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ABSTRACT

The cardiac ryanodine receptor (RyR) controls Ca?* release from the sarcoplasmic reticulum (SR) during
excitation-contraction coupling. Three phosphorylation sites have been identified: Serine-(S)2808, S2814
and recently S2030. We measured phosphorylation with at least two different antibodies per site and
demonstrate that for S2808 results were highly antibody-dependent and two out of three S2808 antibod-
ies did not accurately report phosphorylation level. The RyR was substantially phosphorylated in quies-
cent rat cardiomyocytes at S2808 and less so at S2814, but appeared to be unphosphorylated at S2030.
Basal phosphorylation at $2808/52814 was maintained by a Ca®>* dependent kinase other than Ca2+/Cal-
modulin-dependent kinase (CaMKII). During stimulation with Isoproterenol S2808 was phosphorylated
by protein kinase A (PKA) and S2814 was phosphorylated by CaMKIIL. Phosphatase 1 appears to be the
main phosphatase dephosphorylating S2808/S2814, but phosphatase 2a may also dephosphorylate

S2814. RyR phosphorylation is complex, but important in understanding RyR functional modulation.

© 2008 Elsevier Inc. All rights reserved.

The cardiac ryanodine receptor (type 2) controls the release of
Ca?* from the sarcoplasmic reticulum (SR) during each excita-
tion-contraction cycle [1]. The large cytoplasmic domain of the
RyR serves as a scaffold for proteins including kinases (protein ki-
nase A (PKA), Ca2+/Calmodulin-dependent kinase type II (CaMKII))
and phosphatases (protein phosphatase 1 (PP1), protein phospha-
tase 2a (PP2a)). Phosphorylation of the channel is generally re-
garded as an important regulatory mechanism, but the exact
effects on channel function are not clear. Studies suggest that
RyR phosphorylation is increased in heart failure [2,3] contributing
to increased diastolic Ca?* leak from the SR [3]. This increased
“leakiness” of the SR could underlie the increased propensity for
arrhythmias in heart failure and eventually contribute to decreased
contractility by reducing SR Ca®* load [4].

So far three phosphorylation sites have been identified. The first
was Serine-(S) 2808 in human and rodents or S2809 in rabbit,
respectively [5]. It was originally described as a CaMKII phosphor-
ylation site, but it was shown later that PKA could phosphorylate
this site as well [6]. Other groups found that this site is only phos-
phorylated by PKA [7,8], but recently cGMP-dependent kinase
(PKG) or another unidentified kinase has been suggested [9]. The
situation is less complicated for the nearby phosphorylation site
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S$2814 (52815 in rabbit) [7], because only CaMKII has been impli-
cated in phosphorylating this particular site and this has not been
challenged. The third identified site is S2030 (or S2031 in rabbit)
which was described as being phosphorylated by PKA [9].

Understanding the regulation of RyR phosphorylation will pro-
mote the development of strategies to positively affect RyR func-
tion in pathophysiology and lower the incidence of Ca®" induced
arrhythmias. Here we provide critical comparative data using dif-
ferent phospho-specific antibodies both in vitro and in intact myo-
cytes. This will be helpful in this controversial area in developing a
more comprehensive understanding about how RyR phosphoryla-
tion occurs in myocytes. We also illustrate some important caveats
in the use of popular phospho-specific antibodies, which should be
borne in mind when making quantitative conclusions.

Materials and methods

Myocyte isolation. Isolation of rat ventricular myocytes was car-
ried out essentially as previously described [10] and approved by
the Loyola University Chicago Animal Welfare Committee. A 70%
yield of viable cells that contracted in response to electrical stimu-
lation was typical (isolations containing <50% of rod-shaped cells
were not used for phosphorylation experiments).

Myocyte treatments. In PKA inhibition experiments H89 and PKI
(myristoylated, both EMD, San Diego, CA) were added to the myo-
cyte suspension 10-30 min before the addition of Iso. After the
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application of Iso myocytes remained quiescent and did not con-
tract spontaneously. The CaMKII inhibitor KN93 (water soluble,
EMD, San Diego, CA) was added to the myocytes for 45 min before
Iso stimulation. H89 and KN93 did not affect cell survival, but PKI
at 30 uM reduced rod-shaped cell content by approximately 20%.
The phosphatase inhibitor Calyculin A (CalA) was added 1 min
prior to Iso addition, while the myocytes were incubated with
the phosphatase inhibitor okadaic acid (OA) or the broad kinase
inhibitor staurosporine (STS) for 30 min (or as indicated).

Western blot analysis. For Western blot analysis, 6x sample buf-
fer (30% glycerol, 10% SDS, 600 mM dithiothreitol, 350 mM Tris/Cl
(pH 6.8), trace of Bromophenol Blue) supplemented with NaF
(6 mM) and protease inhibitors (P-8340, SIGMA, St. Louis, MO)
was directly added to the cells after treatment and the samples
were immediately frozen in liquid N,. Primary antibodies used
were ANTI-phospho-phospholamban (PLB) S16 (PS16), ANTI-phos-
pho-PLB Thr-17 (PT17; both from Badrilla, Leeds, UK), ANTI-RyR
5029 (a gift from Dr. A. Marks, New York, NY), and ANTI-RyR
(MA3-925; ABR, Golden, CO). For antibodies specific for phosphor-
ylated (and one for unphosphorylated) RyR see Table 1.

Each membrane was only exposed to one antibody to avoid arti-
facts that are associated with blot stripping. Protein bands were
visualized using the SuperSignal West Dura Kit (PIERCE, Rockford,
IL). Signals were quantitated using the UVP EpiChemi® imaging
system and LabWorks 4.6 image acquisition and analysis software.

Immunoprecipitations and in vitro kinase/phosphatase treatment.
Samples were diluted to 1 pg/pul protein with RIPA-buffer (1% Non-
idet P-40, 150 mM NaCl, 10 mM Tris/HCI (pH 7.2), 2 mM EGTA,
50 mM NaF, 1 mM Na,H,P,05, and protease inhibitors) and rotated
for 4 h at 4°C with 10 pg/ml of RyR antibody (MA3-925; ABR, Gold-
en, CO). Alkaline phosphatase (AP, EMD, San Diego, CA) was incu-
bated in buffer A (pH 7.5), PP1 (EMD, San Diego, CA) in buffer A
(pH 7.0) supplemented with 5 mM DTT and 200 uM MnCl,, PP2a
(Upstate, Lake Placid, NY) in buffer A (pH 7.0) and PKA (EMD, San
Diego, CA) in buffer A (pH 7.5) supplemented with 1 mM ATP. All
samples were incubated for 10 or 30 min at 30 °C and the reaction
was stopped by the addition of sample buffer and freezing in liquid
No.

Statistical analysis. Results are expressed as means = SEM. Signif-
icance was estimated by one-way repeated measures ANOVA and/
or Student’s t-test for paired observations as appropriate. P < 0.05
was considered significant.

Results
Evaluation of phosphorylation site-specific antibodies

We tested and compared three different antibodies specific for
phosphorylation at S2808, which have been all utilized before in
multiple studies (antigenic peptides shown in Fig. 1A [Refs.
[6,11,12], respectively]), and two antibodies specific for phosphor-
ylation at S2814. Both, the Chen and the Marks ANTI-PS2814 anti-
bodies showed very similar reactivity (data not shown) and
predominantly the ANTI-PS2814 antibody from Marks’ laboratory
was used for all experiments. In contrast, there was clearly a differ-
ence in reactivity between the three ANTI-PS2808 antibodies that

Table 1

Phosphorylation-site specific RyR antibodies used (commercial and custom)
S2030/1 $2808/9 S2814/5

Badrilla (J. Colyer) PO4 & dePO,

A. Marks X X

S.RW. Chen X X x

H. Valdivia X

was uncovered by partial dephosphorylation of immunoprecipi-
tated RyR with alkaline phosphatase (AP; Fig. 1C). Surprisingly,
the Marks ANTI-PS2808 antibody produced an increased signal
after exposure to AP (to 175 +15%; n=6, AP concentration and
incubation times were varied), in some cases similar to phosphor-
ylation of the receptor by PKA (Fig. 1B). On the other hand, the Col-
yer ANTI-PS2808 antibody was the only phosphorylation-specific
antibody tested here that showed the expected decrease in phos-
phorylation (to 54 + 13%; n=4; AP concentration and incubation
times were varied). After short exposure to AP the signal with
the Chen ANTI-PS2808 antibody remains largely unchanged, but
with prolonged exposure this antibody showed decreased reactiv-
ity with immunoprecipitated RyR (Fig. 1D). It is important to point
out that the reaction buffer for AP did not contain ATP and there-
fore phosphorylation during incubation is impossible. Dephospho-
rylation of the RyR by AP was further confirmed with the Colyer
antibody specific for unphosphorylated S2808 (Colyer dePS2808;
increased signal after AP treatment in Fig. 1B and C) and AP always
rapidly dephosphorylated the neighboring phosphorylation site
S2814 (Fig. 1B and C). The qualitative differences in antibody reac-
tivity were not unique to the use of AP, but were also observed
after incomplete dephosphorylation with PP2a (see below). It is
also of interest to note that all three ANTI-PS2808 antibodies were
phospho-specific and did not crossreact with unphosphorylated
RyR, as shown after complete dephosphorylation with PP1
(Fig. 1C).

In summary, we find the Colyer ANTI-PS2808 antibody most
reliable to detect phosphorylation and use it for the remainder of
the study.

Iso stimulation saturates phosphorylation at S2808, but has only small
effect on 52814

When quiescent cells were treated with 0.1-0.3 uM Iso for
15 min, the signal for phosphorylation at S2808 increased
(Fig. 2A). Neither higher concentrations of Iso (Fig. 2D) nor the
addition of CalA (1 M) enhanced the signal any further (Fig. 2A;
while the PKA phosphorylation site PLB-S16 could be substantially
more phosphorylated when CalA was added to Iso) indicating that
this site became fully phosphorylated. If we conservatively assume
that CalA + [so results in phosphorylation of 90% of all S2808 sites,
then 54.3 +4.7% of all RyR monomers were phosphorylated at
S$2808 under resting conditions (baseline phosphorylation, remark-
ably high). Some sets of samples were measured in parallel with
the Colyer as well as the Marks ANTI-PS2808 antibody. Iso satu-
rated phosphorylation at S2808 also when measured with the
Marks antibody (data not shown, n = 3), but strikingly the increase
in signal was higher (same set of samples (n=7): Iso effect with
Colyer ANTI-PS2808 antibody was 162.2 + 13.2% and with Marks
ANTI-PS2808 antibody 224.1 + 11.7% (see also Fig. 2C). This would
result in a lower calculated baseline phosphorylation when the
Marks ANTI-PS2808 antibody was used (40.7 + 1.8%, n=7), which
is consistent with data published from that group [13]. The
changes in S2814 phosphorylation in response to Iso and Iso + CalA
were overall similar to the changes measured for phospholamban
T17 (Fig. 2B; Iso alone had only a minimal effect, but addition of
CalA greatly increased phosphorylation). We reported earlier [7]
that Iso decreased phosphorylation at S2814 when incubated for
only 5 min. However, this study shows that this was not observed
after 15 min of incubation with Iso (to 126.6 + 12.2% of Ctr).

Chen and coworkers recently proposed a second PKA phosphor-
ylation site in the cardiac RyR, Serine 2030 [9,14]. We obtained two
custom ANTI-PS2030 antibodies that both strongly reacted with
PKA treated immunoprecipitated RyR (Fig. 2D, pos. Ctr., panel
3 +4) but had no reactivity (Chen) or yielded a faint signal (Valdi-
via) with untreated precipitated RyR (data not shown). Iso clearly
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Fig. 1. Evaluation of phosphorylation site-specific antibodies using immunoprecipitated RyR treated with AP, alkaline phosphatase; PP1, phosphatase 1 or PKA. (A) Antigenic
peptides for all three ANTI-PS2808 antibodies used. (B) The Marks ANTI-PS2808 antibody shows increased reactivity with the RyR after both, AP and PKA treatment. (C) All
three ANTI-PS2808 antibodies detected a decrease in phosphorylation when samples were treated with PP1, but showed either a decrease (Colyer), increase (Marks) or no
change (Chen) when samples were treated with AP. (D) The result is dependent on the duration of the AP treatment. This experiment and the one shown in (C) were repeated

once more with a similar result.
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in cardiomyocytes stimulated with Iso (0.1 or 0.3 uM) and Iso + CalA. (C) Representative

Western blots (each panel is from the same gel, but intermediate lanes were deleted). (D) RyR phosphorylation at S2030 in intact cardiomyocytes in response to Iso measured
with two different antibodies. The positive control (pos Ctr) sample serves as antibody control only and was not loaded proportionally.

activated PKA in intact cardiomyocytes, as shown by phosphoryla-
tion of S16 on phospholamban (PLB; Fig. 2D, bottom panel). How-
ever, in intact cells we only observed a signal (Chen) or an increase
in signal (Valdivia) after treatment with high concentrations of Iso
(1-10 uM) for at least 15 min and even this was not reliably ob-

served. The Colyer ANTI-PS2808 antibody signal was saturated at
0.1 uM Iso, but S2030 still appeared to be only partially phosphor-
ylated even after treatment with 10 uM Iso (Fig. 2D, panel 3 +4)
because the signal could be further increased by addition of CalA.
Under our conditions both antibodies (but predominantly Valdi-
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via's antibody) exhibited strong unspecific signals that ran below
the full-size RyR band in samples that include Iso and CalA
(Fig. 2D, panel 3 +4, last lane). These bands were only separated
from the full-size RyR band after prolonged gel run time. Because
we could not reliably detect phosphorylation at S2030 (or an in-
crease in signal) in intact cardiomyocytes even with Iso stimula-
tion >1 uM we focused on studying phosphorylation at S2808
and S2814 in the remainder of the study (where we used 0.1-
0.3 uM Iso for 15 min throughout).

Baseline phosphorylation levels are dynamic and Ca®* is an important
regulator

We previously estimated the fraction of RyR phosphorylated at
S2814 at about 16% [8] and here we show this fraction is much
higher for S2808 at around 54% (see previous paragraph). This
baseline phosphorylation can be lowered when kinases are blocked
by the broad spectrum kinase inhibitor staurosporine (STS, to
60.5 £4.9% (n=13) at S2808 and to 47.2 +5.0% (n=15) at S2814
within 25 min; data not shown) and therefore must be the result
of continuous phosphorylation/dephosphorylation. CaMKII has
been implicated in phosphorylation of S2808/S2814 and its activa-
tion is dependent on Ca%*/Calmodulin binding. Thus, we tested the
effect of lowering intracellular [Ca*] on baseline phosphorylation
levels. We incubated the cells for 30 min either with EGTA (ex-
pected to lower [Ca®'] throughout the cell) or thapsigargin (TG,
10 uM), a SERCA pump inhibitor (expected to empty the SR Cal-
cium and over time lower cytosolic [Ca?*]). Both treatments low-
ered phosphorylation levels at S2808 (EGTA to 64.5+4.9%
(n=6); TG to 69.2 +8.2% (n=3)) and S2814 (EGTA to 56.0 + 6.9%
(n=6); TG to 66.2 + 1.8% (n = 3)), indicating that a Ca®* dependent
kinase, possibly CaMKI], is involved in phosphorylating those RyR
sites under baseline conditions. The effect of EGTA treatment was
similar to STS treatment at both sites, suggesting that under base-
line conditions all kinases active towards S2808 and 52814 are Ca?*
dependent.

Effects of PKA and CaMKII inhibition on RyR phosphorylation

Next, to identify the kinases involved in RyR phosphorylation
we used three different inhibitors (H89 (inhibits PKA, PKG and at
higher concentrations also CaMKII), the specific PKA inhibitor pep-
tide PKI, and KN93 (CaMKII inhibitor)) and studied their effect on
baseline phosphorylation and Iso response in quiescent myocytes.

The Iso response at S2808 was inhibited by H89 (Fig. 3A) and par-
tially inhibited by PKI (Fig. 3B; H89 and PKI inhibited S16 to a lesser
or similar extend (not shown)). Baseline phosphorylation was not
inhibited by either inhibitor, while STS lowered baseline phosphor-
ylation during the same incubation period (Fig. 3A and B). These re-
sults suggest that another kinase is responsible for maintaining the
baseline S2808 phosphorylation, but not PKA or PKG.

The increase in S2814 phosphorylation by Iso (in these experi-
ments enhanced by electrical stimulation, see [8]) was attenuated
by CaMKII inhibitor KN93 (10 uM, Fig. 3D). KN93 also drastically
inhibited PLB phosphorylation at the CaMKII site T17 in the same
samples (representative example Fig. 3E, bottom panel). However,
KN93 had no effect on the increase in S2808 phosphorylation in re-
sponse to Iso (Fig. 3C) and, importantly, did not affect the baseline
phosphorylation at either site. This clarified that the Ca®* depen-
dent kinase responsible for baseline phosphorylation at S2808
and S2814 was not CaMKII.

52808 is dephosphorylated by PP1 and S2814 is dephosphorylated by
PP1 and likely PP2a

Next, we investigated which phosphatases are involved in
dephosphorylating S2808 and S2814. We found interesting differ-
ences when immunoprecipitated RyR was treated in vitro with
purified PP1 and PP2a: While PP1 worked more efficiently on
S2808, PP2a worked more efficiently on S2814 (Fig. 4A, compare
lanes 2 and 4 in panels 3 and 5). Nevertheless, after prolonged
incubation both phosphatases could completely dephosphorylate
both sites.
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Fig. 3. (A) Effect of PKA/PKG inhibitor H89 (10-30 uM) on RyR phosphorylation with and without Iso. Number of independent experiments is indicated in last column. (B)
Effect of PKA inhibitor PKI (10-30 uM). (C,D) Effect of CaMKII inhibition with KN93 (10 uM). Please note that the Iso treated cells in those experiments were electrically
stimulated for 5 min at 2 Hz to increase CaMKII activation. (E) Representative Western Blot showing the effect of KN93 on RyR and PLB phosphorylation.
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Fig. 4. RyR dephosphorylation in vitro and in intact cells. (A) Immunoprecipitated
RyR was treated with PP1 or PP2a for 10 and 30 min at 30 °C. (B) Increase in
phosphorylation at S2808 and S2814 in response to treatment with the phospha-
tase inhibitor okadaic acid (OA; n = 3). The response to 1 uM CalA was set to 100.

We also assessed witch phosphatases are responsible for
dephosphorylation of S2808 and S2814 in the myocyte environ-
ment (Fig. 4B). We used the phosphatase inhibitor okadaic acid
(OA) to distinguish between PP1 and PP2a activity, which are both
associated with RyR2 in myocytes. Low OA concentrations selec-
tively inhibit PP2a (and PP3, PP4, PP5, PP7, but not PP1, PP2b or
PP2c) with an ICsq in vitro of 2 nM, whereas PP1 inhibition requires
much higher concentrations (ICsqo in vitro 270 nM). Incubation of
myocytes with different concentrations of OA increased phosphor-
ylation at S2808 at concentrations above 300 nM, indicating
dephosphorylation by PP1. On the other hand we found a biphasic
concentration-response curve to OA for phosphorylation at S2814
indicating that this site is dephosphorylated by PP1 and an addi-
tional phosphatase, likely PP2a (also considering that PP2a co-
localizes with the RyR). Thus, PP1 appeared to be the main phos-
phatase dephosphorylating S2808/S2814, but PP2a may also be in-
volved in dephosphorylating S2814.

Discussion
Results for RyR S2808 phosphorylation are antibody-dependent

Altered RyR function could partly be responsible for the in-
creased SR Ca®" leak in heart failure and could therefore contribute
to the reduced contractile function and increased propensity for
arrhythmias. A change in RyR phosphorylation level in heart failure
may be responsible for RyR dysfunction [2,3]. Various groups have
generated custom antibodies to study RyR phosphorylation, but re-
sults have been heterogeneous. One major finding of this study is
that there are clear quantitative and qualitative differences be-
tween the three ANTI-S2808 antibodies used here. All three anti-
bodies are phosphor-specific (none of them crossreacts with
unphosphorylated RyR), but the affinity towards phosphorylated
$2808 varies under different conditions which could be revealed
by in vitro treatment with different phosphatases. The Colyer
ANTI-PS2808 antibody was the only antibody that always detected
dephosphorylation, independent of which phosphatase was used,
and we chose this antibody for all our cellular studies.

Phosphorylation at S2030 cannot be reliably detected
With the Valdivia ANTI-PS2030 antibody we obtained signals in

quiescent myocytes (indicative of baseline phosphorylation), but
the concentration-response to Iso was shallow. On the other hand

we did not see baseline phosphorylation with Chen’s ANTI-PS2030
antibody (the antibody affinity might be very low), but in one out
of three experiments we saw a clearly increased signal in response
to Iso with a concentration-response similar to what has been de-
scribed previously [9]. It appears that only very low amounts of
phosphorylated S2030 are generated by stimulation with Iso con-
centrations up to 100 nM (and within 15 min). We speculate that
this site becomes phosphorylated secondary to other changes in
the RyR, which would also explain the slow time course of
phosphorylation.

52808 and S2814 are phosphorylated by more than one kinase

At least four different kinases have been implicated in phos-
phorylating S2808, but their contributions to in vivo phosphoryla-
tion have not been clarified. The baseline phosphorylation level at
S$2808 appears to be substantial, as has been observed by others in
a variety of species [6,9,11,14,15]. The broad spectrum kinase
inhibitor staurosporine was the only kinase inhibitor tested in this
study that affected baseline RyR phosphorylation. The specific ki-
nase inhibitor experiments ruled out the involvement of PKA,
PKG and CaMKII and implicate an unidentified kinase, as has been
proposed before for S2808 [9,16]. Even though it has been shown
that CaMKII can phosphorylate S2808 in vitro and when overex-
pressed [6,16] this does not seem to occur in intact cardiomyo-
cytes. One possibility is that one of the Ca?* dependent PKC
isoforms (alpha, beta, gamma) or PKD is involved. It has been
shown that the other intracellular Ca?" release channel, the IPs-
receptor, is phosphorylated by PKC [17,18], and that this can en-
hance IP;-mediated Ca?" release from isolated nuclei [19]. How-
ever, our initial experiments (not shown) testing the role of PKC/
PKD in RyR phosphorylation have been inconclusive so far.

RyR regulation—"fine-tuning” by changing kinase/phosphatase
balance

At least two kinases are involved in phosphorylating S2808 and
S2814 and one of them is active under baseline conditions. This
would allow for a regulatory role of phosphatases without a pre-
ceding increase in kinase activity. Signal transduction pathways
that affect PP1 activity or association with the RyR will affect both
sites, while pathways affecting PP2a affect only the phosphoryla-
tion level of S2814. Considering that there are likely unidentified
CaMKII phosphorylation sites within the cardiac RyR [6,14], we
speculate that changes in the activity of different kinases or phos-
phatases affect different subsets of phosphorylation sites and dis-
tinctly modify RyR function.
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