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ABSTRACT. Voltage-dependent L-type calcium (Ca) channels are heteromultimeric proteins that are regulated
through phosphorylation by cAMP-dependent protein kinase (PKA). We demonstrated thasthminit

was a substrate for PKA in intact cardiac myocytes through back-phosphorylation experiments. In addition,
a heterologously expressed fat subunit was phosphorylated at two sites in vitro by purified PKA. This
B2asubunit contains two potential consensus sites for PKA-mediated phosphorylationaghdrSeso;.
However, upon mutation of both of these residues to alanineg.tfmibunit remained a good substrate

for PKA. The actual sites of phosphorylation on thesubunit were identified by phosphopeptide mapping

and microsequencing. Phosphopeptide maps of a bacterially expfegsetbunit demonstrated that this
subunit was phosphorylated similarly to thesubunit isolated from heart tissue and that the phosphorylation
sites were contained in the unique C-terminal region. Microsequencing identified three serine residues,
each of which conformed to loose consensus sites for PKA-mediated phosphorylation. Mutation of these
residues to alanines resulted in the loss of the PKA-mediated phosphorylation @f;thgbunit. The

results suggest that phosphorylation of the subunit by PKA occurs at three loose consensus sites for
PKA in the C-terminus and not at either of the two strong consensus sites for PKA. The results also
highlight the danger of assuming that consensus sites represent actual sites of phosphorylation. The actual
sites of PKA-mediated phosphorylation are conserved in rfigstubunit isoforms and thus represent
potential sites for regulation of channel activity. The sites phosphorylated by PKA are not substrates for
protein kinase C (PKC), as the mutafgdsubunits lacking PKA sites remained good substrates for PKC.

Calcium influx through voltage-gated L-type calcium L-type calcium channels are heteromultimeric proteins
channels is responsible for initiating excitatiocontraction consisting minimally of pore-formingy subunits and two
coupling in the heart. The L-type calcium current in cardiac accessory subunits,anda,d, which play roles in modulat-
myocytes can be modulated by a variety of receptor-mediateding channel function§—11). Several different isoforms of
processes including stimulation of the current through the a; andp subunits have been cloned, and many of these
activation of the3-adrenergic receptor pathwai~4). This isoforms show cell-specific patterns of expressitf, (12,
pathway involves receptor-stimulated production of cAMP 13). The major subunits identified in cardiac tissue are the
and activation of cAMP-dependent protein kinase (PKA). oycandf; isoforms that, together with the,d subunit, form
While the cAMP-mediated stimulation of L-type Ca channels the class C L-type Ca channé,(14-17). Several splice
has been studied extensively by electrophysiological meansvariants of both thex;c and 8, subunits also exist and are
(4, 5, the underlying phosphorylation reactions have not been believed to comprise class C L-type channels in other tissues
resolved completely. such as smooth muscle and brai® 13.

While direct phosphorylation of channel subunits seems

T This work was supported by NIH Grant RO1 HL23306. B.L.G a likely mechanism to ?Xplain the CAMI_D'deDendem regula-
was supported by a National Research Service Award Training Grant tion of the channels, it has been difficult to study these
T32-DK07169. reactions in intact cardiac myocytes because the channels

* To whom correspondence should be addressed at Department of e a6 membrane proteins. Heterologous expression systems
Molecular Pharmacology and Biological Chemistry, Northwestern .

University Medical School, 303 E. Chicago Ave. S215, Chicago, IL have been developed to overcome this problem, and both
60611; tel 312-503-3692; fax 312-503-5349; email mhosey@nwu.edu. the expressed;c and thef, subunits of the calcium channel
pr;t':itr’]bfﬁi‘r’]'gts'gﬂsgIgésu?)l:ggizat%'rggguk(’:l%”%_'?Kcvri%A'\t"ngepTeggeKm have been identified as excellent substrates for phosphoryl-
tosylamido-z-p’henylet’hyl chloromethyl ke"[one; ’Ab, antibod’y; IBMXi at'?” by PKA in vitro (178_20)' Recent studies have pro_vlded
3-isobutyl-1-methylxanthine; SDSPAGE, sodium dodecy! sulfate evidence for a functional role of the phosphorylation of
polyacrylamide gel electrophoresis; EGTA, ethylene glycol bis(  Ser1928 in the C-terminus of the;c subunit @1, 2.

aminoethyl etherN,N,N,N'-tetraacetic acid; EDTA, (ethylenedinitrilo)- ; i
tetraacetic acid; Tris, tris(hydroxymethyl)aminomethane; WGA, wheat .However’ two size forms of theuc subunit have been

germ agglutinin: PCR, polymerase chain reaction: BHK, baby hamster iS0lated from cardiac myocytes: the full-length form, which
kidney; IVT, in vitro translated; TLC, thin-layer chromatography; CNBr, ~contains Ser1928, and a truncated form lacking a large
cyanogen bromide; HPLC, high-performance liquid chromatography; portion of the C-terminus including Ser19285( 17, 23, 2}

FPLC, fast-flow protein liquid chromatography; TFA, trifluoroacetic : -
acid; IMAC, immobilized metal (ferric) affinity chromatography; CFTR, The truncated form of theuc subunit has consistently been

cystic fibrosis transmembrane regulator; Tn I, troponin I; PLB, the most abundant form isolated from cardiac preparations
phospholamban. (15, 18, 23, and the C-terminal-truncatedc subunit is not
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a substrate for phosphorylation by PKA in vitrbg 18, 23. rat 3, carboxyl-terminus and specifically recognizes fhe
These results suggest the possibility that Ser1928 may notisoform of this L-type Ca channel subuniB2j. The

be available to serve as a regulatory site in cardiac myocytes.polyclonal S4en antibody was generated in a goat against a
On the other hand, results obtained from immunofluorescencefusion protein containing residues 1354 of the ratf,,
studies have suggested that the C-terminus ofitgesubunit subunit and recognizes all identified L-type Ca chanmel

is present in intact cardiac myocytes and colocalized with subunit isoforms 3).

the body of theo;c subunit and theg subunit (7). While Isolation of Rabbit Ventricular Myocyte®\dult rabbit
further studies will be required to achieve a better under- ventricular myocytes were isolated by standard procedures
standing of the status and role of the C-terminus ofdhe (34) as previously described. 7).

subunit in intact cells, it is conceivable that there may be  Back-Phosphorylatior-or back-phosphorylation experi-
multiple mechanisms whereby the L-type Ca channels arements, freshly isolated myocytes were kept af@7or 1 h
regulated by PKA. One scenario would predict that if the before drug treatment. Stimulated myocytes were treated with
ouc Subunit in intact cardiac cells lacks the PKA target at a combination of 2QuM forskolin (Calbiochem), 1 mM
Ser1928, then the regulation of channel function by PKA 3-isobutyl-1-methylxanthine (IBMX, Sigma), /oMl isopro-
would occur through a mechanism other than phosphoryla- terenol (Sigma), and 50 nM okadaic acid (OA, Calbiochem)
tion of the o, subunit. for 5 min, while control myocytes were treated with vehicle

Since the3; subunit is a demonstrated PKA substrate both alone. Membranes were prepared with a Tri-R dounce
in vitro (20) and in intact cellsZ2), it is possible that PKA- ~ homogenizer (67 strokes at 7500 rpm) in lysis buffer
mediated phosphorylation of tife subunit in cardiac tissue ~ containing 250 mM sucrose, 0.25 M KCI, 10 mM imidazole,
may be functionally important. The rAt. subunit has been  PH 7.4, 5 mM MgC}, 10 mM EDTA, phosphatase inhibitors
the A subunit most extensively studied in conjunction with (100 mM NaF, 25 mM NaKP® 2 mM EGTA, 10 mM
the azc subunit [although thed., subunit appears to be sodium pyrophosphate, and 1 mM sodium vanadate) and
expressed in the brain rather than the hea®]( This 3, protease inhibitors. Protease inhibitors consisted of the
subunit contains two classical consensus sites for potentialfollowing: 184 ug/mL iodoacetamide, 17 4g/mL phenyl-
phosphorylation by PKA at Ser591 and Thri8% The other ~ methanesulfonyl fluoride, 18g/mL soybean trypsin inhibi-

B2 isoforms have only one classical consensus site at residuedor, 1 xg/mL aprotinin, 1.4ug/mL pepstatin A, and 1@g/
homologous to Thr16426, 27. This site corresponds to a ML leupeptin. The homogenates were centrifuged at §000
homologous site in the skeletal musg@eisoform, which ~ for 10 min. The pellets were resuspended in lysis buffer
has been shown to be phosphorylated by PKA in vigf®)( containing 0.6 M KCI to extract myosin and centrifuged
A S subunit has also been suggested to be phosphorylatedgain. Myosin extraction was repeated twice more, after
in intact canine cardiac myocytes followingadrenergic which the pellets were washed with homogenization buffer
receptor stimulation29, 30. To determine if PKA-mediated ~ containing 50 mM Tris-HCI, pH 7.4, 2 mM EDTA, 2 mM
phosphorylation of the, subunit in cardiac myocytes may EGTA, and phosphatase and protease inhibitors. Pellets were
participate in the cAMP-dependent regulation of Ca currents, resuspended in a minimal volume of homogenization buffer
in the present work we tested for phosphorylation ofghe ~ and protein concentrations were determined prior to in vitro
subunit in rabbit ventricular myocytes. In addition, we Phosphorylation of the membranes. In vitro phosphorylation
performed extensive analysis of tifie subunit to identify ~ assays with PKA were performed on the crude membranes

the sites of PKA-mediated phosphorylation. from the myocytes by methods previously describ2@) (
with the exception that the specific activity of the-{2P]-
MATERIALS AND METHODS ATP was increased 50-fold by reducing the amount of
unlabeled ATP in the reactions (from M to 1 uM).
Materials. The catalytic (C) subunit of PKA was purified  After the back-phosphorylation, membranes were solubi-

to homogeneity from bovine heart as previously described |ized by addition of an equal volume of 2% SDS in
(31). Redivue p-*?P]JATP was purchased from Amersham homogenization buffer, and channel subunits were isolated
Life Sciences. Tosylamido-2-phenylethyl chloromethyl ketone- by immunoprecipitation. Solubilized proteins were diluted
(TPCK-)treated trypsin and clostripain were both obtained 5-fold with dilution buffer (homogenization buffer containing
from Sigma. Lipofectamine was purchased from Qiagen. 0,296 SDS, 0.8% digitonin, 0.25% cholate, and 0.2 M NaCl)
Prestained low range molecular weight electrophoresis and immunoprecipitated with th@yen antibody precoupled
standards were obtained from Gibco/BRL. Prestained hlgh- to Ultralink protein G as described previousnﬂ'{' Immu-
range molecular Weight eIeCtrophoreSiS standards, nitrOCE'-noprecipitation pe||ets were washed with 20 volumes of
lulose, and Immobilon-CD membranes were purchased fromphosphoprotein wash buffer xlhomogenization buffer, 1%
Bio-Rad. Digitonin was from Gallard-Schlesinger or Cal- Triton X-100, and 0.2% SDS containing either 0.2 or 0.5 M
biochem. {°S]Methionine and H]PN200-110 were ob-  NaCl) for a total of seven washes (starting and ending with
tained from Dupont NEN. Immunopure sulfo-NHS-LC- (0.2 M NaCl wash). Precipitated proteins were eluted and
biotin, SuperSignal chemiluminescent substrate system,analyzed as described below.
Ultralink immobilized protein G, Neutravidin, and biotinyl- Purification of Cardiac L-Type Channels by Wheat Germ
ated horseradish peroxidase (HRP) were purchased fromagglutinnin-Sepharose Chromatographyrude membranes
Pierce. HRP-coupled secondary antibody was from Sigma, from frozen rabbit hearts were prepared, and L-type Ca
Pierce, or Jackson ImmunoResearch. All other reagents werghannels were prelabeled witBH]JPN200-110 in the
from Sigma or other standard sources. membranes, solubilized with 1% digitonin, and partially
The polyclonal 5, antibody was generated in rabbits purified by wheat germ agglutinin (WGA)Sepharose chro-
against a fusion protein containing residues-46Q0 of the matography as previously described for channels from
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avian heart 15). Fractions corresponding to the peak of
dihydropyridine binding were concentrated either separately
or after being pooled with Centricon-30 microconcentrators
(Amicon) and analyzed by SDFAGE followed by Western
blotting.

Expression of Cardiac Calcium Channel Proteins in
Heterologous Systemiglutants containing either truncations
or point mutations were generated by PCR using th@zat
cDNA (9). The wild type (WT) and mutant cDNAs of the
rat 32 Subunit were subcloned into the pRBG mammalian
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In vitro phosphorylation of either the bacterially purified
or the IVT f3,4 subunit with either PKA or protein kinase C
(PKC) was performed as described earligf)(with the
following exceptions. The protein concentration of the
bacterially expresse@,, subunit in the phosphorylation
reaction was 0.1 mg of protein/ mL and the I3, subunit
was phosphorylated in reactions containing2%f the IVT
reactions, 2QuL of 2.5x phosphorylation buffer (125 mM
HEPES and 25 mM MgS©QpH 7.4) plus PKA C-subunit,
ATP, and HO (to 50uL total volume). The phosphorylation

expression vector and used to express these proteins in BHK€actions on both the purified and the 1} subunits were

cells by Lipofectamine transfection per the manufacturer’s

stopped by addition dfs volume of Laemmli buffer, heated

recommended protocol (Qiagen). Cell membranes were@t 95 °C for 5-10 min, and analyzed by SD®AGE,

prepared 48 h posttransfection. Cells were pelleted by
centrifugation at 100§ for 10 min. The cell pellet was

Western blotting, and phosphorimaging.
SDS-Polyacrylamide Gel Electrophoresis and Immuno-

resuspended in ice-cold homogenization buffer. Cells were Plotting. SDS-PAGE was performed by standard methods

lysed with a Brinkman polytron homogenizer (power setting (32) under reducing conditions with various percentages of
5 or 6, three pulses of 10 s each) or a Tri-R dounce polyacrylamide gels as specified. Electroblotting to nitrocel-

homogenizer (#10 strokes, 7500 rpm). The homogenate
was then centrifuged at 10§dor 5 min to remove nuclei

and unbroken cells. The supernatant after this low-speed spin'vI

was centrifuged at 100090for 30 min to separate the

membrane/particulate fraction (pellet) from the soluble/
cytosolic (supernatant) fraction. Finally, the pellet was
resuspended in a minimal volume of homogenization buffer,

lulose or Immobilon-CD membranes was carried out ac-
cording to previously described standard procedu8s. (
embranes were incubated with primary antibody, either
the 5, antibody B2) at a concentration of 1:1000 or a
biotinylated form of the84e.nantibody @3) at a concentration

of 1:500, as specified for either 16 h & @ or for 5 h at 25
°C. Biotinylation of thefqen antibody was performed with

protein concentration was determined, and the membranedh€ sulfo-NHS-LC-biotin reagent (Pierce) according to the

were used in the in vitro phosphorylation experiments
described below.

In vitro translated (IVT) WT and mutarth, subunits were
expressed from cDNAs subcloned into the pCR3 vector and
labeled with $S]methionine by use of the TNT-T7 quick
coupled transcription and translation system (Promega).
Bacterially expressed WT and mutafit, subunits were
created with either the pQE30 6-His (Qiagen) or the pGEX-
4T3 GST (Pharmacia) bacterial expression vector and
purified as outlined by the manufacturer. Baculovirus-
mediated expression of thg, subunit in Sf9 insect cells
was performed as described earli2@)(

In Vitro Phosphorylation of Ca Channel®lembranes
from BHK cells expressing th@., subunit orS, subunit
partially purified from heart membranes by W&&epharose
were phosphorylated in vitro with PKA by methods previ-
ously described 20). The BHK membranes were then
pelleted by centrifugation at 100090for 30 min and
resuspended in 500L of 2x phosphoprotein homogeniza-
tion buffer (2« PHB) containing 40 mM Tris-HCI, pH 7.4,
100 mM NaF, 50 mM NakKP@ 10 mM EDTA, 10 mM
EGTA, and % protease inhibitors. Membranes were solu-
bilized in solubilization buffer (PHB, 0.1% SDS, 1% Triton
X-100, and 0.5 M NacCl) for 30 min on ice. Insoluble material
was removed by centrifugation at 5@)Gor 10 min.
Solubilized membrane proteins or WGA-purified proteins
were immunoprecipitated overnight with ti¥ge, antibody
precoupled to immobilized protein G. The immunoprecipi-
tation complex was pelleted by brief centrifugation and
washed 5 times with at least 20 pellet volumes of cold
solubilization buffer. The immunoprecipitated proteins were
eluted by addition of 3 volumes of solubilization buffer and
1 volume of Laemmli buffer, heated at 96 for 5—10 min,
and analyzed by SDSPAGE, Western blotting, and auto-
radiography with a Storm phosphorimager.

manufacturer’s specifications. After the blot was rinsed with
TBS (4 x 10 s/rinse), the appropriate secondary antibody
was added and incubatedrfd h at 25°C. The secondary
antibody used for th@, blots was anti-rabbit Hrp-coupled
antibody at a concentration of 1:4000, and the secondary
system used for the biotinylategf}.n blots was precoupled
Neutravidin (2.5 mg/mL) and biotinylated HRP (1.5 mg/mL).
Membranes were washed with TBS $4(5—10 min/wash)]

and visualized with SuperSignal chemiluminescent substrate
for HRP-coupled antibodies.

One- or Two-Dimensional Phosphopeptide Mapping and
Phosphoamino Acid Analysi©ne-dimensional phospho-
peptide mapping after cleavage with cyanogen bromide
(CNBr) was performed as describedb( 39. Briefly, in vitro
phosphorylated3,. subunit expressed from recombinant
baculovirus in Sf9 insect cells was separated by SBAGE
and transferred to Immobilon CD membranes. Phosphoryl-
atedf, subunit bands were cut from the transfer paper and
subjected to cleavage by CNBr in 70% formic acid (200
at room temperature for-88 h at the concentrations
indicated. Following cleavage, the reactions were lyophilized
and resuspended in SB®AGE sample buffer prior to
electrophoresis on a-5l5% polyacrylamide gradient gel.

Two-dimensional phosphopeptide mapping was performed
following cleavage with TPCK-trypsin3{) of in vitro
phosphorylated, bacterially expressed WT and mufant
subunits or the WGA Sepharose-purified cardiac calcium
channelB, subunit. Briefly, tryptic phosphopeptides of the
B2 subunit were separated by two-dimensional thin-layer
chromatography (TLC) on cellulose F TLC plates (EM
Separations). Separation was performed in the first dimension
by electrophoresis in 1% (NHCO;, pH 8.9, and in the
second dimension by ascending chromatographyndin
butanol/pyridine/acetic acid/water (37:25:8:30). Phospho-
amino acid analysis was performed on in vitro phosphoryl-
ated bacterially expressed WE subunits as describe87).
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Purification and Microsequencing of Phosphopeptides A.  sutorsdiogram immumobio
Bacterially expressefh subunit was phosphorylated in vitro i 1w
by PKA, separated by SDSPAGE, and transferred to
immobilon-CD membrane. Thg; subunit bands were cut ]
from the transfer paper and phosphopeptides were generated By ' - - -
by cleavage with 50@L of 50 ug/mL clostripain, 20 mM & 5 p 5
NH4HCGO;, 2.5 mM DTT, and CaG| pH 7.8, for 2=3 h at
25°C. Cleavage reactions containing phosphopeptides were B c

lyophilized and resuspended in buffer A [gBi with 0.1% k| -
(v/v) TFA]. Phosphopeptides were separated by reversed-
phase HPLC on a C-18 column with buffer A (above) and
buffer B (acetonitrile with 0.1% (v/v) TFA) in a linear

gradient of 6-100% acetonitrile with 0.1% (v/v) TFA (buffer ™ I:: -l
B). Fractions containing phosphopeptides were lyophilized _—

and resuspended in buffer C (50 mM MESdah M NacCl,

pH 5.5). Phosphopeptides were further purified by im-

mobilized metal (ferric) affinity chromatography (IMAC) as PLE-| Sl
described 38), lyophilized to near dryness, and desalted on B CECB o ,;' g g
a Sepharose G-10 gel-filtration column, and the purified Pkl f, PLB Tnl

phosphopeptides were microsequenced by Richard Cook a‘i:IGURE 1: Native cardiags, subunit isolated from rabbit cardiac

Baylor College of Medicine in Houston, TX. myocytes is phosphorylated in vivo upon stimulation of PKA (A)
Back-phosphorylation of the cardiglz subunit. Isolated cardiac

RESULTS myocytes were subjected to back-phosphorylation as described
under Materials and Methods. Stimulated myocytes (S) received

Is the 82 Subunit Isolated from Cardiac Myocytes Phos- drug treatment, while control cells (C) did not. Thesubunit was

i ; immunoprecipitated with th8ye, Ab and visualized by immuno-
phorylated by PKAZT0 %Ssess fthe ablllty .o fthe Cacr;.jlﬁ £ I blotting with theS,-specific Ab g(right panel) and by autoradiography
subunit to serve as a substrate for PKA in intact cardiac cells, (jeft panel). Protein markers shown are in kilodaltéB.) Repre-

we asked if the3, subunit present in cardiac myocytes iS sentative back- phosphorylation of the established PKA substrates,
phosphorylated in response to stimulation of fredrenergic troponin | (Tn 1) and phospholamban (PLB). Solubilized membrane
receptor pathway. To do this, we stimulated intact rabbit Proteins (10 mg) from control (C) and stimulated (S) myocytes

. . . . were subjected to SDSPAGE on a 15% acrylamide gel followed
ventricular myocytes with a cocktail of reagents to increase by staining with Coomassie blue (not shown) and analysis by

CAMP and subsequently performed back-phosphorylation phosphorimaging. In samples that were heated &2for 5 min,
experiments in isolated membranes as described undetthe characteristic dissociation of the pentameric form of PLB into

Materials and Methods. After immunoprecipitation of the monomers was observed. (C) Bar graph depicting relative phos-
> subunit and SDSPAGE, theB, subunit was detected by phorylation of thef, subunit and the two control proteins, PLB

' . . o . and Tn |. Phosphorylation levels under control conditions for each
immunoblotting with theS>-specific antibody, and phospho- o qtein were set at 100% and compared to phosphorylation levels

rylation of the 3, subunit was determined by phosphorim- under stimulated conditions. Levels ¥P incorporation into the
aging. A single phosphorylated protein with an apparent f, subunit were normalized for the differences in the amounts of

molecular mass of approximately 68 kDa was detected in Protein immunoprecipitated (as determined by densitometric analy-
the immunoprecipitates and was recognized bySthepecific sis of immunostaining). The results are the average of four
. ! independent experiments.
antibody (Figure 1A). The results of the back-phosphoryla-
tion experiments showed a marked decrease in radiolabeledhat the 8, subunit was readily phosphorylated in vivo
phosphate incorporation from the in vitro phosphorylation following s-adrenergic receptor stimulation in intact cardiac
reaction into the3, subunit when the protein was isolated myocytes.
from myocytes subjected fBadrenergic receptor stimulation Mutation of the Classical PKA Consensus Sites inhe
compared to the control condition (Figure 1A). This was Subunit Does Not Alter PKA-Mediated Phosphorylation.
consistent with the interpretation that elevations in cAMP  Since the cardiac calcium channel proteins are extremely rare
levels in the intact myocytes resulted in increased phospho-membrane proteins, biochemical analysis of the native
rylation of the, subunit. Phosphate incorporation into the proteins is difficult. Therefore, to perform extensive bio-
B2 subunit isolated from stimulated myocytes was reduced chemical analysis of the PKA-mediated phosphorylation
by approximately 50% compared to the control conditions, reactions occurring on the cardifg subunit, heterologous
suggesting a 2-fold increase in in vivo phosphorylation of expression systems were used to generate sufficient material
the 5, subunit followings-adrenergic receptor stimulation for analysis and to allow for site-directed mutagenesis of
(Figure 1C). As a control for the back-phosphorylation the phosphorylation sites. The 18, subunit contains two
technique, two known PKA substrates, phospholamban andconsensus sequences?) for potential phosphorylation by
troponin | 39—41), were also assessed for their abilities to PKA at Thrl64 and Ser5919) (see Figure 2A). Point
be efficiently phosphorylated in response Aeadrenergic mutations of these residues to alanines were generated singly
receptor stimulation under identical conditions (Figure 1B). or together. The W2, and the single (T164A or S591A)
Phospholamban and troponin | were also phosphorylated inand double PKA consensus site point mutants were expressed
vivo under these conditions, showing that the conditions usedin BHK cells. Membranes were prepared and phosphorylated
resulted in phosphorylation of expected substrates of PKA in vitro with PKA. The phosphorylate@,, subunits were
in these experiments (Figure 1B). These results demonstratedmmunoprecipitated with thggen antibody, separated by

% of comiral pheos phanylasion
2
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$591A Ficure 3: Sites of PKA phosphorylation are in the unique
FiGURE 2: Classical consensus sites for PKA on fhg subunit C-terminus of the3,, subunit. (A) Schematic diagram of in vitro

are not the actual sites of phosphorylation. (A) Linear representation translated WT and mutant rgh, subunits. The PKA classical
of the 8, subunit delineating the epitopes used to generat@dhe consensus sites (T164A/S591A) (stars) were mutated in one
and theB,-specific antisera, as described under Materials and Meth- construct, and either the N-terminuAN) or both the N- and
ods. Also shown is the location of the two classical consensus sitesC-termini (AN/C) were truncated in the other mutants. (B) WT
for PKA phosphorylation present in the rés, subunit sequence  and mutants,, proteins described in panel A were labeled with
(T164 and S591). (B) PKA phosphorylation of the fas subunit [33S]methionine during in vitro translation, phosphorylated in vitro
heterologously expressed in BHK cells. The V8T, subunit or with PKA for either 5 or 10 min, separated by SBBAGE,
mutantf., subunits lacking either one or both of the PKA classical transferred to nitrocellulose, and detected by autoradiography. The
consensus sites (T164A and S591A) were phosphorylated in vitro autoradiogram shows the doubly labejéd proteins £°S + 32P;
in the presenceX) or absence) of purified PKA as described top panel) or only thé2P signal following blockage of th&S signal
under Materials and Methods. The bar graph shows stoichiometrieswith a thin sheet of plastic (bottom panel). Both the T164A/S591A
of the PKA-mediated phosphorylation of the varigss subunits. mutant and th\N mutant were phosphorylated by PKA to a similar
extent as the W3, subunit, while theAN/C mutant was not a

SDS-PAGE, and visualized by immunoblotting with tjie substrate for PKA in vitro. Protein markers shown are in kilodaltons.

antibody and by autoradiography. The stoichiometries of - .
phosphorylation were determined by using a standard curve!©P panel). The distinct band for each protein could be

; e
of an®°S-labeled3,, protein expressed by baculovirus in Sf9 wsuallzeq by Its S S|gnql (top. pgnel). An gnknown',
cells as described earlieB@). The WT B, subunit was nonspecific protein present in the in vitro translation reaction

phosphorylated to a stoichiometry of about 2 mol of was also phosphorylated under these cc_)nditions and was
phosphate/mol of protein, and this was consistent with represe_nted by the phosphoband separating at abem‘_ao
previous results obtained from in vitro phosphorylation of kDa, slightly above the phosphorylated, 68 kia protein
the baculovirus-expressefla subunit 0). The results ~ (Pottom panel). When quantified, the levels of phosphate
demonstrated that th&, mutants that lacked either one or incorporation were similar for both the Wiz protein (lanes
both of the consensus sites for potential phosphorylation by 1 @nd 2) and the double PKA consensus site mutant protein
PKA remained good substrates for phosphorylation by PKA (lanes 3 and 4). Taken toge.ther with the abo_ve results, this
(Figure 2B). These results suggested that the actual sites ofU99ested that the actual sites of PKA-mediated phospho-
phosphorylation by PKA on thé,, subunit were not at the rylation on thef,a protein were at residues other than the
two consensus sites for potential phosphorylation by PKA, WO classical consensus sites for PKA.
Alternatively, phosphorylation may have occurred at redun-  Phosphopeptide Mapping and Phosphoamino Acid Analy-
dant sites in the mutant proteins. sis. To determine the actual sites of phosphorylation by PKA
The hypothesis that the classical consensus sites on thén the fza protein, further analysis was performed on the
B2 subunit for potential phosphorylation by PKA do not bacterially expressefiz, protein. To demonstrate that the
represent the actual phosphorylation sites was further testedphosphorylation reactions occurring on the bacterially ex-
The WT B, protein and the double consensus site mutant pressegBza protein and thes, protein isolated from cardiac
were expressed in vitro by use of a reticulocyte lysate system.tissue are similar, two-dimensional phosphopeptide mapping
During expression the proteins were labeled witPS[- was performed. Both the bacterially expressgéd and
methionine in order to gauge their expression levels. The WGA—Sepharose-purified, cardigt proteins were phos-
expressed proteins were phosphorylated in vitro with PKA phorylated in vitro with PKA, separated by SBBAGE,
and separated by SBSAGE, and both thé*S and the??P transferred to Immobilon-CD membrane, and cleaved with
signals were visualized by autoradiography. P& signal trypsin. The resulting phosphopeptides were separated by
was low energy and thus could be blocked by using a thin TLC in two dimensions on cellulose plates and visualized
plastic sheet, while th&P signal was unaffected. Therefore, by autoradiography. Both the bacterially expregsggrotein
the 2P signal, representing phosphate incorporation into the and thef, protein isolated from cardiac tissue generated
isolated proteins, was visualized by autoradiography when similar phosphopeptide maps (Figure 4). While the phos-
the 35S signal was blocked (Figure 3B, bottom panel). The phopeptide maps from both the native and the expreSsed
35S signal, representing the protein level, was determined proteins contained the same two major phosphopeptides
by autoradiography without blocking th®S signal and (Figure 4), the phosphopeptide map of the bacterially
subtraction of thé?P signal determined above (Figure 3B, expresseg,, protein contained an additional, minor phos-
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Ficure 4: Two-dimensional phosphopeptide mapping of fhe
subunit. Both the native cardigé, subunit and the bacterially “ 14
expressed rgi,, subunit were phosphorylated with PKA, separated -

by SDS-PAGE, and transferred to Immobilon CD membranes. The

32p-labeleds subunits were excised from the transfer membrane ,. 3
and subjected to trypsin digestion as described under Materials and | . .
Methods. Tryptic phosphopeptides were separated in two dimen- CHBr: 1 10 100 MW 1 190 100

sions, high-voltage electrophoresis (ptB.9) in the first dimension  Fgure 5: CNBr one-dimensional phosphopeptide mapping of the
and ascending thin-layer chromatography in the second d|m§n5|on.5235ubunit phosphorylated with PKA. (A) Predicted cleavage map
Phosphopeptides generated from either the native cafgmdounit of the 824 subunit using CNBr chemical cleavage showing the size
(right panel) or the bacterially expressgdgh subunit (left panel)  of the predicted peptides generated by this method. The location
were visualized by autoradiography, and the identical migration of of the epitope used to generate thespecific antibody is indicated.
the two major phosphopeptides in both 2D maps demonstrated thaB) Membranes from Sf9 insect cells infected with a baculovirus
the bacterially expressef subunit and the native cardig; expressing the W, subunit were phosphorylated with PKA, and
subunit were phosphorylated at analogous sites. An additional, phosphorylateg,. subunits were separated by SDBAGE. 32P-
minor phosphopeptide present in the bacterially expregsed | abeledf subunits were excised from the gel and subjected to
subunit was later shown to represent the same site(s) as one of theeavage with increasing concentrations (1, 10, and 100 mg/mL)
two major phosphopeptides (see Figure 8B). of CNBr as described under Materials and Methods. The phos-
phopeptides generated by this chemical cleavage method were
phopeptide (Figure 4). This minor phosphopeptide, however, analyzed on an SDS gel containing a gradient-e15% acrylamide

was later shown to represent the same site(s) as one of thend visualized by autoradiography (left panel) and immunoblotting
two major phosphopeptides (see Figure 8B). This result with the 8,-specific antibody (right panel). A major phosphopeptide

o . . was generated with the highest concentration of CNBr (left panel,
justified the use of the bacterially expresged protein for arrow), and this peptide was immunoreactive with flaespecific

further analysis of the PKA-stimulated phosphorylation sites. Ap (right panel, arrow) and, therefore, most likely represented the
Phosphoamino acid analysis was performed on the bacterially21 292 Da peptide predicted in panel3S-Labeled protein markers

expresseg., protein, and this analysis indicated that serine shown are in kilodaltons.
was the sole phosphoamino acid (data not shown). from Sf9 insect cells infected with a recombinant baculovirus
CNBr Phosphopeptide Mapping afg, Truncation Mu- directing expression of thg,, subunit 20) were phospho-
tants Reeal the Importance of the Unique C-Terminal rylated in vitro with PKA. Thej,, protein was separated by
Region off3,, for PKA-Mediated PhosphorylatioAs an SDS-PAGE, transferred to an Immobilon-CD membrane,
initial screen for the location of the actual residues phos- and cleaved with CNBr. The resulting phosphopeptides were
phorylated by PKA, two truncation mutants of {fig protein separated on an SDS gel containing a gradient-of®%
were expressed in an in vitro translation system. The first acrylamide, transferred to nitrocellulose, and visualized by
of these mutants was truncated at the N-terminus, removingautoradiography (Figure 5B, first panel). The resulting
the first 17 amino acids (Figure 3A\N) while the other phosphopeptide map showed that cleavage ofithsubunit
mutant, containing only residues 1411 (Figure 3A,AN/ with low concentrations of CNBr generated several phos-
C), lacked both the N-terminus and a large portion of the phopeptides, most of which represented incompletely cleaved
C-terminus. While theAN mutant appeared to be phospho- peptides. Use of the highest concentration of CNBr, however,
rylated by PKA to a similar level as the W, protein generated one major phosphopeptide corresponding to a
(Figure 3B, lanes 5 and 6), th&N/C mutant was not a  molecular mass of approximately 223 kDa, as well as
substrate for PKA under these conditions as demonstratedseveral minor phosphopeptides (Figure 5B, left panel).
by comparison of the high degree®® signal to the absence Immunoblot analysis of the CNBr-generated peptides with
of 2P signal on the autoradiogram at the position ofAN/C the /3,5 antibody showed immunoreactivity toward several
protein (Figure 3B, lanes 7 and 8; compare upper panel to phosphopeptides including the 223 kDa peptide, which
lower panel). As mentioned earlier, the nonspecific phos- contained the majority of the PKA-stimulated phosphoryla-
phoprotein separating at about-705 kDa was also present tion (Figure 5B, right panel). Since th&, antibody was
in the AN/C reactions. Thus, the C-terminal variable region generated against the C-terminal region of fagsubunit,
of the 5, protein appeared to contain the sites of PKA- the identity of the phosphopeptide separating at22 kDa
mediated phosphorylation. most likely corresponds to the C-terminal 21 292 Da peptide
To gain additional information about the regions of the shown in the predicted cleavage map (Figure 5A). Thus,
B2a subunit that are phosphorylated by PKA, CNBr peptide CNBr phosphopeptide mapping confirmed the results with
mapping was used. CNBr selectively cleaves peptides atthe AN/C mutant and further identified the target of the PKA-
methionine residues, and generation of a predicted cleavagenediated phosphorylation on th®, subunit to be in the
map of thefS,, subunit by CNBr reveals several potential C-terminus.
peptides of various sizes that may be separated by one- To further map the region of th@,, subunit that is
dimensional gel electrophoresis (Figure 5A). Membranes phosphorylated by PKA, several truncation mutants repre-
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Ficure 6: PKA-mediated phosphorylation of C-terminal trucation

mutants of thefz, subunit. Bacterially expressed C-terminal
truncation mutants of th@,, subunit were phosphorylated with

PKA, separated by SDSPAGE, and analyzed by autoradiography
(inset panel) and immunoblotting with the biotinylajggd, antibody

(not shown). The bar graph represents the stoichiometries of PKA-

mediated phosphorylation of the WT and mutggfsubunits after
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FiIGURE 7: Phosphopeptide purification and protein microsequenc-
ing. The bacterially expresséd, subunit was phosphorylated with
PKA and cleaved with clostripain, and the resulting phosphopeptides

were purified by HPLC and FPLC chromatography as described

under Materials and Methods. (A) Elution profile of the phospho-
peptides of thes,, subunit (solid lines indicaté?P radioactivity).

The phosphopeptides were purified by reversed-phase HPLC on a

a 5 min phosphorylation reaction, and the results demonstrate that e ;
the A510 truncation mutant was phosphorylated to a similar level C-18 column (left panel), further purified by IMAC (middle panel),

h hich allowed for purification of phosphorylated peptides, and
as the WT§. subunit, theA460 mutant was phosphorylated to . : :
approximatﬁezl; ouneLftrllird the level (;Jf the V\y\ﬂgagubu%it, a)l/nd the desalted (right panel) (dashed liresalt peak). Roman numerals

. h I, I, and 111) show the32P peaks isolated from the C-18 column
A431 mutant had little detectable phosphorylation. The results are( ' e !
the average of four independent experiments. which were each subsequently repurified on the IMAC column.

The elution profiles for the IMAC and desalting columns were

; R ; : .- similar for all three samples isolated from the C-18 column. (B)
senting smaller C-terminal deletions were generated in Each of the three samples (I, II. and IIl) isolated from the

bacteria. The WT and truncation mutants of fhgsubunit purification steps in panel A was subjected to Merminal
expressed in bacteria were purified by nickel chromatogra- microsequencing analysis. The three samples revealed two distinct
phy, phosphorylated with PKA, separated by SEFAGE, sequences corresponding to the indicated amino acids gf;the
and detected by immunoblotting with a biotinylated form of Subunit sequence.
the Sgenantibody and by autoradiography. The results showed serine residues each, serines 4479 in one and serines
that while both the W15, protein and theA510 mutant of 457, 459, and 473 in the other. Which of these residues was
P22 Wwere phosphorylated to similar levels, thd60 mutant actually phosphorylated was not determined precisely from
of 2o showed a marked decrease in PKA-mediated phos-this procedure; therefore, site-directed mutagenesis was used
phorylation (containing only about a one-third of the PKA to clarify this issue.
phosphorylation level of the W}, protein), and the\431 Loose Consensus Sites for PKA Represent the Actual Sites
mutant of 52, showed little or no phosphorylation (Figure of PKA-Mediated Phosphorylation g#.. A review of the
6). Thus, it appeared that the major sites of PKA-mediated consensus sequences surrounding sites phosphorylated by
phosphorylation of th@,, subunit were contained within the  PKA revealed that a third of the actual phosphorylation sites
C-terminus between amino acids 431 and 510. found in PKA substrates do not conform exactly to the
Phosphopeptide Purification and MicrosequenciRgri- classical consensus sequence, (R/K)(R/K)X(SAP).(Rather,
fication and microsequencing of phosphopeptides were usedthese nonclassical sites are surrounded by a loose version
to determine the actual sites phosphorylated by PKA on the of the classical consensus sequence which is missing either
B2a subunit. The bacterially expressef, subunit was one of the two basic residues upstream of the phosphorylated
phosphorylated with PKA, isolated by SBRAGE, trans- residue 42). Examination of the sequences in {hg subunit
ferred to Immobilon-CD membrane, and cleaved with the that were identified by purification and protein sequencing
protease clostripain, which cleaves peptides C-terminal to revealed the existence of four loose consensus sites for PKA
arginine residues. The resulting phosphopeptides wereat serines 459, 473, 478, and 479. Therefore, these residues
initially purified by reversed-phase HPLC on a C-18 column were mutated to alanines either singly or in groups on the
(Figure 7A, left panel). Three major radioactive peaks basis of their proximity to one another, and the resulting
resulted from this purification step, and each of these peaksmutant proteins were expressed in bacteria. The mutant
was further purified by immobilized metal affinity chroma- proteins were purified by Ni chromatography, phosphorylated
tography (IMAC). Each of the three samples isolated from by PKA, isolated by SDSPAGE, and detected by immu-
the HPLC purification behaved similarly and eluted from noblotting with the biotinylatedye, antibody and by auto-
the IMAC column in a single radioactive peak (Figure 7A, radiography. The phosphorylation levels of the bacterially
middle panel). The final purification step involved desalting expresseg,, subunits were also compared with the bacu-
of each of the phosphopeptides on a Sephadex G-10 geldovirus-expresse@l,, subunit, which has been shown previ-
filtration column, which also resulted in elution of a single ously to be phosphorylated under these conditions to a
radioactive peak (Figure 7A, right panel). Microsequencing stoichiometry of approximately 2 mol of phosphate/mol of
analysis after Edman degradation revealed the amino acidprotein @0). A time course of phosphorylation by PKA
sequences from two phosphopeptides, which correspondediemonstrated that both the bacterially expressed and the
to residues 456476 and 476-486 in the ratf., subunit baculovirus-expressed Wk, subunits were phosphorylated
sequence (Figure 7B). These two sequences contained threeo similar levels afte a 5 min phosphorylation reaction
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FiIGURE 8: PKA phosphorylation of thg,, subunit occurred at three
loose consensus sites for PKA. (A) A time course of PKA-mediated
phosphorylation of the bacterially expressed V8] subunit and
point mutants of theS,, subunit, as well as the baculovirus-
expressed W, subunit. The graph shows the stoichiometries of
PKA-mediated phosphorylation of each of the WT and mutant
proteins. The S459A mutant and the S478/9A double mutant, as
well as the two single mutants S478A and S479A all showed
significantly reduced levels of PKA phosphorylation (percent loss
of PKA phosphorylation was 35% for S459A, 71% for S478/9A,
37% for S478A, and 28% for S479A at the 5 min time point). Point
mutants of other residues in the C-terminus (S477A, S453A, S473A,
S494A, T553A, and S570A) were phosphorylated by PKA to a
similar extent as the WB,, subunit (not shown). The results are
the average of five independent experiments. (B) Two-dimensional
tryptic phosphopeptide mapping of the bacterially expressed WT
B2a subunit and the two point mutants, S459A and S478/9A,
phosphorylated with PKA was performed as described under
Materials and Methods. The S459A mutant showed a loss of one
major phosphopeptide (middle panel), while the double mutant,
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Ficure 9: Point mutants of th@,, subunit that exhibited reduced
phosphorylation by PKA were phosphorylated to the same extent
as the WT2, subunit by PKC. The bacterially expressed ¥k
subunit and three point mutants of {hig subunit (S478/9A, S459A,
and S459/478/9A [triple]) were phosphorylated in vitro with either
PKA or PKC as described under Materials and Methods. The bar
graph depicts the stoichiometry of phosphorylation by either kinase.
These results demonstrate that the three point mutants gfthe
subunit that were poor substrates for PKA were not grossly
misfolded because they were phosphorylated by PKC to a similar
extent as the WTP,, subunit. The results are the average of four
independent experiments.

S459A

Triple

one of the major phosphopeptides, while the map of the

S478/9A mutant demonstrated loss of the other two phos-
phopeptides (Figure 8B). The loss of two phosphopeptides
in the double mutant could have been attributed to incomplete
cleavage of one of the two phosphopeptides. Alternatively,

this result could suggest that one of the two phosphopeptides
observed was phosphorylated to a different stoichiometry
than the other (i.e., one peptide had 1 mol of P/mol of peptide
while the other had 2 mol of P/mol of peptide).

Taken together, these results demonstrated that residues
S459, S478, and S479 represented the PKA phosphorylation
sites on the3,, protein. The two adjacent serine residues,
S478 and S479, appeared to be phosphorylated synergisti-
cally because mutation of either residue by itself decreased
phosphorylation but not to the same level as the double point
mutant.

S478/9, showed a loss of one major and one minor phosphopeptide As a means to test that the bacterial proteins that were

(right panel) when compared to the W, subunit (left panel).

(Figure 8A). However, the tw,, mutants, S459A and S478/

identified as mutants for PKA-mediated phosphorylation
were folded similarly to the WTB,, protein and that their
lack of ability to serve as PKA substrates was not due to

9A, were phosphorylated more slowly and to a lesser extentgross disruption of the protein caused by the mutations, the

by PKA afte a 5 min phosphorylation reaction (Figure 8A).
While the single point mutant S477A was phosphorylated
by PKA to a similar level as the WB,, subunit, the point
mutants S478A and S479A both exhibited a reduction in
phosphorylation to about a third the level of the VW1,
subunit (Figure 8A). The double point mutant S478/9A

WT and mutant proteins were phosphorylated with PKC. We
have previously demonstrated that the baculovirus-expressed
WT pa protein was a good substrate for PKC and was
phosphorylated to a stoichiometry of 2 mol of phosphate/

mol of protein 0). We also have observed through CNBr
phosphopeptide mapping that the majority of the PKC-

(Figure 8A) was phosphorylated to about the same level asmediated phosphorylation of tifle. protein was incorporated

the triple point mutant S4779A (not shown), both of which
appeared to lose approximately two-thirds of the phospho-
rylation observed in the W2, subunit.

Two-dimensional phosphopeptide mapping revealed the
loss of a distinct subset of phosphopeptides for either of the
two S22 mutants, S459A and S478/9A, compared to the WT
protein. Phosphorylation of the W, subunit by PKA

into its unique C-terminal region (M. M. Hosey and B. L.
Gerhardstein, unpublished results). The V7, subunit
expressed in bacteria was also a good substrate for PKC
phosphorylation (Figure 9). While the thrglk, mutants,
S478/9A, S459A, and S459/478/9A, were poor substrates
for PKA, these mutants were readily phosphorylated by PKC
and each to a similar extent as the \[§7, subunit (Figure

resulted in one minor and two major phosphopeptides when9). These results suggested that the reduced ability of PKA

cleaved with trypsin and separated by TLC (Figure 8B). The
two-dimensional map of the S459A mutant showed loss of

to phosphorylate these mutagby, proteins did not simply
result from gross misfolding of the mutant proteins since
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the_ PKC-mediated phosphorylati(_)n of these proteins re- Table 1: Selected Sequence Alignment of the Various Isoforms and
mained unaffected by the mutations. These results alsospecies of the8, Subunit

demonstrated that the residues phosphorylated by PKC on

the 822 subunit were not the same as those phosphorylated Isoform Selected Sequence Alignment
by PKA. RatP,  ~RKST,qRSASRSSS ysmrKRR s
DISCUSSION Rabbit B, =-RKST, g5---RSAS55--RSSS 479/80-KKRNso;-

- . Rabbit --RKST,,---RSAS,4--RSSS s c-—-KKRN, -
We have demonstrated that the cargiasubunit is readily abbit B, o RSASs 036 e

phosphorylated in intact cardiac myocytes following stimula- Murine B, --RKST,;;—-RSAS,6--RSSS 556~ KRRN;55-

tl?tn of tth%ﬂ -tadr%r:jerglc rticeptr? r part]hwallyi.AnOI?er SIUdy. has _ a_Thgsequences of thie s_ubunit vari_ants were aligned to s_how the

a emPe_ .0 address the phosphorylation .0 a_ cardiac  gimjjarities among the predicted classical consensus PKA sites and the

subunit in intact dog heart; however, the identity of the actual PKA sites identified in the present work. While only thegat

phosphorylated protein was not verified by immunoblotting sequence contained the classical consensus site at S591, all of the

(29, 30. In our back-phosphorylation experiments shown Sequences aligned contained identical residues surrounding the loose
' . . - consensus sites identified as the actual PKA phosphorylation sites in

gbove, two apt|bod|es were .used, a general antibody toFigures7 and 8.

immunoprecipitate thg subunits from the heart and/-

specific antibody to confirm by immunoblotting the identity

of the isolated phosphoprotein and to assess the amount o

the 82 subunit isolated in each immunoprecipitation. These

re?u_lts dﬁmonsitlrayed that hﬂﬁi hSUb:m't C.)f .the cardiac of rabbit .., in which the sequence for this region has been
]‘Eﬁlc'“.m ¢ an(r;e IS mdeed phosphory "’llte.d In intact myocytes spliced out. These three serine residues are not conserved,
ollowing S-adrenergic receptor stimulation. however, in thess, B, or B4 subunits 10, 12, 13, and this

Due to the exceedingly low amounts of channel proteins ynigqueness may contribute to some of the distinct properties
present in cardiac tissue and the inability to perform attributed to the3, subunits.
mutagenesis studies in the native system, heterologous The classical consensus sequence for potential phospho-
expression systems were used to determine the sites Ofrylation by PKA [(R/K)(R/K)X(S/T)] has been used to
phosphorylation on the rat, protein. Mutagenesis of the jdentify potential sites of phosphorylation by this kinase.
two classical consensus sites for potential phosphorylation However, in a review of both in vitro and in vivo substrates
by PKA on the Sz, subunit, Thrl64 and Ser591, and for PKA, it was shown that as many as a third of the actual
subsequent phosphorylation of these mutants established thgjtes phosphorylated by PKA on various substrates exhibited
fact that these two sites were not the actual sites of 5 |pose consensus sequence for PKA and lacked one of the
phosphorylation by PKA on thg,. protein. two upstream basic residue4?. Phosphorylation of the

Due to the lack of phosphorylation at the predicted PKA cystic fibrosis transmembrane regulator (CFTR) protein by
sites and the wealth of serines and threonines throughoutPKA demonstrated this point. One of the major sites of PKA-
the sequence of th&, subunit, the identification of the actual mediated phosphorylation of the CFTR protein is at the loose
phosphorylation sites was complex and required a substantialconsensus P-R-I-S (or X-R-X-S}3). The three sites
effort employing classical biochemical methods as well as phosphorylated on thé,, protein by PKA also represent
the creation of an array of potential phosphorylation site loose consensus sequences. The sequence surrounding the
mutants. To identify the region of th&, subunit that was  PKA site at Ser459 is R-S-A-S (or R-X-X-S), and the
phosphorylated by PKA, we used phosphopeptide mapping,sequence encompassing the PKA sites at Ser478/479 is R-S-
amino acid sequencing, and truncation mutagenesis. TheS-S (or X-R-X-S and R-X-X-S at Ser478 and Ser479,
results of CNBr phosphopeptide mapping, as well as phos-respectively). The data obtained in this study, as well as in
phorylation of truncation mutants expressed in the in vitro others where the sites of phosphorylation by PKA or other
translation system, both confirmed that {& protein was protein kinases do not conform to the commonly accepted
phosphorylated by PKA in the C-terminus, downstream of consensus sequences, underline the potential misinterpreta-
the second conserved domain. Truncation mutagenesis ofions that may arise when investigators mutate predicted
smaller regions of the C-terminus allowed us to map the sitesconsensus sites for PKA and test for functional defects
phosphorylated by PKA to amino acids 43310. Phospho-  without directly ascertaining whether the mutations led to
peptide purification and protein sequencing identified two actual defects in phosphorylation.
peptide sequences that contained several serine residues. The 3 subunit plays many roles in controlling the function
Mutagenesis of a single residue at Ser459 resulted in theof L-type cardiac calcium channels. CoexpressionSof
loss of one site of phosphorylation by PKA, and mutagenesis subunits witha,; subunits generates an increase in calcium
of two residues at Ser478/479 resulted in the loss of currents oveny alone 6, 7, 9, 44, 4% and several studies
approximately two sites of PKA-mediated phosphorylation. have shown alterations of activation and inactivation kinetics
Mutagenesis of these three sites together caused a loss of8, 46 and a hyperpolarizing shift in the voltage dependence
the majority of the PKA-mediated phosphorylation on this of activation of the curren#(7), depending upon the subunit
protein. The location of these residues was in agreement withisoform or type of expression system used. The importance
the truncation mutant data, which demonstrated that the twoof the 8 subunit has also been addressed by using antisense
sites of phosphorylation by PKA were between amino acids depletion of the varioug isoforms from neuronal cells,
431-460 and 466-510. Sequence alignment of the different which demonstrated a decreased peak current and a shifted
B2 subunits resulting from splice variants and different voltage dependence of current activatid®)( Considering

Fpecies revealed that the serine residues at 459, 478, and
479 in the raf., subunit sequencé) are conserved in the
other knowrp, subunits (Table 1)26, 27 with the exception



10370 Biochemistry, Vol. 38, No. 32, 1999

the

importance of thgg subunit to the function of L-type

channels, it would not be surprising if this protein were also
involved in the regulation of channel function by hormones

and

neurotransmitterg3-Adrenergic receptor stimulation

17.

18.

Gerhardstein et al.

Gao, T., Puri, T. S., Gerhardstein, B. L., Chien, A. J., Green,
R. D., and Hosey, M. M. (1997). Biol. Chem. 27219401

Y.oshida, A., Takahashi, M., Nishimura, S., Takeshima, H.,
and Kokubun, S. (1992FEBS Lett. 309343-9.

causes a pronounced increase in the cardiac calcium current, 19 Hell, J. W., Yokoyama, C. T., Wong, S. T., Warner, C., Snutch,
as well as a hyperpolarizing shift in the peak currdntJ).

These processes have been linked to the activation of PKA

T. P., and Catterall, W. A. (1993) Biol. Chem. 26819451~
7.

in cardiac cells; however, the actual substrates of PKA that 20.Puri, T. S., Gerhardstein, B. L., Zhao, X. L., Ladner, M. B.,

allow for these events in intact cardiomyocytes have not been

clarified. While both the full-lengtl,c subunit and thé,,
subunit are substrates for PKA in heterologous syst@fs (

22),

the actual substrates for PKA in th@adrenergic

activation of the cardiac calcium current remain unclear. The

truncateda,c protein isolated from cardiac muscle is nota 23

substrate for PKA 15, 18, 23. Conceivably, regulation of
the L-type channel may occur through multiple mechanisms

(11)

, and the complexity of this system is only beginning to
be unraveled. Here, we have demonstrated that one potential 25.

mechanism may involve phosphorylation of thesubunit
following stimulation of the3-adrenergic receptor pathway.
While the identification of the phosphorylation sites was not

a simple task, the new data that we have presented here will
now allow for the design of future studies that will address 27.

the role of thes, subunit in the phosphorylation-dependent
activation of the cardiac calcium channel by PKA in intact
cells.
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