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SUMMARY

The physical association of regulatory enzymes and ion and tissue fractionation, mAKAP is targeted specifically to
channels at relevant intracellular sites contributes to the the nuclear envelope, whereas the ryanodine receptor is
diversity and specificity of second messenger-mediated present at both the sarcoplasmic reticulum and nuclear
signal transduction in cells. mMAKAP is a scaffolding protein  envelope intracellular membrane compartments. At the
that targets the cAMP-dependent protein kinase A and nuclear envelope, a subset of cardiac ryanodine receptor is
phosphodiesterase type 4D3 to the nuclear envelope of bound to mAKAP and via the association with mAKAP
differentiated cardiac myocytes. Here we present data may be regulated by protein kinase A-mediated
that the mAKAP signaling complex also includes nuclear phosphorylation. By binding protein kinase A and
envelope-resident ryanodine receptors and protein ryanodine receptor, mMAKAP may serve as the scaffold for
phosphatase 2A. The ryanodine receptor is the major a cAMP- and calcium ion-sensitive signaling complex.
cardiac ion channel responsible for calcium-induced

calcium release from intracellular calcium ion stores. As Key words: mAKAP, Protein kinase A, cAMP, Ryanodine receptor,
demonstrated by a combination of immunohistochemistry  Nuclear envelope, Heart

INTRODUCTION AKAPs (Colledge and Scott, 1999). For example, AKAP18 is
targeted to the cardiac myocyte plasma membrane, where it
Extracellular stimuli influence cells in part by the specificbinds PKA that can phosphorylate and activate the L-type
induction of small diffusable second messengers such as cAMfRalcium channel (Fraser et al., 1998; Gray et al., 1998). AKAPs
and calcium ions (C4). These second messengers regulateften serve as scaffolds for multi-protein complexes that
various cellular processes by activation of signaling enzymegjclude kinase substrates and other signaling enzymes.
including protein kinases that phosphorylate target substrat@éd<AP79/150 is one such scaffolding protein that associates in
(Hunter, 2000). In the heart, stimulation of adrenergic receptotsrain with PKA, protein kinase C, the protein phosphatase
increases cardiac output by elevating intracellular cAMRalcineurin, and theBz-adrenergic receptor (Fraser et al.,
and activation of cAMP-dependent protein kinase (PKA).2000). Rather than the concentration or overall abundance of
Physiologic PKA substrates in the heart include the L-typsignaling enzymes and substrates, it is the localization of a
calcium channel, phospholamban, the ryanodine receptgarticular set of enzymes via association with a targeted
(RyR), and the contractile protein troponin. Specificity inscaffolding protein that confers specificity in function (Pawson
signaling is partly due to the intrinsic substrate specificity oind Nash, 2000; Pawson and Scott, 1997).
protein kinases. However, it has been long recognized that mAKAP (muscle_AKinase Aichoring_FPotein) is a 255 kDa
activation of PKA by different extracellular stimuli causes thescaffolding protein present on the nuclear envelope (NE) of
phosphorylation of different subsets of PKA substratesmyocytes in heart and skeletal muscle that can bind PKA
independently of substrate affinity (Steinberg and Bruntonand phosphodiesterase type 4D3 (PDE4D3) (Dodge et al.,
2001). To achieve this specificity, PKA signaling may be2001; Kapiloff et al., 1999). mAKAP targeting has been
refined by the spatial segregation of PKA pools and relevarstudied using recombinant fragments fused to green fluorescent
substrates by A-kinase anchoring proteins (AKAPS) that arprotein (GFP). mAKAP is localized in the differentiated
targeted to discrete intracellular locations (Colledge and Scottardiomyocyte NE by two independent targeting domains,
1999). amino acid (aa) residues 772-915 and 915-1065, which contain
The PKA holoenzyme is composed of two regulatory (R)}pectrin-like repeat motifs (Kapiloff et al., 1999). mAKAP
and two catalytic (C) subunits, which dissociate upon cAMRargeting is saturable, and endogenous mMAKAP can be
binding (Scott, 1991). PKA holoenzyme is sequestered idisplaced by overexpression of an mAKAP fragment
pools by constitutive binding of the R-subunit homodimer tocontaining the targeting domains. mAKAP binds PKA via a
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putative amphipathic helix comprising aa residues 2055-207 2ecombinant rat mAKAP fragment comprising aa residues 1401-2314,
and PKA binding can be disrupted by substitution of isoleucinas previously described (Kapiloff et al., 1999). A full-length rabbit
residue 2062 with a proline residue. This is consistent witlRyR type Il cDNA was the gift of Kurt Beam (Colorado State
structural data regarding the AKAP-RlIinteraction that the Unl\(ersny, Fort Collms,_ CO). A bacte_rlal expression vector f_or
N-terminal domains of the PKA type Il R-subunit homodimergg;g‘.ﬁ szaeAT?[”;”}ngssT C(‘c‘?rlTl:[t)?thlllo(nFeO Séﬂg;‘:fg:}ffgr cf:“;r']‘t’gr
: e : in, was the gi y S. X :
form an X-type, four-hellx bundle dimerization motif Bhiladelphia, PA).
containing a hydrophobic groove that accommodates an AKA
amphipathia-helix (Newlon et al., 2001). Through binding to Immunohistochemistry of human heart tissue
a site within mAKAP residues 1286-1831, a rolipram-anonymous samples of paraffin-embedded normal human heart tissue
inhibited, cAMP-specific PDE4D3 is also associated with thevere provided by the Cancer Pathology Shared Resource of the
MAKAP-PKA complex in heart (Dodge et al.,, 2001). Oregon Cancer Centeryfn sections of these samples were prepared
PDE4D3-catalyzed degradation of cAMP is enhanced bgn Fisherbrand Plus slides (Fisher Scientific). Following de-
cAMP-dependent PKA phosphorylation, thereby COnstituting)argfﬁnization and rghydration, the slides were subjected to epitope
a local, negative feedback loop to modulate NE-targetedetriéval by heating in a vegetable steamer (Black & Decker Inc.)
cAMP-dependent signaling. containing 1 M Tris, pH 10, for 20 minutes and then cooling to room

L : o . . ; temperature. Treated slides were then washed with PBS (120 mM
MAKAP was initially identified .by its ability to bmq PKA . NaCl, 2.7 mM KCI, 10 mM sodium phosphate salts) containing 0.05%
_(McCartney et aI.., 1995).. Desp|te. an und_erstandlng of t§een (Sigma) and used for immunohistochemistry.
intracellular location and its association with PDE4D3, the ' antibodies were diluted into dilution buffer (PBS, 1% bovine serum

function of mMAKAP at the NE is yet uncertain. Using aajpumin (BSA), 0.1% Tween 20, 0.1% sodium azide). Tris buffered
candidate-directed approach, we have identified an associatiealine (TBS; 10 mM Tris, pH 7.5, 150 mM NaCl) was used for all
of mAKAP with the ryanodine receptor (RyR) and proteinwash steps. Following a 10 minute incubation in dilution buffer,
phosphatase 2A (PP2A). As shown below, mMAKAP and RyRrimary antibody (41g/ml VO56 affinity-purified antibody or rabbit
overlap in intracellular distribution at the NE of cardiacwhole IgG) was added for 45 minutes followed by washing. The slides
myocytes, a double membrane structure separating th¢ere treated with quench solution (methanol, 6%)zH for 10
cytoplasm, the perinuclear space and the nucleus. nutes, washed again, and then mt_:ubated with EnV|_s_|on anti-rabbit
perinuclear space holds a discrete store of intracellult Casecondary reagent (Dako) for 30 minutes. After additional washes,

that b | d into th di b NI___t)\remixed DAB solution (K3466, Dako) was added to the slides and
at may be released Into the surrounding areéa by fllowed to react for 10 minutes. Slides were counterstained with

associated ion channels such as the RyR, with potential effe¢igmatoxylin prior to dehydration and coverslipping.

on gene expression (Abrenica and Gilchrist, 2000; Adebanjo

et al., 1999; Adebanjo et al., 2000; Badminton et al., 1998mmunoprecipitation from heart extracts

Chawla et al., 1998; Franco-Obregon et al., 2000; GerasimeniRat hearts (Pel-freeze) were washed twice with cold PBS and then
et al., 1995; Malviya and Rogue, 1998; Rogue et al., 1998}¥lisrupted using a Polytron homogenizer at half-speed for 15 seconds
Tetrameric with subunits of 560 kDa, the RyR is a highn Buffer A (50 mM Hepes, pH 7.4, 10% glycerolud/ml pepstatin,
conductance G4 channel, tightly regulated by multiple co- 1 Hg/ml leupeptin, 1 mM 4-(2-Nethyl)benzenesulfonyl fluoride
factors, notably C¥ itself, and by phosphorylation, including (AEBSF). 1 mM benzamidine, 1 mM dithiothreitol (DTT), 5 mM
PKA-catalyzed phosphorylation (MacKrill, 1999). PP2A is aethylened|am|netetraacet|c acid (EDTA), 5 mM ethylene glycol-

; . . T bis(3-aminoethyl ether), 25 mM sodium fluoride, 40 m
phospho-serine/threonine protein phosphatase that is mvolv% ((Eerophosphéte, and)l mM sodium pyrophosphate). A |0\Er-speed

in the regulation of many signaling pathways (Millward et al.,ye|iet was obtained by centrifugation of whole heart extract at 13,000
1999). PP2A has three subunits, a catalytic C-subunit andggfor 5 minutes. This pellet was resuspended in Buffer A with 100
scaffolding A-subunit that comprise a constitutive, coremM NaCl and 0.5% Triton X-100, mixed for 10 minutes at 4°C, and
heterodimer and one of several possible regulatory B-subunitien a solubilized protein supernatant was generated by centrifugation
We now describe the association of PP2A and RyR with that 20,000y for 10 minutes. Solubilized protein supernatant was mixed
mMAKAP complex, an assembly that is likely to be importantat 4°C for 3 hours with 2@l preimmune or VO54 anti-mAKAP

to the integration of cAMP and &signaling to the myocyte immune antiserum previously bound to PO protein-G-agarose
(Upstate Biotechnology). Beads were washed for 5 minutes three

nucleus. times with Buffer A with 100 mM NacCl and 0.5% Triton X-100 before
resuspension in sample buffer (12.5 mM Tris-HCI, pH 6.8, 1%
mercaptoethanol, 2% glycerol, 0.4% sodium dodecyl sulfgig/rl
MATERIALS AND METHODS bromophenol blue). ’ ! sulfate/
Materials Immunoblotting

Antibodies were as follows: anti-RyR, MA3-916 (monoclonal, Samples were size-fractionated by SDS-PAGE on 3% acrylamide
Affinity Bioreagents); anti-PP2A catalytic subunit, P47720 stacking phase, 5% or higher percentage acrylamide resolving phase
(monoclonal, Transduction Laboratories); anti-PKA cRBubunit,  gels (Laemmli, 1970). 5% acrylamide resolving phase gels were
P55120 (monoclonal, Transduction Laboratories); anti-PKA catalytidransferred to nitrocellulose on a Biorad Semi-dry Transfer Unit in the
subunit, P73420 (monoclonal, Transduction Laboratories); antiabsence of methanol, while 8-12% acrylamide resolving phase gels
phospholamban  (PLB), MAS3-922 (monoclonal, Affinity were transferred using a Biorad Liquid Transfer Unit in the presence
Bioreagents); anti-PDE4D, PD4-401AP (rabbit polyclonal, of 10% methanol. Blots were blocked in 0.1% Blotto (0.1% BSA, 5%
FabGennix); anti-lamina associated polypeptide 2 (LAP2), L7452@onfat dry milk, TBS, 0.05% sodium azide) for 30 minutes and
(monoclonal, Transduction Laboratories); and anti-calsequestrin, Oiacubated with primary antibody diluted in 0.1% Blotto (polyclonal
382 (rabbit polyclonal, Upstate Biotechnology). Anti-mAKAP VO54 antibodies) or TTBS (TBS with 0.03% Tween; monoclonal
and VO56 rabbit polyclonal antibodies were affinity-purified usingantibodies) overnight at room temperature. Blots were washed four
agarose beads (Affigel, Biorad) previously absorbed with &imes for five minutes with TTBS, before incubation for 1 hour with
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1:50,000 dilution of horseradish peroxidase-conjugated donkey antiag fusion. The fusion cDNA was transferred into pTRE-shuttle vector
IgG antibody (Jackson Laboratories) in TTBS. After washing, boundClontech) usingSpe and Aflll restriction enzymes and recombinant

antibody was detected with chemiluminescent substrate (Supersigredenovirus was produced using the Adeno-X Tet-Off Expression
products, Pierce). Molecular weight markers include myosin (20Bystem (Clontech), according to the manufacturer’s protocols.
kDa), 1IgG heavy chain (48 kDa) and Kaleidoscope PrestainethAKAP-expressing adenovirus was used to infect HEK293 and COS-

Standards (Biorad). 7 cells for the production of mAKAP protein. RyR GST-fusion
] ) ) proteins were produced i ColiBL21 DE3 RIL (Stratagene) by way
Ventriculocyte immunocytochemistry of pGEX-4T expression vectors (Pharmacia Biotech) containing

Rat neonatal ventriculocytes were prepared as previously describeabbit RyR type Il cDNA fragments that were inserted by ligation of
(Kapiloff et al., 1999) and cultured on dual-well chamberslides coatetestriction enzyme digested PCR products generated with Pfu Turbo
with 1% gelatin and 1 mg/ml laminin solution at a density of abouhigh-fidelity enzyme (Stratagene), a RyR Il full-length cDNA, and
100,000 myocytes/ctnAfter one day in plating medium (Dulbecco’s oligonucleotide primers designed to keep the cDNA in frame. GST-
Modified Eagle Medium (DMEM) with 17% Media 199, 1% fusion proteins were purified from bacterial extracts using glutathione
penicillin/streptomycin solution (Gibco/BRL), 10% horse serum, andesin as suggested by the manufacturer (Clontech).

5% fetal bovine serum (FBS)), cells were incubated for two days in HEK293 or COS-7 cells were placed into culture at 50% confluence
80% DMEM, 20% Media 199 and 10@M phenylephrine. For in DMEM with 10% FBS and 1% penicillin/streptomycin solution.
staining, cells were washed twice with PBS, fixed for 10 minutes iThe next day, cells were infected with mAKAP-expressing adenovirus
3.7% formaldehyde in PBS, washed once with PBS, permeabilizeahd Adeno-X Tet-Off virus as suggested by the manufacturer
with 0.3% Triton X-100 in PBS for 10 minutes, washed again with(Clontech). 24-48 hours later, cells were lysed in Buffer A with 100
PBS and then blocked in PBS with 1% horse serum, 0.2% BSA. SlidesM NaCl and 0.5% Triton X-100 (without phosphatase inhibitors).
were incubated with primary antibody ((@/ml) in blocking solution  Soluble proteins were separated by centrifugation at 2@66010

for 1 hour and washed several times with blocking solution. Slideminutes, divided into aliquots and incubated 4 4vith glutathione
were next incubated for 1 hour with Cy5 or FITC-conjugated donkeyesin previously bound with GST-fusion proteins. Beads were washed
secondary antibodies (Jackson Laboratories) and Rhodamiribree times for 5 minutes at@ with lysis buffer before resuspension
Phalloidin (Molecular Probes), washed several times with PBS, anid sample buffer, separation by SDS-PAGE and immunoblotting as
then mounted with coverslips and Slofade anti-fade solutiodescribed above.

(Molecular Probes). Hoechst 33258 stain (ifiml) was included o

in the last PBS wash in order to locate nuclei. SpecificProtein kinase A assay

immunofluorescence was detected in successive focal planes by laseat hearts were homogenized as above using Buffer C (50 mM Hepes,
scanning confocal microscopy on an MRC1024 Biorad UV/VispH 7.4, 100 mM NaCl, 10 mM Mggl 0.5% Triton X-100, 1 mM

System. DTT, 10% glycerol, 1ug/ml pepstatin, lug/ml leupeptin, 1 mM
) ) AEBSF, 1 mM benzamidine). Whole heart homogenate was cleared
Heart subcellular fractionation by centrifugation at 20,00 for 10 minutes. mMAKAP complex was

The following procedure is a modification of established procedureBnmunoprecipitated as above using VO54 antiserum, and RyR
for the isolation of sarcoplasmic reticulum (SR) and nuclei from heartomplex  using anti-RyR  antibody. Beads containing
tissue (Meissner, 1974; Tata, 1974). Two rat hearts (Pel-freeze) weramunoprecipitated complex were resuspended ipl &hase buffer
washed twice with cold PBS and then disrupted using a Polytro(60 mM MOPS, pH 6.8, 50 mM NaCl, 4 mM MgCIlL mM DTT, 1
PT10/35 Generator at half-speed for 15 seconds in 20 ml Buffer BIM cAMP, 20puM U0126, 50 nM microcystin and 1@M rolipram)
(10 mM Hepes, pH 7.4, fig/ml pepstatin, Jug/ml leupeptin, 1 mM  and pre-incubated for 30 minutes at room temperature with and
AEBSF, 1 mM benzamidine, 5 mM EDTA) with 0.32 M sucrose. without 10uM protein kinase inhibitor (PKI). Phosphorylation was
Whole heart homogenate was filtered through 2 layers and theniditiated by addition of Gul [y-32P]JATP (7000 Ci/mmol, 13Ci/pl).
layers of cheesecloth, before low-speed centrifugation at §8060  After incubation at 3TC for 30 minutes, reactions were stopped with
20 minutes. The supernatant fraction (S1) was clarified bylOpl 5x sample buffer and 1 mM4RQ;. Kinase reactions were size-
centrifugation at 10,009 for 20 minutes, before re-centrifugation at fractionated by SDS-PAGE and transferred to nitrocellulose as
100,000g for 1 hour. The resulting pellet (P2 fraction), containing described above. Nitrocellulose filters were exposed to x-ray film and
SR, Golgi apparatus and plasma membrane, was resuspended in 2atér incubated with antibody as described above. Control
buffer B and 0.32 M sucrose. Purified SR was obtained from PRnmunoprecipitations included addition of excess (@) VO54
fraction by sucrose step gradient centrifugation (8 parts 24%, 6 pargstigen (MAKAP residues 1401-2314) (Kapiloff et al., 1999) or use
40%, 2 parts 50% sucrose in 5 mM Hepes buffer) at 10@¢ 6090 of non-immune immunoglobulin (2439 19gG). The relative extent of
minutes. Purified SR forms a layer at the interface between 24% ampthosphorylation was quantified by autoradiograph densitometry using
40% sucrose. a Biorad GS-700 Imaging Densitometer.

The initial 3800g pellet (P1), containing myofibrils, mitochondria
and nuclei, was resuspended in 20 ml Buffer B with 2.4 M sucrose,
and nuclei were sedimented by centrifugation at 50§@6r 90
minutes. The nuclei-containing pellet was washed by resuspension RRESULTS
1 ml buffer B and 0.32 M sucrose and repeat centrifugation at 3800
g for 20 minutes. The nuclei-containing pellet (Nuclei) was thenmAKAP is a nuclear envelope targeted cardiac
resuspended in 1 ml buffer B and 0.32 M sucrose. mMAKAP compleprotein

was immunoprecipitated from nuclei as above. Protein content wgsrevious studies with rat heart tissue and cardiomyocytes and
determined by a modification of the Lowry method (Lowry et al.. GEp_fusion proteins suggested that mAKAP is localized at the
1951; Biorad DC Protein Assay kit). cardiac NE through a domain containing spectrin-like repeats
Expression of full-length mAKAP and protein-protein (Dodge et al., 2001; Kapiloff et al., 1999). In order to further
interaction studies those studies, 5uM longitudinal sections of paraffin-

A MAKAP cDNA encoding the full-length protein was subcloned embedded, human cardiac ventricle were stained with affinity-

from pEGFPN1 (Kapiloff et al., 1999) into t¢hd and Kpnl sites  purified, VO56 anti-mAKAP antibody or control rabbit IgG
in pPCDNA3.1F)mychis B (Stratagene) in order to introduce a mycantibody (Fig. 1). Sections were counterstained with
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Fig. 1. The subcellular distribution of MAKAP in human heart tissue. - - — PP2A
Paraffin embedded, longitudinal sections of human heart tissue wer:
stained with affinity-purified anti-mAKAP VO56 (A) or rabbit IgG 48— ™ W _ PKA
(B) and Envision polymer horseradish-conjugated secondary .
antibody (brown stain). Nuclei were counter-stained with :
hematoxylin (blue). Scale is the same for each panel. Staining show 7.6—m. — PLB
is representative of more than three separate experiments using 12 3

sections from different individuals.
Fig. 2. Immunoprecipitation of the ryanodine receptor (RyR), protein

epéposphatase 2A (PP2A) and PKA with mAKAP antiserum. A 13,000

hematoxylin to detect nuclei, and the larger nuclei represent pellet fraction of whole heart extract was solubilized with 0.5%

t.ho.se preser_lt n myocyt.es' Specific mAK_AP_ staining V.Vagriton X-100 and 150 mM NacCl and cleared by repeat

limited to a ring surrounding myocyte nuclei (Fig. 1A). Faintongitygation. The solubilized pellet fraction was used for

diffuse staining was detected with nonspecific rabbit 19G, bufnmunoprecipitation experiments with control preimmune serum
no perinuclear staining was found (Fig. 1B). An identical(jane 2) or specific NMAKAP VOS54 antiserum (lane 3). Whole heart
staining pattern was detected in tissue sections derived frosxtract (5ug, lane 1) and immunoprecipitates were subjected to
the explanted hearts of fifteen random human patients witBDS-PAGE and immunoblotting with purified mAKAP antibody and
end-stage cardiomyopathy, as well as with paraffin-embeddesipecific RyR, PLB, PP2A C-subunit and PKA C-subunit monoclonal

mouse cardiac ventricle (data not shown). antibodies. The migration of the respective protein and molecular
weight markers are indicated for each panel. Each panel is

RyR and PP2A are associated with an mAKAP representative of three separate experiments.

complex

Given the large size of mAKAP, 2314 aa residues, and the

precedence of other AKAPs serving as scaffolding proteinBDE4D3 and the kinase PKA, includes the protein phosphatase
(Colledge and Scott, 1999), we were interested in whether tHiRP2A and the G4 stores release channel RyR.

mMAKAP complex included other signaling proteins. The NE is

notable for containing proteins relating to the nuclear por&YyR, PKA and mAKAP at the nuclear envelope

complex and proteins involved in €acycling (Malviya and  Most research on the RyR has been conducted in the context
Rogue, 1998). We immunoprecipitated mAKAP complex fromof SR excitation-coupling. Therefore, we were interested in
a solubilized, low-speed pellet fraction of whole heartwhether mAKAP, RyR and PKA were in part co-distributed
homogenate enriched in nuclei (see Materials and Methods) aatl the cardiomyocyte nuclear envelope (Fig. 3). Rat neonatal
assessed the association of mAKAP with several knowwentriculocytes were dissociated and cultured under
proteins (Fig. 2). RyR and PP2A C-subunit were co-conditions in which they exhibited spontaneous contractions.
immunoprecipitated with anti-mAKAP VO54 antiserum in These cells were fixed, stained using affinity-purified VO54
conjunction with PKA catalytic subunit and mAKAP itself (Fig. anti-mAKAP antibody (Fig. 3A,E), anti-RyR monoclonal
2, lane 3). PLB, a well-characterized PKA substrate involved iantibody (Fig. 3B), anti-PKA Rb&-subunit monoclonal
the regulation of C re-uptake (Frank and Kranias, 2000), wasantibody (Fig. 3F) and rhodamine phalloidin which detects F-
not detected in VO54 immunoprecipitates and serves as actin in myofibrils (Fig. 3D,H,L, red channel), and studied by
negative control for this experiment. In addition, none of thesluorescent confocal microscopy. MAKAP protein was
proteins was precipitated with preimmune antiserum (Fig. 2jetected exclusively at the NE, consistent with the staining
lane 2). The lower molecular weight bands in lane 3 of théound in human heart tissue (Fig. 1) and with previously
mMAKAP blot were variable and represent protein degradatiopublished results (Dodge et al., 2001; Kapiloff et al., 1999).
products, and the 48 kDa bands present in lanes 2 and 3 of the found in other recent reports (Adebanjo et al., 1999; Tuvia
PKA blot represent 1gG heavy chain present in thest al.,, 1999), RyR staining displayed a periodic punctate
immunoprecipitation reactions. Other proteins that we did ngpvattern within the cytoplasm, indicative of the staining of
detect in anti-mAKAP immunoprecipitates included internal membranes, including both SR and NE (Fig. 3B).
SERCA2A, protein phosphatase 1 (PP1), and th&%/Ca Rlla staining was diffusely cytoplasmic, as expected by its
calmodulin-dependent phosphatase calcineurin (data nptesence in multiple intracellular compartments (Fig. 3F)
shown). These data suggest that mMAKAP serves as a scaff@link et al., 2001). Composite images repeatedly showed
for a complex that, in addition to the phosphodiesterassignificant overlap of RyR, Ril and mAKAP staining solely
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Fig. 3. Immunocytochemistry reveals the presence of|
MAKAP, RyR and PKA at the cardiomyocyte nuclear
envelope. Primary cultures of rat neonatal
ventriculocytes, maintained at high density in media
containing 10QuM phenylephrine and exhibiting
spontaneous contractile activity, were stained with
anti-mAKAP VO54 polyclonal antibody (mAKAP,
green, A,E), anti-RyR monoclonal antibody (RyR,
blue, B), anti-PKA-RI& subunit monoclonal mAKAP
antibody (RIb, blue, F), rhodamine phalloidin,
which detects F-actin in myofibrils (actin, red,
D,H,L), mouse IgG (control, blue, J), or no primary §&s]
antibody (control, green, I). FITC and Cy5-
conjugated donkey anti-mouse and rabbit IgG
secondary antibodies were used for specific
detection. Panels C,G,K are composites of the
preceding two images, and panels D,H,L are the
same as panels C,G,K, except with the addition of th
rhodamine channel. Nuclei, identified using Hoechst
stain, occupied the area outlined by mAKAP staining
(not shown). All images were acquired by confocal
fluorescent microscopy and are presented at the sa
magnification as indicated by the bar in panel L.
Staining shown is representative of greater than threg
separate experiments.

RyR

at the location of the NE (Fig. 3C,G). Import
negative controls included the subtractior
primary antibody (Fig. 31) or the substitution
primary antibody with nonspecific IgG (Fig. < Controls

since nonspecific 1IgG will lightly stain striat

muscle cells artificially.

Taken together, these images supportec 3 EO_pm
hypothesis that a pool of MAKAP, RyR and P j
come together at the NE to form a signa
complex. Further support for this hypothesis
generated by subcellular fractionation of
heart tissue (Fig. 4A). Hearts were disrupted - w4
neutral, isotonic buffer by mild homogenizat : ; . ;

(WH) and subjected to low-speed centrifuga RYR/mAKAR/Actin ] GINARAPACHRL o iroIBIACtn

to separate soluble proteins and microsc

(S1), including SR, from insoluble materi

such as myofibrils, mitochondria and nuclei (P1). Nuclei werenAKAP). Comparison of a larger quantity of purified SR and
then purified from P1 fraction by sedimentation centrifugationnuclear protein (2fig) and longer chemiluminescent exposure
The S1 fraction was further cleared by medium-speedonfirmed that mAKAP was exclusively detectable in nuclear
centrifugation, before microsomes (SR, plasma membrane af@ctions (Fig. 4B, lanes 2,3). The lower molecular weight
fragments of other organelles) were pelleted by ultrabands on the mAKAP and LAP-2 blots represent degradation
centrifugation (P2). Purified SR was generated from the Pgroducts that were variable in the preparations (Fig. 4A,B).
fraction by sucrose-gradient equilibrium centrifugation (Fig.Although mAKAP was not present in SR, interestingly, a
4B, lane 3). The quality of heart fractionation was assessed Ipptential AKAP of about 140 kD8, was detected in SR

the specific enrichment of the nuclear envelope protein LAP-ftactions by RI&t overlay assay (Carr and Scott, 1992), the
(Furukawa et al., 1998) in nuclear fractions (Fig. 4A, LAP-2,same size as one of the most prominent bands revealed by
lane 5) and by the specific enrichment of the SR-®mding  overlay assay of whole heart homogenate (data not shown). To
protein calsequestrin (Tharin et al., 1996) in P2 fractions (Figconfirm the existence of a nuclear pool of mAKAP-associated
4A, Calsequestrin, lane 4). In addition, initial homogenateRyR, mMAKAP was immunoprecipitated from purified
were routinely screened by microscopy for the presence ofuclei, and RyR was detected in anti-mAKAP-specific
nuclear disruption (not shown). immunoprecipitates by immunoblotting (Fig. 4C, lane 2).

Immunoblotting of the various heart fractionsp@ protein ) ) .
each) revealed that RyR was present in all fractions testeBecombinant PP2A, RyR and mAKAP interaction
including P2 (containing SR) and purified nuclei (Fig. 4A,Given the association of RyR and mAKAP in cells, we were
RyR). By contrast, mAKAP was present only in the NE-interested in studying their interaction at the molecular level
containing fractions, P1 and purified nuclei, and specificallysing a pull-down assay (Fig. 5). Mutations have been found
not in the SR-containing fractions, S1 and P2 (Fig. 4Ajn the cytosolic, N-terminal domain of human type Il RyR in
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Fig. 4.mAKAP-RyR complex is specific to the nuclet >
(A) Adult rat hearts were fractionated for comparisor A )
the constituents of different membrane compartment ' N
Whole heart homogenate (WH, lane 1) was centrifuc Q\%\Q\Qq’%\)o
at 3800g. The resulting pellet (P1, lane 3) contained .

myofibrils, mitochondria and nuclei. Nuclei (lane 5) . ¥ .
were purified from P1 by 2.4 M sucrose step gradien ~ kDa v =2 —mAKAP ' —mAKAP
centrifugation at 50,000 and repeat low-speed 200 — 200 —

centrifugation. The 3809 supernatant fraction (S1, la 123

2) was clarified at 10,008 before centrifugation at ;

100,000g. The 100,00@ pellet (P2, lane 4) contained . :
sarcoplasmic reticulum, Golgi apparatus and plasme C.
membrane. pig protein for each fraction was subjectt '

to SDS-PAGE and immunoblotting with purified ¥ — = ps = —RyR Q&
MAKAP antibody and monoclonal RyR antibody. S
Antibodies for LAP-2, a nuclear matrix protein, and 200 — Q& 6\?‘
calsequestrin, a SR calcium-binding protein, served 90 —

indicators for the quality of the fractionations. —LAP2

(B) Comparison with pure SR.|fg whole heart : : " ' —RyR
homogenate (WH, lane 1), 2§ purified nuclei (lane 2 43 — 200 —

and 25ug purified sarcoplasmic reticulum (SR, lane { 90 —

were subject to immunoblotting with anti-mAKAP 1 2

VO54 antibody. SR fraction was prepared from P2 43 — ~- —Calsequestrin

fraction by sucrose gradient centrifugation. (C) mAK,

and RyR are still associated after purification of nucl 12345

75 ug of purified heart nuclei were treated as starting

material in immunoprecipitation experiments with control preimmune serum (lane 1) or specific mMAKAP VO54 antiserum (lariRyR), and
was detected in immunoprecipitates by immunoblotting as performed in Fig. 2. As assessed by light microscopy, the nudhesesed i
experiments remained intact throughout their purification (not shown). The migration of the respective protein and molgitutaakers

are indicated for each panek3 for the experiments represented in each panel.

126 —

patients with arrhythmogenic right ventricular dysplasia5A). Full-length mAKAP was expressed by infection with
(ARVD), a cardiac disorder often presenting as sudden deattdenovirus vectors in HEK293 and COS-7 cells. Whole cell
(Tiso et al., 2001). Because the human mAKAP gene is linkeextracts containing mAKAP were then incubated with
to another genetic locus for ARVD (Kapiloff et al., 1999), weglutathione beads previously absorbed with GST-fusion
speculated that one of the RyR mutations might lie within th@roteins or GST alone (Fig. 5B). A GST-fusion protein
RyR domain responsible for mAKAP association, therebyontaining RyR aa residues 1-568 specifically mediated the
facilitating the mapping analysis of this very large proteinprecipitation of mMAKAP protein (lane 1). By contrast, GST-
Mutations have been found at RyR aa residues Argl76usion proteins containing RyR aa residues 2080-2609 or
Leud33, Asn2386 and Thr2504 in ARVD (Tiso et al., 2001)4332-4663 (lanes 2,3) and GST-alone (lane 4) were unable to
and in another genetic disorder, catecholaminergibind mAKAP and serve as controls for these experiments.
polymorphic ventricular tachycardia (CPVT), at RyR aaSimilar amounts of GST fusion proteins were used in all
residues Ser2246, Arg2474 and Arg4497 (Priori et al., 2001experiments (data not shown). In parallel assays, it was
GST-fusion proteins including large regions of RyRapparent that a GST-PP2A A-subunit fusion protein was also
encompassing these mutations were produced in bacteria (Féaffective at pulling down mAKAP (Fig. 5C). These data serve

Fig. 5.mAKAP is precipitated by an N-terminal fragment of RyR  A.

type Il and the A-subunit of PP2A. mMAKAP was expressed in MAKAP
HEK293 cells, and whole cell extracts were subjected to GST-pull i o o
down assay. Polypeptides fused to GST were full-length PP2A A- o $ Wéb §
subunit and RyR aa residues 1-568, 2080-2609 and 4332-4663. (A) A —— RYR II
schematic diagram showing the size of each RyR fragment and its - (4969 aa)
location within the primary structure of the protein. For reference, the FKBP12.6 channel

binding site for FKBP12.6 and the ion channel domain on type Il RyR domain

are indicated (see ‘Discussion’). Type Il RyR is thought to be

multiply phosphorylated by plural protein kinases, but only one site

(Ser2809, denoted by asterisk) has been mapped, and by which kirfxse RyR Fragments C.

this residue is phosphorylated remains unclear (MacKrill, 1999; Marx

et al., 2000). (B) Proteins pulled down by GST-RyR fusion proteins ‘ES? ;5?

were subjected to SDS-PAGE, and mAKAP was detected by I

immunoblotting with purified VO56 antibody. Panel C. Identical GST fusions: & qc’a‘g

)
o &
¥

experiment performed with GST-PP2A A-subunit and GST alone.
The migration of MAKAP is indicated. The panels are representativéNAKAP —— s .
of three individual experiments. 1 2 3 4 5 1
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A. Kinase Assay note that, in these assays, anti-mAKAP immunoprecipitates
should represent only a NE pool of RyR, while anti-RyR
immunoprecipitates should include RyR from all compartments,
kDa —RyR of which the SR is by far the largest. The phospho-protein profile
for anti-mAKAP immunoprecipitates (Fig. 6A, lanes 4,5) is
different from that for RyR immunoprecipitates (Fig. 6A, lane
8), probably an indication of the different constituency of NE
and SR RyR pools.

1 2 3 4 5§ 6 7 8

—PDE4D
-+ + - - - + - PKI DISCUSSION
I — | I
Con  AntrmAKAP Con Ant-RyR Ca*and cAMP are critical second messengers in cardiac signal
B. RyR Western transduction. C# fluxes directly control the contractile cycle
— — g — ~— sy —RyR and are at the center of excitation-coupling and regulation of

cellular hypertrophy (Frey et al., 2000; Katz, 1996). cAMP
Fig. 6. Ryanodine receptor (RyR) is phosphorylated by PKA in both serves to modulate inotropy, chronotropy and lusitropy,
anti-mAKAP and anti-RyR immunoprecipitates from whole heart.  mediating the effects @-adrenergic stimuli by inducing PKA
(A) Assay of endogenous protein kinase activity. Solubilized whole nhosphorylation of contractile proteins, ion channels, enzymes
heart extracts were prepared as in Fig. 2, and protein complex was of intermediary metabolism and other regulatory proteins

immunoprecipitated with mAKAP antiserum (lanes 1-5) or anti-RyR (\yaish and Van Patten, 1994). Crosstalk between cAMP- and
specific antibody (lanes 7-8). Immune complexes were incubated ! '

with [y-32P]ATP and cAMP in the absence (lanes 1,4,5,6,8) or Ca2+-.dependent pathways iS. essential for_ normal Car.diac
presence (lanes 2,3,7) of the specific PKA inhibitor PKI. Controls ~ Physiology and occurs by multiple, often localized mechanisms
(Con) included immunoprecipitation in the presence of excess (Colledge and Scott, 1999). For example, effective AKAP-

mAKAP C-terminal antigen (lane 1) or with mouse IgG (lane 6).  mediated targeting of PKA is necessary in ventriculocytes for
Lanes 2-5 represent duplicate reactions. Phosphorylation was the B-adrenergic-mediated phosphorylation of troponin | and
detected by autoradiography after protein fractionation by SDS-  myosin basic protein C, two regulators of myofibrillar2Ca
PAGE and transfer to nitrocellulose. Bands containing PDE4D and sensitivity (Fink et al., 2001). By association with the RyR*Ca
RyR proteins were identified by subsequent immunodetection with rejease channel, the PKA-mAKAP complex may permit the
the appropriate antibodies and are indicated resp_ectively, although integration of cAMP and Gasignals at the cardiomyocyte NE.
phosphorylated-PDEA4D is only faintly detectable in the exposure MAKAP staining has been shown to be limited to the NE of

shown. Molecular weights are as indicated. (B) RyR immunoblot. . . . X : .
Equal loading was verified by immunodetection with anti-RyR cardiomyocytes in frozen sections of rat cardiac tissue and in

antibodies. Panels are representative of three individual experiment§ultured myocytes using two independent, affinity-purified
anti-mAKAP antibodies (Dodge et al., 2001; Kapiloff et al.,

1999). We now extend those studies by showing that mAKAP
to map the mAKAP-interaction site on RyR type Il to the N-is localized at the cardiomyocyte NE of paraffin-embedded
terminal tenth of the RyR protein and to support the associatidruman ventricular tissue (Fig. 1). Our results are strengthened
of MAKAP with RyR and the core PP2A heterodimer in cellspy data that GFP fused to mAKAP is directed solely to the NE
in agreement with their co-immunoprecipitation with mAKAP of transfected rat neonatal ventriculocytes and that two

antiserum from heart extracts. adjacent domains of mMAKAP (aa residues 772-915 and 915-
_ ) 1065) containing spectrin-like repeats can also direct GFP to
RyR is a mAKAP-associated PKA substrate the NE (Kapiloff et al., 1999). These results differ from two

Having shown that mMAKAP, PKA and RyR associate in a NE+eports that have found mAKAP in multiple myocyte
bound complex and because the RyR is regulated by PKéompartments (Marx et al., 2000; Yang et al., 1998). We cannot
phosphorylation (MacKrill, 1999), we were interested inexclude the possibility that mAKAP is targeted to other
whether mAKAP-bound RyR may be a substrate for thentracellular sites at levels beneath the threshold of detection
associated PKA. RyR was immunoprecipitated from whole heait these experiments.

homogenate using anti-mAKAP VO54 antiserum or anti-RyR To investigate the function of the mAKAP targeting of a
monoclonal antibody (Fig. 6). Immunoprecipitated complexeselect pool of PKA (Fig. 3E-H) and PDE4D3 (Dodge et al.,
were assayed for endogenous PKA activity by contrasting001) to the nuclear envelope, we have begun to define
incorporation of $2P]phosphate in the absence and presence dfie other components of the mMAKAP complex. Co-
the specific PKA inhibitor PKI (Fig. 6A). Equal loading was immunoprecipitation using anti-mAKAP antibodies revealed
verified and the RyR band was identified by immunoblotting thehe association of mMAKAP with PP2A and RyR, but not with
same nitrocellulose filter with anti-RyR antibody (Fig. 6B). RyRa variety of other signaling proteins including calcineurin, PP1,
was consistently radiolabelled two- to fourfold more intensehSERCA2A and PLB (Fig. 2). PP2A is a heterotrimeric protein
in the absence of PKI, regardless of antibody used fgohosphatase implicated in the de-phosphorylation of multiple
immunoprecipitation (Fig. 6A, compare lanes 2-5 and 7,8)signaling enzymes, including protein kinase C, casein kinase,
Negative controls included absorption of VO54 antiserum witiCa*/calmodulin-dependent protein kinases, mitogen activated
excess MAKAP antigen prior to immunoprecipitation (Fig. 6,protein kinases, cyclin-dependent protein kinases, and both
lane 1) and immunoprecipitation with preimmune antiserum (ndPKA and RyR (Chu et al., 1990; Millward et al., 1999). In the
shown) and non-immune IgG (Fig. 6, lane 6). It is important theart, PP2A may be involved in contractile protein and ion-
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channel regulation as well. Interestingly, transgenic mice Our data suggest that an important difference between SR
expressing a dominant negative form of PP2A A-subuniand NE RyR is the selective association of NE RyR with the
exhibit cardiac hypertrophy and die from dilated MAKAP complex (Fig. 3). By Rt-overlay assay, there is a
cardiomyopathy (Brewis et al., 2000). The regulation of PP2Aighly abundant AKAP of about 140 kDM, in heart that is
is poorly understood and specificity is thought to be, in parthe major Rlti-binding protein in SR preparations (data not
secondary to targeting by different B-subunits (Millward et al. shown). This putative SR-AKAP may be associated with SR
1999). PP2A C-subunit was detected in anti-mAKAPRyR and may be important to excitation-coupling. More
immunoprecipitates using heart extract (Fig. 2), and mAKARnvestigation is required to discern what other signaling
expressed in HEK293 cells was precipitated with GST-Acomponents are associated with NE mAKAP-RyR complex,
subunit (Fig. 5C). It remains to be determined whether thancluding those represented by the multiple phosphorylated
MAKAP-PP2A interaction is indirect or whether mAKAP bands found for mAKAP complex (Fig. 6, lanes 4,5).
serves as a B-subunit to target the PP2A core heterodimer Adthough calcineurin and PP1 have been reported to be
the NE. PP2A has been found to associate with RyR aassociated with RyR (Cameron et al., 1995; Marx et al., 2000),
residues 1451-1768, but whether this interaction is direct is nete detected neither in mAKAP immunoprecipitates (data not
known (Marx et al., 2000). Given the extremely low levels ofshown), reflecting the difficulty of higher order complex co-
RyR in HEK293 cells (Querfurth et al., 1998), it is not likely immunoprecipitation or, potentially, the different constituency
that mAKAP bound PP2A through RyR in the pull-downof SR and NE RyR complexes. In addition, given the different
experiments. Future studies will address the mechanism abncentrations of mMAKAP and RyR in the microsomal (P2)
binding and the role of PP2A in the mAKAP complex. and nuclear fractions (Fig. 4) and the very different staining
Having detected RyR in mAKAP immunoprecipitates, wepatterns for mMAKAP and RyR in cells (Fig. 3), a molecularly
investigated whether there was partial co-distribution of RyRlistinct subset of RyR or a protein other than RyR that is yet
and mAKAP at the cardiomyocyte NE. Immunocytochemistryunidentified must serve as the NE anchor for mAKAP.
of rat neonatal ventriculocytes revealed that RyR is principally The RyR is a large ion channel with multiple functional
an SR ion channel (Fig. 3B), consistent with its well-domains (Fig. 5A). As much as the C-terminal fifth of the
understood role in excitation-coupling (Franzini-Armstrongprotein contributes to the ion channel core, while the extensive
and Protasi, 1997). Importantly, there was a significant pool dfi-terminal ‘foot’ domain and the C-terminus of RyR are
RyR also at the NE, overlapping in distribution with mAKAP cytosolic and can be involved in protein-protein interactions
(Fig. 3A-D). These results were followed by experimentgFranzini-Armstrong and Protasi, 1997). Although the
involving fractionation of adult rat heart tissue (Fig. 4). RyRcharacterization of the interaction with most RyR modifiers
was found in both microsomal and nuclear fractions (Fig. 4A)emains incomplete or controversial (MacKrill, 1999), the site
while mAKAP was present in nuclear, but not SR fractiondor FKBP12.6 has been mapped to within RyR aa residues
(Fig. 4B). Confirming the presence of RyR-mAKAP complex2361-2496 (Marx et al., 2000), near or overlapping where RyR
at the NE, RyR and mAKAP were co-immunoprecipitatedtype Il mutations have been found in human disease (see
from purified nuclei (Fig. 4C). mMAKAP-RyR co- ‘Results’). We have begun to define the mAKAP binding
immunoprecipitation has been independently demonstrated @omain on RyR using GST-fusion proteins (Fig. 5A,B). A
a manuscript concerning the SR RyR macromolecular compleéST-fusion protein containing the N-terminal 568 aa residues
(Marx et al., 2000). One strength of the experiments presented type Il RyR can specifically mediate mAKAP precipitation,
here is that, in order to distinguish between pools of RyRn contrast to two other large regions of the RyR or GST alone.
specific precaution that has not traditionally been warranted ifhis N-terminal region is also the site of mutations found in
RyR investigations was employed during homogenization tpatients with ARVD (Tiso et al., 2001). It remains to be
prevent nuclear disruption and mixing of NE and SRdetermined whether the RyR-mAKAP interaction is affected
membranes (Meissner, 1974; Tata, 1974). The results @i ARVD or other forms of cardiomyopathy.
experiments involving immunohistochemistry and tissue The RyR has been well studied as a mediator of calcium-
fractionation lead us to conclude that mAKAP associate;iduced calcium release. It is tightly regulated by the
predominantly with a NE pool of RyR, and not significantly endogenous ligand cyclic ADP ribose (CADPr), by Utself,
with RyR present at the SR. by multiple protein-protein interactions, and by protein kinases
Only recently has it become appreciated that a pool of RyRicluding PKA and C#&/calmodulin-dependent protein kinase
is resident on the NE (Bootman et al., 2000)2*Qairrents  (MacKTill, 1999). By increasing the RyR sensitivity to2Ca
sensitive to cADPr and anti-RyR staining have been detecteahd the rate of channel closure, PKA phosphorylation of the
on the NE of isolated nuclei (Adebanjo et al., 1999;RyR can contribute in the heart to higher amplitude, faster
Gerasimenko et al., 1995). Thus far, no molecular differencesycling pulses of intracellular €aduring states of increased
have been discerned between SR and NE RyRs. Type | RyRotropy and chronotropy (Valdivia et al., 1995). PKA-
has been found at the NE of osteoclasts, cells that apparentlgpendent phosphorylation has also been associated with
do not contain type Il or type lll RyR (Adebanjo et al., 2000).decreased inhibition of the RyR by the constitutively high
MRNA for all three types of RyR have been detected in heaimtracellular levels of magnesium ion (Hain et al., 1995) and
(Franzini-Armstrong and Protasi, 1997). Because the RyRiith the dissociation of FKBP12.6 from the cardiac RyR
antibody used in this study is selective, but not exclusive fofMarx et al., 2000). NE RyR is probably regulated in a similar
type Il RyR, and because the cytoplasmic domains of the RyRanner by mAKAP-sequestered PKA in cells, for RyR is
forms are highly similar, we cannot exclude the possibility thaphosphorylated by endogenous PKA in isolated native
cardiac NE RyR is type | or lll, rather than type Il, themAKAP complex (Fig. 6).
predominant form in the heart. Current ion channel theory holds that elementary, transient
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Fig. 7.Model of mMAKAP complex. mAKAP

associates with PKA, PDE4D3, PP2A and RyR at the

cardiomyocyte NE. mAKAP is targeted to the NE by

two spectrin-like repeat-containing domains (aa

residues 772-915 and 915-1065) and binds PKA via MAKAP
an amphipathic helix at aa residues 2055-2072.
MAKAP is associated with the N-terminal 568 aa of
the RyR. PKA can phosphorylate RyR and PDE4D3
leading to increased ion channel and
phosphodiesterase activity (a negative feedback loop;
Dodge et al., 2001). PP2A may serve to reverse these
phosphorylation events.
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C&* currents through individual channels called ‘puffs’ andbeen associated with the induction of apoptosis (Hajnoczky
‘sparks’ can be locally important and may, if frequent, give riseet al., 2000). The human gene for mAKAP is also linked to a
to generalized changes in cellular’Ckevels (Bootman et al., locus for ARVD (Severini et al., 1996). Our current
2000). In situ C& imaging has been used to demonstrate thainvestigations into whether mutations in mAKAP are found in
nucleoplasmic C# levels in cultured cardiomyocytes and ARVD and into the structure-function relationships of the
isolated nuclei can be affected autonomously by NE RyRnAKAP-RyR complex should extend our understanding of
channels (Abrenica and Gilchrist, 2000; Adebanjo et al., 199%;AMP and C&* signaling and may provide new insights into
Adebanijo et al., 2000). €acurrents derived from the NE are the pathogenesis of ARVD, a poorly understood cause of
apparently involved in the regulation of nuclear import (Jand$iuman early mortality.
and Hubner, 1996) and &#calmodulin-dependent protein
kinase-regulated cardiac gene transcription (Chawla et al., The authors thank John Scott, Kimberly Dodge, Kurt Beam, Issac
1998; Heist and Schulman, 1998). The mAKAP complex thafessah and Geof Rosenfeld for enthusiastic, helpful discussions,
includes PKA, PDE4D3, PP2A and RyR is strategically ' Langeberg for assistance in confocal microscopy, and
: I S VI S I Wi

located to mo_dulate @areg'ulated nuclear events (Fig. 7). stainingphuman tissue. Thispwork wgs suppr))orted by NHLBI grant KO8
CAMP may _Increase perlnuclear @af'lﬁxes by PKA HL04229 and an award from the Donald C. and Elizabeth M.
phosphorylation of the RyR, in a manner tightly controlled bypjckinson Foundation of California to M.S.K.
the PKA-activated PDE4D3 and PP2A-mediated de-
phosphorylation. Alternatively, because the RyR is*Ca
sensitive, it is possible the RyR serves as a sensor for ambidHEFERENCES
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