC9 interactions were performed in
the presence of GST-tagged AC N termini or GST alone. Sur-
prisingly, AC2-NT and AC9-NT could compete with either iso-
form for interactions with Yotiao. This may be due to simple
steric hindrance or similarities within their respective binding
sites; however, neither AC N terminus competed for KCNQI-
Yotiao interactions with AC2 or AC9 (Fig. 3, C and D).
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KCNQI-KCNE1 Associates with AC9 in Transgenic Mouse
Heart—To determine whether AC activity is associated with I
channels in heart, we used a murine model that we have previ-
ously characterized. A fusion of the human KCNQ1-KCNE1
channels was expressed in a targeted manner in the heart (5).
These mice expressed functional slow delayed rectifier potas-
sium channel currents (I;;) normally absent in murine cardiac
ventricular myocytes. Using an antibody directed against
KCNQ1 or goat IgG as a control, we measured the associated
Ga,- and forskolin-stimulated AC activity in immunoprecipi-
tates from WT versus KCNQ1-KCNE1 transgenic hearts (Fig.
4A). AC activity was increased by 1.5-fold in KCNQ1 immuno-
precipitates from transgenic hearts, the same samples that
pulled down the KCNQ1-KCNEI1 fusion (Fig. 44). Yotiao and
the regulatory subunits of PKA (RIIB) were also present in
KCNQI1 immunoprecipitates, but not in control IgG (Fig. 4B).
In addition, we detected the presence of AC9 (Fig. 4B) but failed
to observe any AC2, AC3, or AC5/6 by Western blotting (data
not shown). We did not expect to detect AC3 or AC5/6 based
upon the low expression of AC3 in adult heart (25) and the lack
of interaction of AC5/6 with Yotiao (13). However, AC iso-
forms are notoriously difficult to detect in native tissues by
Western blotting (26).

To further confirm that AC activity was specifically associ-
ated with an [;-Yotiao complex, we used AC9-NT as a disrupt-
ing agent of Yotiao-AC9 interactions (Fig. 4C). The increase in
KCNQI-associated AC activity was completely blocked by
addition of AC9-NT to cardiac extracts prior to immunopre-
cipitation of KCNQI1-KCNE1 complexes, indicating that this
interaction was mediated by the Yotiao scaffolding protein.
Because AC9-NT blocks both AC2 and AC9 interactions with
Yotiao (Fig. 3), we used Gy or Ga, + Gy to stimulate
KCNQ1-associated AC activity to further differentiate between
AC isoforms. GBy greatly activates AC2, AC4, and AC7 and, to
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FIGURE 3. AC9-NT blocks AC9 and AC2 interactions with Yotiao, but not Yotiao binding to KCNQ1. A and B, transfected CHO cell lysates were incubated
with GST (5 um), GST-AC2-NT (5 um), or GST-AC9-NT (5 um) prior to immunoprecipitation (/P) with anti-Yotiao antibody. Immunoprecipitates were assayed for
associated AC activity stimulation with 100 nm Ga, and 50 nm Gy for AC2 (A) or 400 nm Ge, for AC9 (B). Both AC2-NT and AC9-NT were able to inhibit the
association of AC2 or AC9 with Yotiao in CHO cells. Data are presented as the mean = S.E. (n = 3).**, p < 0.01; ***, p < 0.001 using the Bonferroni t test. Cand
D, CHO cells stably expressing KCNQ1 were transfected with AC2 with or without Yotiao. Cell lysates were incubated with GST (5 um), GST-AC2-NT (5 um), or
GST-AC9-NT (5 um) prior to immunoprecipitation with anti-Yotiao antibody and Western blotting for KCNQ1 association.

alesser extent, AC5 and AC6 in the presence of Ga,. However,
Gp7ydoes not regulate the activity of AC9 (21). Addition of Gy
had no effect on the amount of Ga,-stimulated AC activity
detected in immunoprecipitates of KCNQ1 from heart (Fig.
4D), suggesting that no member of the AC2/4/7 or AC5/6 fam-
ily was present in this complex. Finally, we used semiquantita-
tive PCR to determine the AC isoforms expressed in adult
mouse cardiac myocytes. In addition to AC5/6, previous
reports have suggested that both AC2 and AC9 are expressed
in adult and neonatal cardiac myocytes, respectively (21,
27-29). We detected AC4—6 and AC9 by RT-PCR in adult
myocytes (Fig. 5); AC7 was weakly detected upon additional
PCR cycles. We did not detect any interaction of Yotiao with
AC7 in IP-AC assays (n = 3) (data not shown). We also did
not detect AC2 in mouse adult cardiac myocytes, although
this isoform has been reported in cardiac fibroblasts (30).
Nevertheless, the only Yotiao-interacting isoform detected
in adult mouse cardiac myocytes by activity assays or RT-
PCR was ACO.

AC Association with the KCNQI-Yotiao Complex Sensitizes
PKA Phosphorylation of KCNQI to B-Adrenergic Stimulation—
Biochemical experiments show AC9 as a component of the I,
macromolecular complex, but the functional significance of
this association was not clear. To determine whether AC9 alters
the sensitivity of KCNQ1 phosphorylation to B-agonists, we
examined CHO cells stably expressing KCNQ1 with or without
expression of Yotiao and AC9. The expression levels of AC9
were maintained to give a 2-fold increase in AC activity in
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response to Gayg activation in membranes (data not shown).
Cells were stimulated with very low levels (100 pm) versus max-
imal levels (2 um) of the B-adrenergic agonist isoproterenol and
then assayed by Western blotting for PKA phosphorylation at
Ser-27 of KCNQ1 versus total KCNQI (Fig. 6A). In all cases,
stimulation with 2 um isoproterenol significantly increased
PKA phosphorylation of Ser-27 compared with basal phos-
phorylation of KCNQ1 alone (Fig. 6B). More importantly,
expression of both Yotiao and AC9 with KCNQ1 significantly
increased sensitivity to PKA phosphorylation under basal con-
ditions and in the presence of 100 pm and 2 um isoproterenol
(n = 5; p <0.05). Although expression of Yotiao alone anchors
PKA in close proximity to the channel, it also couples negative
regulation to KCNQ1 in the form of PP1 and PDE4D3 anchor-
ing. Expression of AC9 alone with KCNQ1 increases cAMP
levels, but the cAMP is not well coupled to PKA phosphoryla-
tion of KCNQL. It is only in the presence of the entire complex
of KCNQ1-Yotiao-AC9 that the negative and positive regula-
tion that are coordinated by Yotiao can be balanced to increase
the sensitivity to B-adrenergic stimulation.

Endogenous I-Yotiao Complex from Guinea Pig Also Con-
tains AC9—We have shown that a complex of KCNQ1-Yotiao-
AC9 can exist in cell culture systems and transgenic mice.
Mouse models for I, are advantageous because they faithfully
recapitulate the biology in a carefully controlled system (5, 12).
However, because this channel is not normally expressed in
mice due to their rapid heart rates, we examined endogenous
I-Yotiao-AC interactions in guinea pig. [, and its sympa-
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were subjected to Western blot analysis with anti-Yotiao, anti-KCNQ1, anti-AC9, and anti-RII3 (PKA regulatory subunit) antibodies. C, WT or KCNQ1-KCNE1
transgenic mouse heart extracts (n = 3) were incubated with GST (5 um) or GST-AC9-NT (5 um) before immunoprecipitation with anti-KCNQ1 antibody.
Immunoprecipitates were stimulated with 400 nm Ga, (p < 0.05). AC9-NT inhibited KCNQ1-associated AC activity. D, WT and KCNQ1-KCNE1 transgenic heart
extracts were immunoprecipitated with anti-KCNQ1 antibody. Immunoprecipitates were stimulated with Ga, versus Ga,/GBy, and associated AC activity was
measured (n = 3). GBydid not activate KCNQ1-associated AC. For A, C, and D, data are presented as the mean = S.E. (n = 3).***,p < 0.001 using the Bonferroni

t test.

thetic regulation have been extensively examined in guinea
pig and provide a better model than mice for many aspects of
cardiac disease (31, 32). IP-AC assays were performed using
anti-KCNQ1 or anti-Yotiao antibody or control IgG from
goat and rabbit, respectively. Immunoprecipitation of
KCNQ1 or Yotiao from guinea pig heart gave rise to a 2-fold
increase in associated AC activity compared with control
IgG (Fig. 7A). Yotiao and KCNQI1 could pull down each
other from guinea pig heart extracts as observed by Western
blotting of reciprocal immunoprecipitates (Fig. 7B). AC9
was also detected in these complexes, similar to what we
observed in mice.

DISCUSSION

It has long been appreciated that the I, channel requires
association of the a-subunit of KCNQ1 with the AKAP Yotiao
to respond to sympathetic stimulation, suggesting that local
activation of PKA is critically important. This complex also
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contains PDE4D3 to further regulate local levels of cAMP (12),
but the source of cAMP was unknown. We have previously
shown that Yotiao anchors a subset of AC isoforms, but the
question remained as to whether AC was actually a member of
the I.-Yotiao complex in heart and what isoform of AC was
present. In this work, we have shown that both AC9 and AC2
can form a complex with KCNQ1 via their interactions with the
AKAP Yotiao. The binding sites for KCNQ1 and AC isoforms
are non-overlapping, allowing for assembly of a multiprotein
unit. KCNQ1 binding sites on Yotiao have been mapped to
amino acid residues 29-56 and the extreme C terminus of
Yotiao (7), whereas AC2 binds to residues 808 —-957 of Yotiao
(13). We now show that AC9-NT binds to residues 1-808 of
Yotiao, likely with multiple points of contact. Although the
major sites on Yotiao for AC2 and AC9 do not appear to over-
lap, either AC2-NT or AC9-NT can compete with both iso-
forms for binding to Yotiao. This may be due to the somewhat
repetitive nature of Yotiao, whereby several stretches in amino
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acids 1-808 have similarities to the AC2-binding site consist-
ing of amino acids 808 —957. The AC9- and AC2-binding sites
on Yotiao are clearly distinct from those on KCNQI; neither
AC9 nor AC2 competes with KCNQI for interactions with
Yotiao.

Significant AC activity was associated with both KCNQ1 and
Yotiao in transgenic mouse heart expressing KCNQ1-KCNE1
and with endogenous KCNQI in guinea pig heart. Mouse adult

A Mouse Brain
M1 2 345 67 829
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B  Mouse Adult Cardiac Myocytes

M1 2 345 67 89
500 [
400
300
200
100

FIGURE 5. Expression of AC isoforms in adult mouse cardiac myocytes.
Aand B, ACisoform mRNA expression as determined by semiquantitative PCR
from total RNA in mouse brain and adult mouse cardiac myocytes, respec-
tively. Lanes 1-9 indicate PCR amplification of AC1-9. DNA markers (M) are
indicated. PCR was performed as described under “Experimental Procedures”
using the corresponding primer pairs for all mouse transmembrane AC iso-
forms (AC1-9). Adult mouse cardiac myocytes expressed AC4-6 and ACO.

A ot B

cardiac myocytes expressed AC4—6 and AC9 by RT-PCR. Of
the isoforms identified in myocytes, only AC9 can interact with
Yotiao (13). By immunoprecipitation of KCNQ1, we confirmed
the presence of AC9, Yotiao, and the RIIB subunit of PKA in
this complex by Western blotting. In addition, the association
of AC activity with KCNQ1 was inhibited by inclusion of AC9-
NT, suggesting that the association of KCNQ1 and AC9 in vivo
is mediated by Yotiao.

Increased Sensitivity of AC-AKAP Complexes—The forma-
tion of effector-AKAP-PKA complexes increases the sensitivity
of the effector to PKA phosphorylation (6, 33). Inclusion of AC
in the complex should lead to an even greater sensitivity to
cAMP (20). Indeed, the presence of AC9 and Yotiao led
to increased phosphorylation of KCNQ1 by PKA in response to
low levels of isoproterenol. This increased sensitivity is likely
carefully balanced by Yotiao-anchored phosphodiesterase and
PP1 to feedback inhibit cAMP production and PKA phos-
phorylation, respectively. We speculate that anchoring of AC
also increases the sensitivity of other cardiac AC-AKAP com-
plexes to cAMP, including AC5-muscle AKAP and AC6-
AKAP79 (14, 21, 34).

Role of AC9 in Ir-Yotiao Complexes in Heart—Most of the
attention in heart has focused around AC5 and AC6 based upon
their deletion or overexpression in heart. Notably, deletion of
ACS5 protects against stress- and age-induced cardiac myopathy
(35-37), consistent with the formation of AC5-muscle AKAP
complexes in heart (21). In contrast, deletion of AC6 gives rise
to decreased contractile function and calcium handling (38),
possibly linked to complexes of AC6 with AKAP79 and L-type
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FIGURE 6. Expression of both Yotiao and AC9 increases the sensitivity of KCNQ1 phosphorylation to isoproterenol. A, CHO cells stably expressing KCNQ1
were transfected with pcDNA3 (Control), Yotiao, or AC9 as indicated. Cells were treated with the indicated concentrations of isoproterenol (/SO) for 9 min at
37 °C.Western blotting was performed for KCNQ1 phosphorylated at Ser-27, total KCNQ1, and Yotiao. B, quantification of phospho-KCNQ1 to total KCNQ1 from
three to five individual experiments as determined by densitometry using NIH ImageJ software. Data are presented as the mean =+ S.E. and were analyzed by
analysis of variance of all groups in addition to Student’s t test for individual comparisons. *, p < 0.05.
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FIGURE 7. KCNQ1-KCNE1 associates with AC9 activity in guinea pig heart. A, guinea pig heart extracts were immunoprecipitated (/P) with anti-KCNQ1 or
anti-Yotiao antibody or control IgG (goat I9G (IgG,), or rabbit IgG (IgG,)). Inmunoprecipitates were stimulated with 400 nm Gey,, and associated AC activity was
measured. Data are presented as the mean = S.E. (n = 3). *** p < 0.001. B, guinea pig heart extracts were subjected to immunoprecipitation with anti-KCNQ1
antibody and goat IgG or with anti-Yotiao antibody and rabbit IgG. Immunoprecipitates were subjected to Western blot analysis using anti-Yotiao, anti-KCNQT,

and anti-AC9 antibodies.

Ca?”" channels (34). However, AC5 and AC6 do not interact
with Yotiao and were not detected in complexes with KCNQ1
(13). AC1 may play a role in the sinoatrial node to regulate /;
pacemaker currents, but it is not expressed in adult myocytes
(39). Detailed studies of the roles for other AC isoforms have
been sorely lacking, due in part to a lack of genetic deletions
and/or AC isoform-specific inhibitors.

Physiological roles for AC9 have been largely ignored. AC9 is
ubiquitously expressed, and the knock-out of AC9 has been
reported to be embryonic lethal (26). The gene is known to be
transcriptionally regulated in a number of systems and is the
target of the microRNA miR-142-3p to reduce cAMP in a sub-
set of T cells (40). AC9 is also involved in neutrophil chemotaxis
but has not been studied in heart (41). However, AC9 has sev-
eral regulatory properties that make it uniquely qualified as a
regulator of I, including its ability to sense input from G, G,,
G, and Ca®" signaling pathways (reviewed in Refs. 42 and 43).
The basal activity of AC9 is inhibited by the Ca®"-dependent
phosphatase calcineurin (44, 45), whereas stimulated AC9 is
inhibited by novel PKC isoforms and G;,, proteins (46). Con-
versely, AC9 can be activated by G- and G-coupled G protein-
coupled receptors; the latter G, regulation is indirect and
dependent on the activation of calmodulin (CaM) kinase II (47,
48). CaM is known to bind to the C terminus of KCNQ1 and to
KCNE4. Disruption of CaM interaction with either protein
completely suppresses KCNQI currents (6, 49, 50). Thus, CaM
may already be present in the I, complex to regulate AC9
activity via CaM kinase II. Not only do G,-coupled receptors
activate AC9, they also regulate I, in a biphasic manner. G-
dependent depletion of phosphoinositide 4,5-bisphosphate
inhibits I, whereas PKC-dependent phosphorylation of
KCNEL1 activates [, (51). The feedback sensitivity to calcium-
dependent pathways is a hallmark of AC9 regulation through
its inhibition by calcineurin and activation by CaM kinase II
and may enhance the responsiveness of I, to both G,- and
G,-mediated regulation and facilitate cross-talk between these
two important cardiac pathways.

29822 JOURNAL OF BIOLOGICAL CHEMISTRY

Summary—During the normal cardiac cycle, the regular
rhythmic pattern of ionic conductance changes is tightly regu-
lated by sympathetic and parasympathetic nervous activities
(52). The formation of multiprotein complexes helps to facili-
tate the temporal changes in [}, phosphorylation states to con-
trol the duration of the ventricular action potential. The inclu-
sion of AC9 within a KCNQ1-Yotiao complex sensitizes the
system to (3-adrenergic stimulation and may serve as a coinci-
dence detector of both G- and G,-mediated regulation of /;,
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