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ABSTRACT: The L-type Ca2þ channel Cav1.2 forms macromolecular signaling complexes that comprise the β2
adrenergic receptor, trimeric Gs protein, adenylyl cyclase, and cAMP-dependent protein kinase (PKA) for
efficient signaling in heart and brain. The protein phosphatases PP2A and PP2B are part of this complex.
PP2A counteracts increase in Cav1.2 channel activity by PKA and other protein kinases, whereas PP2B can
either augment or decrease Cav1.2 currents in cardiomyocytes depending on the precise experimental
conditions. We found that PP2A binds to two regions in the C-terminus of the central, pore-forming R1

subunit of Cav1.2: one region spans residues 1795-1818 and the other residues 1965-1971. PP2B binds
immediately downstream of residue 1971. Injection of a peptide that contained residues 1965-1971 and
displaced PP2A but not PP2B from endogenous Cav1.2 increased basal and isoproterenol-stimulated L-type Ca2þ

currents in acutely isolated cardiomyocytes. Together with our biochemical data, these physiological results
indicate that anchoring of PP2A at this site of Cav1.2 in the heart negatively regulates cardiac L-type currents,
likely by counterbalancing basal and stimulated phosphorylation that is mediated by PKA and possibly other
kinases.

Ca2þ influx throughL-type channels controlsmembrane excit-
ability (1), synaptic plasticity (2-5), and gene expression (6, 7) in
neurons and triggers myocardial contraction in the heart. L-type
Ca2þ channels are the main targets of so-called organic calcium
channel blockers, which include dihydropyridines, phenylalkyla-
mines, and benzothiazepines. Voltage-gated Ca2þ channels con-
sist of a central ion-conducting pore, theR1 subunit, and auxiliary
R2-δ, and β subunits (8). Cav1.2 containing the central R11.2 is
the main L-type channel in the cardiovascular system, heart, and
brain (8).

Cav1.2 is a point of convergence of multiple regulatory path-
ways. For instance, β-adrenergic stimulation upregulates our
heart beat in part via phosphorylation of Cav1.2 by PKA1 (9, 10).
Cav1.2 phosphorylation and dephosphorylation are highly dy-
namic with phosphatases reversing the stimulatory effect of PKA
and perhaps other kinases rather quickly (11, 12). We found
earlier that PP2A and PP2B (calcineurin) are constitutively bound
to Cav1.2 (13, 14). Channel-associated PP2A reverses PKA-
mediated phosphorylation of serine 1928 (13). Serine 1928 is

one of two identified PKA sites inR11.2, the other being the most
recently identified serine 1700 (15, 16). Although phosphorylation
of serine 1928 is not necessary for regulation of Cav1.2 possibly
because other phosphorylations can suffice in its absence (8, 15-18),
it is highly regulated and continues to serve as indicator for PKA-
mediated phosphorylation of R11.2.

We now narrow down the exact binding sites for PP2A to two
short regions (residues 1795-1818 and 1965-1971) that inde-
pendently bind PP2A. PP2B binds immediately downstream of
residues 1965-1971 without competition between these two
phosphatases for binding to this rather narrow region. A peptide
that disrupts binding of PP2A but not PP2B to this site increases
L-type-mediated Ca2þ currents in cardiomyocytes, likely by
preventing the inhibitory effect of PP2A under basal and ISO1-
stimulated conditions.

EXPERIMENTAL PROCEDURES

Materials, Antibodies, and Peptides. ECL and ECL-Plus
detection kits and glutathione Sepharose were purchased from
Amersham Pharmacia Biotech (Piscataway, NJ). The monoclo-
nal mouse anti-GST antibody was from NeuroMAB (Davis,
CA), the monoclonal mouse anti-PP2A/C antibody 1D6
(19) from Upstate Biotechnology (Lake Placid, NY), the mono-
clonal rat antibody 6F9 from Dr. G. Walter (20), and the
monoclonal mouse anti-PP2B antibody (21, 22) from BD Trans-
duction Laboratories. The anti-R11.2 antibody had been pro-
duced against a segment of the cytosolic loop between domains II
and III of R11.2, as described (23). Peptides for displacement
studies were custom synthesized by CHI Scientific (Maynard,
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MA). Other chemicals were of standard biochemical quality and
from usual commercial suppliers.
Peptide Array Overlay Assay. The peptide spot array

spanning residues 1784-2067 of rabbit cardiac R11.2 (for se-
quence see GenBank accession number CAA33546) was synthe-
sized on a PVDF membrane as published (24). The first spot
contains a 15-mer peptide covering residues 1784-1798 of R11.2.
Peptides in each subsequent spot were shifted by one residue from
the previous spot. The PVDF membrane was blocked with 10%
milk powder in TBS (10 mM Tris-HCl, pH 7.4, 150 mM NaCl)
before incubation with recombinant PP2A/C subunit expressed
in Escherichia coli (see below) in the same solution, washed, and
probed with the anti-PP2A/C antibody.
In Vitro Binding Assays of 6�His-PP2A and PP2B to

GST Fusion Proteins. GST-CT-8 encoding residues 1909-
2029 of rabbit heart R11.2 (13) served as a template for construc-
tionofGST fusionproteins covering residues 1909-1946 (CT-8-1),
1909-1971 (CT-8-2), 1943-2029 (CT-8-3), and 1969-2029
(CT-8-4) and for a point mutation on the otherwise full-length
GST-CT-8 construct to changeAla1959 toPro (GST-CT-8-P), as
described (14). GST-CT-B containing residues 1694-1817 of rat
R11.2 cDNA (25) (nearly identical to residues 1726-1849 of the
above rabbit R11.2) was as given earlier (13). These GST fusion
proteins as well as the 6�His-PP2A/C construct (26) were
expressed in Nova Blue (Novagen, Madison, WI) and BL21 Star
(Invitrogen, San Diego, CA) E. coli strains and purified and used
for in vitro pull-down interaction studies as detailed previously
(13, 14, 26). PP2B was expressed in E. coli and purified for pull-
down experiments as outlined earlier (14, 27). For quantification
of pull-down experiments, film exposures of immunoblots were
digitalized with an Epson Perfection 4180 Photo flatbed scanner
and scanned immunosignals quantified by densitometry in Adobe
Photoshop. Multiple exposures with increasing time length were
taken to ensure that signalswere in the linear range (formore details
see refs 13 and 28). In Figures 3-6 and Supporting Information
Figure 1, immunosignals were normalized relative to the signals
from the corresponding positive control samples obtained with
GST-CT-8, CT-8-3, or CT-B in the absence of peptide. Means
and SEMswere calculated and analyzedwith Prism3.0 (GraphPad
Software, Inc.).Differenceswere accepted as significant at p<0.05
by paired t test.
Immunoprecipitation. Mouse (C57black/6) hearts and

brains were homogenized in 2.5 mL of ice-cold solubilization
buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton
X-100, 10 mM EDTA, 10 mM EGTA, plus protease inhibitors
1 μg/mL pepstatin A, 10 μg/mL leupeptin, 20 μg/mL aprotinin,
8 μg/mL each calpain inhibitors I and II) before centrifugation at
∼250000g for 30min. Aliquots (200 μL) of the supernatants were
incubated with 2 μg of the anti-R11.2 antibody or of nonspecific
control IgG and 10 μL of prewashed protein A Sepharose slurry
(50% resin, 50% buffer) for 4-6 h and washed three times with
1% Triton X-100 in TBS (10 mM Tris-HCl, pH 7.4, 150 mM
NaCl) containing 0.1% SDS and once with 10mMTris-HCl, pH
7.4. Proteins were extracted by SDS sample buffer, separated by
SDS-PAGE, transferred to PVDF membrane, and detected as
above.
PP2A and PP2B Activity Assays. PP2A catalytic activity

was assessed using the DuoSet IC (R&D Systems) malachite
green/molybdate-based PP2A activity assay (29, 30) in accor-
dancewith themanufacturer’s instructions.Murine cardiac tissue
was homogenized in lysis buffer 8 (50 mM HEPES, 0.1 mM
EGTA, 0.1 mM EDTA, 120 mM NaCl, 0.5% NP-40, pH 7.5,

25 μg/mL leupeptin, 25 μg/mL pepstatin, 2 μg/mL aprotinin,
1 mM PMSF) and nonsoluble material removed by centrifuga-
tion at ∼170000g for 30 min. PP2A was immobilized on micro-
titer plate wells from lysate (500 μg of total protein per well) using
an anti-PP2A/C antibody (Millipore 05-421), washed, and pre-
incubated with 20 μM peptide 1, 4, or 5 at room temperature for
15 min before addition of 200 μM final concentration synthetic
phosphopeptide substrate (DLDVPIPGRFDRRVS(PO3)VAAE).
After 30min at 37 �C,malachite green andmolybdatewere added
to bind free phosphate and initiate the colorimetric reaction
(29, 30). Light absorbance was measured at 630 nm. The amount
of released phosphate was calculated from standard curves gener-
ated in parallel using orthophosphate. To exclude that another
phosphatasepresent in the lysatebound to thewells and contributed
to the activity or that phosphate contaminations contributed to the
final read out, lysate was either omitted or PP2A was blocked in
some assays with 10 nM okadaic acid (IC50 of 0.2-2.5 nM for
PP2A (31)), which is specific for PP2A at this concentration (32).

PP2B/calcineurin activity was determined using the malachite
green/molybdate-based calcineurin assay kit from Calbiochem
following the manufacturer’s instructions. Purified calmodulin
(CaM, 250 nM final concentration) was incubated with 40 units
of recombinant PP2B and 20 μM peptide 1, 4, or 5 at room
temperature for 15 min. A synthetic phosphopeptide substrate
(DVPIPGNFDNNVS(PO3)VAAE) was then added (150 μM
final concentration). After 40 min at 37 �C, malachite green and
molybdate were added to determine how much phosphate had
been released as described for PP2A. For negative control to
exclude contamination by external phosphate either PP2B or
calmodulin was omitted.
Electrophysiology. For recording ICa(L), freshly prepared

adult rabbit ventricular myocytes were preincubated inNaþ- and
Ca2þ-free Tyrode solution (140 mM LiCl, 1 mMMgCl2, 10 mM
HEPES-free acid, 1 mM EGTA, 10 mM glucose; pH= 7.4 with
LiOH) for 15-20 min and then plated on laminin-treated glass
coverslips in Ca2þ-free solution containing 4 mM CsCl, 1 mM
MgCl2, 10 mMHEPES-free acid, 140 mM tetraethylammonium
(TEA)-Cl, and 10 mM glucose (pH = 7.4 with TEA-OH). For
experiments, 2 mM CaCl2 was added to the TEA bath solution.
Predepletion of cytosolic Naþ and use of Naþ-free solutions
allowed recording of ICa(L) free of interference by Na/Ca
exchange or voltage-gated Na channels. In most experiments,
cells were preincubatedwith thapsigargin (1 μM,15min) to block
Ca2þ loading of the sarcoplasmic reticulum and niflumic acid
(30 μM) to block Cl- currents.

Ca2þ current was recorded at room temperature (22-24 �C) in
the whole cell perforated patch configuration using β-escin (33).
Pipets were tip-filled with solution containing 100mMN-methyl-
glucamine (NMG), 20 mM TEA-Cl, 80 mM glutamic acid (free
acid), 10 mM HEPES-free acid, 5.66 mM MgCl2, 5 mM ATP
(Tris salt), 0.3 mM GTP (Liþ salt), 5 mM EGTA, and 1.09 mM
CaCl2, resulting in a calculated free [Ca2þ] = 50 nM (Max-
Chelator). pH was adjusted with HCl to 7.2. Use of EGTA
buffering was intended to prevent global but not local [Ca2þ]
changes. This same solution with β-escin (predissolved in H2O;
final concentration 50 μM in pipet) and either peptide 1, 4, or
5 (for nomenclature, see Results and Figure 1B; final [peptide]
50 μM) or no peptide added was used to backfill pipets. The liquid
junction potential of the pipet solution, 9mV, pipet negative, was
corrected.

After cells were sealed it took usually 15-20 min for the
formation of β-escin pores, which are of sufficient size to provide
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electrical access as well as access of molecules of∼10 kDa includ-
ing our peptides (34). We confirmed that fluorescent dextran (Mr

∼10 kDa) and hence our peptides could pass through the β-escin
pores (not illustrated). Cells were continuously held under
voltage clamp, with series resistance (typically 8-10 megΩ)
compensated by ∼75%. Depolarizations (200 ms) to 0 mV
from -90 mV were applied each 10 s, under control condition
([ISO] = 0) and then at 10, 55, and 300 nM ISO. ISO (300 nM)
was prepared fresh for each session from the same sample and
diluted successively. Each [ISO] was maintained g3 min, to
apparent steady state.At each [ISO] a current-voltage relationship
was also recorded, using 200 ms depolarizations from -90 mV to
between-40 andþ50 mV. Cells were held at-90 mV for 1-2 s
between steps to ensure full recovery of channels from inactiva-
tion. Control experiments showed that 1 mMCdCl2 blocked the
current identified as ICa(L) (not illustrated). Upon washout of
ISO at the end of an experiment, ICa(L) returned on average to
83% of its initial value.

The transient parts of currents evoked by repeated depolariza-
tion to 0 weremeasured. Each individual trace was first corrected
for leak conductance (initial holding current/initial holding
voltage). Then we found the difference between peak current
(identified directly) and final asymptotic current, obtained by
fitting the postpeak decay phase of the current to

I ¼ Aðk expð- t=τ1Þþ ð1- kÞ expð- t=τ2ÞÞþC

where I is the observed current,A is the identified peak, and the fit
parameters were k (0 < k < 1, a weighting factor), τ1, and τ2
(time constants), and C was a constant. As ICa(L) inactivates
almost completely, constantCwas usually near 0 (this procedure
limits errors due to any uncorrected leakage or junctional
potential-related fluxes). Current-voltage data were treated
similarly, with all currents normalized to cell membrane capaci-
tance.

Peak current-voltage data were fit to a Boltzmann function

I ¼ ½Gmax=ð1þ expððV 50-VmÞ=KVÞ�ðV -ErevÞþC

where I is the observed current and Vm is the test depolarization
potential, while the fit parameters are Gmax (maximum con-
ductance), V50 (half-activation potential), KV (voltage depen-
dence slope factor), Erev (net current reversal potential), and C
(offset and residual leak correction constant).

We statistically analyzed the influence of ISO and the choice of
peptide on Gmax and V50 using two-way analysis of variance
(ANOVA;GraphPad Prism software v5.02, www.graphpad.com).

RESULTS

PeptideArrayOverlaywithPP2A/C.Pull-down experiments
with GST fusion proteins previously identified two different
regions in the C-terminus of R11.2 that mediate direct binding of
the catalytic subunit of PP2A (PP2A/C) (13). One region lies
within residues 1726-1849 and the other within residues
1909-2029 of the rabbit heart R11.2 as defined by pull down
with GST-CT-B and -CT-8 fusion proteins, respectively (13). To
identify the binding sites more precisely, we used a solid-phase
peptide library. Overlay with the catalytic subunit of PP2A
(PP2A/C) expressed inE. coli as poly-His fusion protein revealed
two regions with especially strong immunoreactivity. One region
encompasses residues 1795-1818 of R11.2 (ANINNANNTA-
LGRLPRPAGYPSTV; residue numbering as for the originalR11.2
sequence fromrabbitheart;GenBankaccessionnumberCAA33546).
This segment is within the original CT-B segment (Figure 1). The
other region comprises residues 1956-1975 (HHQALAVAGL-
SPLLQRSHSP) within the original CT-8 segment (Figure 1).
Experiments described below suggest that all other regions on the
peptide array that show detectable immunoreactivity are not
strong constitutive PP2A/C interaction sites.

FIGURE 1: PP2A/C strongly binds to R11.2 residues 1795-1818 and 1956-1975 in peptide array overlay. (A) A peptide array spanning residues
1784-2067of rabbit heartR11.2was incubatedwith the catalyticC subunit of PP2A (PP2A/C) andprobedwith anti-PP2A/Cantibodies. Peptides
encompassing residues fromCT-B (gray), CT-8 (black), and Ser1928 (white) are indicated by dashed outlines on the overlay image. (B) Topology
of the linearized R11.2 C-terminus depicting the region covered by the peptide array (dark gray) and GST fusion proteins CT-B (gray) and CT-8
(black), the latter including Ser1928. Below are tabulated the sequence of the residues that define the PP2A binding region in CT-B according to
the overlay and the CT-8 derived peptides 1-5 used for the displacement studies below. The boxed residues in peptides 4 and 5 are those that are
encompassed by the PP2A/C binding-positive peptides on the array in the CT-8 region. The putative R-helix is shaded gray with Ala1959
underlined in peptide 4.
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PP2A/C Pull-Down Experiments with GST Fusion Pro-
teins. We recently provided evidence that residues 1943-1971
within CT-8 bind yet another phosphatase, the Ca2þ- and
calmodulin-activated PP2B (calcineurin) (14). To define the
PP2A binding site within this region relative to PP2B, we used
shorter fragments of GST-CT-8 (Figure 2A). The Robson-Gar-
nier algorithm predicts that this region forms an R-helix (14). In
fact, substituting Ala1959 with Pro, a helix breaker, abrogates
PP2B binding (14). All fusion proteins were first purified on
glutathione Sepharose, eluted, and dialyzed to remove glu-
tathione for immobilization of comparable amounts of protein
on glutathione Sepharose and subsequent PP2A/C pull-down
experiments. Several fusion proteins were partially cleaved,
resulting in a substantial amount of GST with only minimal
or no additional channel segments (Figure 2B,E). To allow

comparison between the different fusion proteins, equal amounts
of the corresponding full-length forms (arrowheads in Figure 2B;
see also Figure 2E) were loaded onto the resin. To determine the
portion of PP2A/C binding to CT-8 fusion proteins that was
specific, pure GST was loaded in parallel roughly matching the
amount of the former. Background was typically less than 20%
and was subtracted from total binding signals for CT-8 pull-
down samples. PP2A/C bound consistently and with high
specificity to full-length CT-8 as well as the proline mutant
CT-8-P (Figure 2C,D). This equivalent interaction of CT-8 and
CT-8-P with PP2A/C is in striking contrast to PP2B binding,
which was abrogated by the proline mutation (14). PP2A/C did
not specifically bind to CT-8-1 or CT-8-4, N-terminal and
C-terminal truncations of the original CT-8 fusion protein that
lacked the putative R-helix (Figure 2C,D). PP2A/C binding to
CT-8-2 and CT-8-3 (both contained the putativeR-helical region,
residues 1943-1971) was more variable but showed significant
specific binding ( p < 0.05 compared to GST control) albeit
weaker than to the full-length CT-8.

CT-8-1 encodes residues 1909-1946 and includes the first
regions that showed weak binding in the peptide overlay assay
(starting with residue 1910; Figure 1). Because CT-8-1 did not
show any specific binding in the pull-down test, the modest
binding to the 1910 region in the Figure 1 overlay assay likely
indicates only weak association. Because this region contains
Ser1928, which is phosphorylated by PKA and dephosphory-
lated by PP2A, this binding could indicate a catalytic site inter-
action (13), which would typically be brief in nature. Similarly,
the weak signal in the PP2A/C overlay for peptides that cover
residues 1988-2005 is also likely either nonspecific or limited in
nature as CT-8-4 encoding residues 1969-2029 did not show any
specific binding in the pull-down experiments.
Peptide Competition Experiments with PP2A/C and

CT-8.We used synthetic peptides in solution to further define
the PP2A/C binding site in CT-8. Peptides were 20-24
residues long and covered various overlapping regions be-
tween residues 1909 and 1986 (peptides 1-5; Figure 1B). In the
first set of experiments with peptides 1-4, only peptide 4
significantly inhibited pull down of PP2A/C by GST-CT-8
(Figure 3A,B). Peptide 4 covers the predicted R-helix in this
region and most of the residues encompassed by the second
strong binding region of the peptide array overlay experiment.
We subsequently tested peptide 4 with Pro substituting the Ala
at position 1959 (peptide 4P) and peptide 5, which includes the
last 7 residues of peptide 4 plus 15 residues toward the
C-terminus. Peptide 4P and peptide 5 also disrupted PP2A/C
binding to CT-8 but not as strongly as peptide 4 (Figure 3C,D).
Similar results were obtained in two experiments using GST-
CT-8-3 for PP2A pull down (Figure 3E).

Peptides 1 and 2 cover the region starting with residue 1910
that showed some weak binding in the peptide array overlay
assay. The finding that these peptides did not diminish at all pull
down of PP2A/C by GST-CT-8 is further evidence for the above
conclusion that this site interacts weakly if at all with PP2A.
Subsequent attempts to further narrow down the precise binding
site for PP2A within the sequence covered by peptides 4 and 5
with 10-mer peptides failed (Supporting Information Figure 1A,
B; peptides 6-10). Themost likely explanation is that the affinity
of the shorter peptides for PP2A is too low for effective
competition with the CT-8 polypeptide because none of these
peptidesmight have a sufficient number of contact sites for PP2A
even though we increased peptide concentration from 10 to

FIGURE 2: PP2A/C binds to the central region spanning residues
1943-1971 in CT-8. (A) Schematic of the parental CT-8 segment
(bottom) and its derivatives. A predicted R-helix is indicated in the
center of CT-8 and all derivatives that contain this segment. CT-8P
encodes CT-8 with the Ala1959Pro mutation as depicted above the
presumably interrupted R-helix. (B) SDS-PAGE of the various
purified GST-CT-8 fusion proteins including GST itself as detected
by Coomassie staining. Arrowheads indicate expected positions of
the corresponding full-length polypeptides. (C-E) Pull down of
purified poly-His-PP2A/C with the fusion proteins as detected by
immunoblotting with anti-PP2A/C (D). Results from 18 different
experimentswere quantified.Means( SEMfromN samples for each
condition are graphed in (C) (*, p<0.05; ***, p<0.001).Reprobing
with anti-GST was routinely performed to confirm that similar
amounts of GST fusion proteins were present (E).
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20 μM (Supporting Information Figure 1) and in one experiment
to 40 μM (data not shown).
Peptide Competition Experiments with PP2A/C and

CT-B. To test whether the interactions of PP2A with CT-8
and CT-B are independent of each other, we performed peptide
competition PP2A pull-down experiments with GST-CT-B. None
of the CT-8-derived peptides reduced PP2A pull down by GST-
CT-B, including peptides 4, 4P, and 5 (Figure 4). This result
suggests that PP2A binds with different sites to CT-B and CT-8.
Attempts to define the CT-B binding site with similar competition
studies using two partially overlapping peptides derived from the
peptide overlay experiment failed as one covering residues 1794-
1808 was insoluble and the other one covering residues 1804-
1818 had no effect (data not shown).
Peptide Competition Experiments with PP2B and CT-8.

Because the Ala1959Pro mutation in the putative R-helix formed

by residues 1943-1971 abrogated PP2B binding to GST-CT-
8 (14), it appeared likely that PP2B binds at or near this region. In
peptide competition studies analogous to those for PP2A above,
only peptide 5 but not peptide 4 affected pull down of PP2B by
GST-CT-8 (Figure 5). Peptide 4 covers nearly all of the putative
R-helix including Ala1959, which is not part of peptide 5
(Figure 1B). It is possible that the Ala1959Pro mutation disrupts
the conformation of the putativeR-helix not only in its immediate
vicinity but also downstreamof it. Such a disruption could extend
to residues covered by peptide 5. As theN-terminal seven residues
of peptide 5 are also present on peptide 4, yet peptide 4 did not
disrupt PP2B binding to CT-8, those residues appear not to be

FIGURE 3: Peptides containingR11.2 residues 1965-1971 (LSPLLQR)
compete withGST-CT-8 for PP2A/C binding.Graphed aremeans(
SEM from N samples in four (A) and ten (C) independent experi-
ments and representative immunoblots (B, D, E) of pull-down
experiments of purified poly-His-PP2A/C with GST-CT-8 (A-D)
or GST-CT-8-3 (E) with the indicated peptides (10 μM) present
during PP2A binding (see Figure 1 for definition of peptides 1-5).
GST served as negative control and GST-CT-8 or GST-CT-8-3
without any peptide as positive control (Cont; *, p< 0.05; **, p<
0.01; ***, p < 0.001).

FIGURE 4: Peptides derived from CT-8 do not compete with GST-
CT-B for PP2A/C binding. Graphed are means ( SEM from N
samples in six independent experiments (A) and representative im-
munoblots (B) of pull-down experiments of purified poly-His-PP2A/
CwithGST-CT-Bwith the indicated peptides (10μM)present during
PP2Abinding.GSTwas the negative control andGST-CT-Bwithout
any peptide the positive control (Cont).

FIGURE 5: Peptide 5 but not peptide 4 competes with GST-CT-8 for
PP2B binding. Graphed are means ( SEM from N samples in three
independent experiments (A) and example immunoblot (shown in
duplicate) of pull-down experiments of purified poly-His-PP2B with
GST-CT-8 (B)withpeptide 4or 5 (10μM)present as indicatedduring
PP2B binding. GSTwas the negative control andGST-CT-8without
any peptide the positive control (Cont; ***, p< 0.001).
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sufficient for PP2B binding if they can participate at all in the
interactionwith PP2B. In any case, it appears that PP2B does not
directly bind to the immediate vicinity of Ala1959 but rather
somewhat downstream of it. We tested shorter peptides covering
peptides 4 and 5, but similar to our PP2A results none affected
PP2B binding (Supporting Information Figure 1C).
Competition Experiments between PP2A and PP2B. As

the above peptide studies indicate that PP2A and PP2B bind to
residues very close to each other in CT-8, we wondered whether
these two phosphatases would compete for binding to this region.
GST-CT-8 was immobilized on glutathione Sepharose and
incubated with either 0, 1.1, or 5.5 μg of affinity-purified PP2A
and subsequently with 0.2 μg of affinity-purified PP2B. Immu-
noblotting showed that the amount of PP2A bound to the GST-
CT-8-charged resin was indistinguishable for the 1.1 vs 5.5 μg
samples (Figure 6A). This observation indicates that both
amounts allowed saturation of the immobilizedCT-8with PP2A.
Subsequent incubation with PP2B resulted in comparable
amounts of PP2B pulled down by the GST-CT-8 resin whether
this resin was preincubated with PP2A or not (Figure 6B). These
data suggest that PP2A and PP2B can simultaneously bind to
CT-8.
Peptide 5 but Not Peptide 4 Displaces PP2A but Not

PP2B from Native Cav1.2 Complexes. The above in vitro
binding assays define the precise PP2AandPP2B binding sites on
R11.2. However, they do not show whether these peptides are
effective in promoting dissociation of PP2A or PP2B from native
Cav1.2 complexes. Dissociation of both phosphatases must be
very slow as a substantial amount of them remains bound during
the coimmunoprecipitation procedure, which takes at least 4 h
after detergent extraction and dilution of tissue content. Peptides
are thought to promote dissociation of otherwise relatively stable
protein complexes by gaining access to interaction sites on the
complementary binding partner upon partial unbinding. The
latter would not lead to full dissociation itself unless interfering
compounds prevent full rebinding. It is thus quite possible that
some peptides compete during binding reactions but do not
promote dissociation of preformed complexes.

Endogenous PP2A and PP2B coimmunoprecipitated with
Cav1.2 (Figure 7). PP2A holoenzymes typically consist the cata-
lytic C subunit, the scaffoldingA subunit, and one of numerous B

subunits, whichmediate targeting of PP2Aholoenzymes (35).We
determined peptide effects on coimmunoprecipitations of PP2A/
C as well as PP2A/A. All coprecipitations with Cav1.2 were
specific for PP2A/C, PP2A/A, and PP2B as control IgG did not
pull down any of these proteins (Figure 7B,D,F). Inclusion of
peptide 5 but not of peptide 4 during the immunoprecipitation
step reduced coprecipitation of PP2A/A and PP2A/C with
Cav1.2 by ∼50%. Neither peptide 5 nor peptide 4 affected
coprecipitation of PP2B. These results indicate that only peptide
5 but not peptide 4 effectively dislocates PP2A fromnativeCav1.2
complexes even though both peptides compete during PP2A-
GST-CT-8 association reactions. Despite its effect on PP2A,
peptide 5 did not effectively dislodge PP2B from the endogenous
Cav1.2 complex.
Perfusion of Cardiomyocytes with Peptide 5 but Not

Peptide 4 Increases L-TypeCa2þCurrents.Todetermine the
functional role of the PP2Aanchoring site onCav1.2, adult rabbit
ventricular myocytes were freshly prepared and ICa(L) recorded

FIGURE 6: PP2A/C and PP2B do not compete for CT-8 binding.
Glutathione Sepharose was sequentially incubated with GST-CT-8,
then 0, 1.1, or 5.5 μg of PP2A, and finally 0.2 μg of PP2B.
Representative immunoblots (left panels) illustrate the relative
amount of PP2A (A) and PP2B (B) present in the same pull-down
samples. Means ( SEM from three independent experiments are
shown in the right panels.

FIGURE 7: Peptide 5 displaces PP2A but not PP2B from native
Cav1.2 complexes. Immunoprecipitations of Cav1.2 were performed
in the absence (Cont) or presence of 20 μM peptide 1, 4, or 5 and
PP2A/C (A,B), PP2A/A (C,D), or PP2B (E,F) detected by immuno-
blotting. Graphed are means ( SEM from N samples in eight (A),
two (C), and six (D) independent experiments. Control precipitations
with nonspecific IgG indicate the specificity of PPA/C (B), PP2A/A
(D), and PP2B (F) coprecipitations with Cav1.2.
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in a perforated patch configuration. The saponin-related mild
detergent β-escin was used (33) because it affords access of
peptides and polypeptides to the cell interior (34) (see Experi-
mental Procedures). Inclusion of peptide 5, which displaces PP2A
but not PP2B from endogenous Cav1.2 as determined by the
above immunoprecipitation experiments, resulted in a larger
ICa(L) compared to peptide 1 or no peptide (Figure 8A,C). We
used peptide 1 as control because it has a charge content similar
to that of peptides 4 and 5 but does not affect binding of PP2A or
PP2B toCT-8 nor coimmunoprecipitation of PP2Aor PP2Bwith
native Cav1.2. ANOVA showed that the choice of peptide (none
or 1 vs 4 vs 5) affected ICa(L) at all ISO concentrations, appearing
in Figure 8C as the strong increase with peptide 5. Independently
of the choice of peptide, ISO increased ICa(L), as expected. The
effect of peptide 5 to increase basal Cav1.2 activity might reflect
basal activity of a kinase, possibly PKA, that is unmasked by
reducing local PP2A activity via disruption of phosphatase

binding to the CT-8 region. The enhanced β-adrenergic stimula-
tion with peptide 5 was seen over the full range of ISO concen-
trations as illustrated in example traces for [ISO] = 300 nM
(Figure 8B) and as determined via Gmax derived from I/V
relations (Figure 8C). These findings indicate that endogenous
PP2A is associated with Cav1.2 in cardiac myocytes to limit the
magnitude of PKA-mediated enhancement of ICa(L). Half-
activation potential V50 derived from the I/V relations shifted
significantly negative on application of ISO as expected (12). This
shift tended to be greater with peptide 5 (maximal shift -16.0 (
1.9mV SEMvs-12.9( 1.9mVwith peptide 1 or no peptide, but
the difference was statistically not significant; not illustrated). In
agreement with the lack of peptide 4 on PP2A coimmunopreci-
pitation with Cav1.2 from native tissue, peptide 4 did not affect
ICa(L) (Figure 8A,C).
Peptides 4 and 5 Do Not Directly Affect PP2A or PP2B

Catalytic Activity. To ensure that in the above recordings
peptide 5 acted by displacing PP2A from Cav1.2 and not by
inhibiting general phosphatase activity, we determined catalytic
activity of purified PP2A and PP2B in the presence and absence
of these peptides, with negative results (Figure 9).

DISCUSSION

Formation of inside-out patches from rabbit ventricular
myocytes causes run down of L-type currents that is blocked
by okadaic acid (11). This observation provided early functional
evidence that a phosphatase is anchored in close proximity to the
channel that counteracts upregulation of Cav1.2 by phosphor-
ylation. We found that PP2A is associated with Cav1.2 (36) and

FIGURE 8: Peptide 5 increases ICa(L) density under control and ISO
treatment conditions compared to peptide 1 or no peptide. (A)
Representative current traces upon depolarization from -90 mV
with peptide 1 (gray), peptide 4 (dotted), or peptide 5 (black) in the
recording electrode ([ISO] = 0). (B) Traces from the same respective
cells with [ISO] = 300 nM. Traces were obtained from the respective
current-voltage relations, at the depolarization givingmaximal peak
current (bold arrow, B). The voltage for maximum current (typically
-20 mV without ISO), which would be relevant for cardiac cell
contraction, shifted negative in response to ISO (see Results). Traces
were smoothed minimally, and vertically adjusted slightly, to plot
asymptotic values at 0 (dashed lines). (C)Graphed aremeans( SEM
of maximum conductance Gmax obtained by fit (see Experimental
Procedures) from peak current-voltage relations. Each data point in
(C) represents five to eight measurements, except wash (Ng 4) from
in total three cells with no peptide, four with peptide 1, nine with
peptide 4, and seven with peptide 5. In several cells, data were not
recorded at all [ISO]. We combined the three experiments with no
peptide and the four with peptide 1 for our analyses as no differences
between these two conditions were obvious (*, p > 0.05; Mann-
Whitney (U) tests).

FIGURE 9: Peptides 1, 4, and 5 do not affect phosphatase activity of
PP2AorPP2B. PP2A (immunoisolated fromheart) and recombinant
purifiedPP2Bwerepreincubatedwith 20μMpeptide 1, 4, or 5, 10nM
okadaic acid (OA), which is a specific PP2A blocker at this concen-
tration, or without any additives (positive control for full phospha-
tase activity; Cont). Respective phosphopeptide substrates were
added for PP2A and PP2B assays, and subsequently phosphate
release was determined. Lysate (No Lys; PP2A), PP2B (No PP2B),
or calmodulin (No CaM) were omitted in some assays to test for
phosphate contaminations from other ingredients. Shown are
means ( SEM of phosphatase activity determined in two indepen-
dent experiments with triplicate samples each (N = 6) for each
phosphatase.
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subsequently identified two attachment sites for PP2Awithin the
C-terminus of the central R11.2 subunit (13). In the present study
pull-down experiments with CT-8-derived truncated fusion pro-
teins indicate that the segment between residues 1943 and 1971 of
R11.2 is required for specific PP2A/C binding to this region. Our
peptide overlay indicates that 15-mer peptides starting with
residues 1956-1959 possess strong PP2A/C binding potential,
with some peptides showing weaker binding. The core sequence
common to all four strongly binding peptides is 1959ALA-
VAGLSPLLQ1970. Furthermore, peptide 4 and peptide 5 com-
pete with CT-8 for PP2A/C binding. Both peptides contain the
C-terminal six residues of that core sequence plus an additional
Arg C-terminal to those residues (1965LSPLLQR1971). Finally,
the Ala1959Pro mutation in CT-8 does not abrogate PP2A/C
binding to CT-8 nor does this substitution in peptide 4 prevent
the resulting peptide 4P from competing with CT-8 for PP2A/C
pull down. The simplest explanation of all of these results is that
the main interaction sites for PP2A/C in this region of R11.2 are
1965LSPLLQ1970. This conclusion is in agreement with the
finding that CT-8-3, which covers residues 1943-2029, but not
CT-8-4, which covers residues 1969-2029, pulls down PP2A as
the latter is lacking residues 1965-1968 from the core interaction
site. Accordingly, residues 1965-1968 are critical for binding.

PP2A typically exists as a trimer consisting of a catalytic C
subunit, a structural A subunit, and a B-type subunit (35). The
>15 identified B-type subunits are subcategorized into three
types (B, B0, and B00) (35, 37, 38). They generally mediate target-
ing of the PP2A holoenzyme to its substrates, which involves at
least in some cases a stable interaction. It is thus remarkable that
PP2A/C itself exhibits strong constitutive binding to two differ-
ent sites on R11.2 that possess different structural features. PP2A
also forms a constitutive interaction with the type 2 ryanodine
receptor in heart, which in this case ismediated via the B0 0 subunit
PR130 (39). Cav1.2 and the ryanodine receptor are precisely
juxtaposed in cardiomyocytes, allowing Ca2þ influx through
Cav1.2 to rapidly and effectively induce Ca2þ release from the
sarcoplasmic reticulum. The finding that both protein complexes
individually anchor PP2A indicates that PP2A has to be precisely
targeted to the individual proteins for effective dephosphorylation.

Whereas PP2A/C bound equally well to CT-8 and CT-8-P,
PP2B only bound to CT-8 (14). Furthermore, peptides 4, 4P, and
5 all interfered with PP2A binding, but only peptide 5 inhibited
PP2B binding to CT-8. The most parsimonious explanation for
these results is that PP2B has its main attachment site immedi-
ately downstream of Arg1971. As discussed above, residues imme-
diately upstream of Arg1971 (1965LSPLLQ1970) are most likely
the main attachment site for PP2A. Because PP2A and PP2B can
simultaneously bind to the region surrounding Arg1971, these
upstream residues are obviously not critical for PP2B binding.
Our earlier finding that CT-8-P has impaired PP2B binding is thus
likely due to downstream secondary structural changes induced
by the proline substitution, an alteration that could encompass
residues C-terminal to Arg1971. We conclude that although
PP2A and PP2B bind to the same region of R11.2, binding is
through interaction with different residues, which are in close
proximity to each other.

Earlier evidence suggests that PP2A in general (12) and specif-
ically when bound to the CT-8 region of R11.2 downstream of
Ser1928 (13) reduces Cav1.2 currents in theHEK-derived tsA-201
cells by counteracting PKA-mediated stimulation of these cur-
rents (13). Further, channel-associated PP2A reverses PKA-
mediated phosphorylation of Ser1928 (13, 36), which is still

considered a valid readout of Cav1.2 phosphorylation by PKA
even though it is not necessary forCav1.2 regulation (8, 17, 18). In
cardiomyocytes, three different modes of Cav1.2 activity have
been defined (40). Channel openings are absent in mode 0, short
in mode 1, and long in mode 2 with only relatively brief inter-
mittent closures in this mode (40). β-Adrenergic signaling via
PKA induces transition from mode 0 to mode 1 or 2 (10, 41).
Okadaic acid, which at submicromolar concentrations is more
selective for PP2A than PP1, impairs the reversal of mode 2 and 1
in cardiac and smooth muscle cells, whereas application of PP2A
to excised inside-out membrane patches promotes this rever-
sal (32, 42, 43). Collectively, these findings indicate that PP2A
reduces Cav1.2 activity at least in part by reversing PKA-
mediated stimulation of Cav1.2. Our findings that peptide 5
displaces PP2A from native Cav1.2 and increases basal and ISO-
enhanced ICa(L) now indicate that PP2A must be bound to the
region containing residues 1965-1970 for effectively regulating
Cav1.2 activity.

In contrast to PP2A inhibitors, several ventricular myocyte
studies report that PP2B inhibition has either no detectable effect
on ICa(L) in rat, mouse, or rabbit (44-47), decreases this current
in rat (14, 48), or, in one study, increases ICa(L) in mouse (49).
The basis for these discrepant findings is unclear but raises the
possibility that in ventricular myocytes PP2B does not regulate
channel activity as robustly as PP2A with respect to the basal
activity state of ICa(L) or PKA-dependent activation of ICa(L).
Dissociation of PP2B from Cav1.2 should thus either have a
limited effect on ICa(L) or even decrease it in ventriculocytes. The
finding that perfusion of peptide 5 increased ICa(L) in our rabbit
vetriculocytes and because peptide 5 dislodged only PP2A but
not PP2B from Cav1.2 thus suggests that the peptide 5-induced
increase in ICa(L) is largely due to displacement of PP2A from
R11.2 residues 1965-1971.

However, in neurons and HEK293 cells ectopically expressing
Cav1.2, PP2B consistently acts to decreaseL-type currents (50-52).
Thus our previous findings (14), which are based onmultiple lines
of evidence leaving little doubt that PP2B stimulates ICa(L) in
cardiomyocytes, could reflect that PP2B acts under certain
conditions in cardiomyocytes not directly on Cav1.2 but rather
on other regulators of this channels, perhaps PP2A itself. For
instance, the B-type subunit B0δ (B56δ) is phosphorylated by
PKA to increase the phosphatase activity of the corresponding
PP2A holoenzyme (53). PP2B could act in heart by reversing this
or other analogously acting PP2A phosphorylations to decrease
PP2A activity.

The A kinase anchor protein AKAP150 (corresponding to
AKAP79 in humans andAKAP75 in cows) is the mainAKAP at
postsynaptic sites in brain (54, 55). Cav1.2 is clustered at these
sites (56, 57), and AKAP150 coimmunoprecipitates with Cav1.2
from brain and heart (8, 58, 59). AKAP150 recruits PKA and
PP2B toCav1.2 in neurons (52, 58, 60, 61). It also links PP2B and
the adenylyl cyclases 5 and 6, but not PKA, to Cav1.2 in
heart (59), where AKAP15/18 links PKA to Cav1.2 (16, 62).
Because AKAP150 binds not only to the C-terminus of R11.2 but
also to its N-terminus and its intracellular loop between domains
I and II (58), AKAP150 and with it PP2B can bind simulta-
neously with AKAP15/18 to Cav1.2. In fact, AKAP150 is strictly
required for coimmunoprecipitation of PP2B with Cav1.2 (59).
The observation that peptide 5 does not displace PP2B from
native Cav1.2 complexes could thus be due to the apparently
stronger interaction of PP2B with Cav1.2 via AKAP150 than the
direct PP2B binding toR11.2. Accordingly, AKAP150 is necessary
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for stable PP2B association with Cav1.2 although it is not clear
whether it is sufficient. The lack of effect of peptide 5 on PP2B
coimmunoprecipitation with Cav1.2 indicates at the first glance
that the corresponding interaction is not required and the
AKAP150-mediated interaction is sufficient but the lack of
peptide 5 effect could be explained by a lack of access to this
interaction site in the native complex.

Peptide 5 not only augments ICa(L) under basal conditions but
also enhances in absolute magnitude the increase in ICa(L) by
β-adrenergic stimulation with ISO. Accordingly, peptide 5 could
act at least in part by enhancing the PKA-mediated increase in
Cav1.2 activity. Our results also indicate that PP2A effectively
reverses the PKA-stimulated activity of cardiac Cav1.2 only if
bound to residues 1965-1970 and surrounding residues in R11.2.
An indirect implication of our results is that the phosphatase
activity at Cav1.2 may be relatively high, keeping basal ICa(L)
activation low, limiting the extent of PKA-dependent current
enhancement and potentially accelerating the reversal of current
activation at the end of a bout of sympathetic activation.

In conclusion, there are at least two different attachment sites
in the Cav1.2 channel complex for PP2A as defined by our CT-B
and CT-8 constructs. The latter site is clearly important for
negative regulation of Cav1.2 by PP2A, but the former site awaits
yet more precise definition and functional studies.
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