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Abstract
High levels of peroxynitrite have been shown to decrease cardiomyocyte contraction through a
reduction in phospholamban (PLB) phosphorylation. However, previous reports did not examine
the direct effect of peroxynitrite on protein phosphatase activity in the myocardium or the role of
specific phosphatases. Here we test the effect of the peroxynitrite donor SIN-1 on protein
phosphatase activity in whole heart homogenates, as well as the interaction of PLB with protein
phosphatase 1 (PP1) and 2a (PP2a). SIN-1 (200 μmol/L) induced a significant increase in protein
phosphatase activity, which was alleviated with the specific PP1/PP2a inhibitor okadaic acid.
Conversely, lower concentrations of SIN-1 and the nitric oxide donor spermine NONOate (300
μmol/L) were both without effect on phosphatase activity. We next examined the effect of SIN-1
on the interaction of PLB with PP1 and PP2a using co-immunoprecipitation, since okadaic acid
inhibited the effects of SIN-1 in our current and previous studies. SIN-1 significantly increased the
interaction of PLB with PP2a, but had no effect on the interaction between PLB and PP1. Urate, a
peroxynitrite scavenger, inhibited the effects of SIN-1 on phosphatase activity and the interaction
of PLB with PP2a, thus implicating peroxynitrite as the causal species. The results of this study
provide further insight into the mechanism through which high levels of peroxynitrite serve to
decrease PLB phosphorylation and myocardial contraction. Therefore, peroxynitrite signaling
could play a key role in the contractile dysfunction manifested in heart failure where peroxynitrite
production and protein phosphatase activity are increased and PLB phosphorylation is decreased.
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INTRODUCTION
The formation of peroxynitrite (ONOO−), the reaction product of nitric oxide (NO.) and
superoxide (O2

•−), increases during the pathogenesis of heart failure [1,2], and is detrimental
to myocardial function [3,4,5]. The peroxynitrite donor SIN-1, has been shown to decrease
contraction in isolated cardiomyocytes [6,7]. We recently demonstrated that this
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peroxynitrite-mediated decrease in cardiomyocyte contraction occurred through a reduction
in phospholamban (PLB) Serine16 phosphorylation [7]. PLB is a phosphoprotein which
plays a critical role in excitation-contraction coupling by regulating the uptake of Ca2+ into
the sarcoplasmic reticulum (SR) [8]. Phosphorylation of PLB Serine16 increases SR Ca2+

uptake, thus increasing SR Ca2+ load, which is a critical determinant of myocardial
contractility [9]. Conversely, the dephosphorylation of PLB Serine16 results in the inhibition
of SR Ca2+ uptake, which leads to a decrease SR Ca2+ load and myocardial contraction.
Protein phosphatase 1 (PP1) and protein phosphatase 2a (PP2a) are the two main
phosphatases that dephosphorylate PLB [10]. These phosphatases are specific for
phosphorylated serine/threonine residues. Altered protein phosphatase activity was
implicated in the reduced PLB Serine16 phosphorylation observed in our previous study [7],
but we did not directly examine whether peroxynitrite increases protein phosphatase activity
in the myocardium or the role of specific protein phosphatases. Peroxynitrite has been
shown to modulate the activity of certain types of protein phosphatases [11,12], but the
effect on serine/threonine phosphatase activity has not been examined.

Therefore, the objective of this study is to determine if a high level of peroxynitrite can
increase protein phosphatase activity in the myocardium. Thus, we tested whether the
peroxynitrite donor SIN-1 increases total protein phosphatase activity in whole heart
homogenates and the effect of SIN-1 on the interaction of PLB with PP1 and PP2a. We
hypothesize that peroxynitrite will increase protein phosphatase activity and promote the
interaction of PP1 and PP2a with PLB.

EXPERIMENTAL PROCEDURES
Preparation of Cardiac Homogenates

Hearts were excised from male CF-1 mice and Langendorff-perfused. For the protein
phosphatase assay, hearts were perfused with normal Tyrode solution for 2 minutes and
frozen in liquid nitrogen. Hearts were homogenized as previously described [7] using the
10x lysis buffer provided with the protein phosphatase assay kit. Briefly, cardiac tissue was
homogenized on ice via three bursts of 5 sec using a PRO250 homogenizer (PRO Scientific,
Oxford, CT). Protease inhibitor cocktail (Sigma, St. Louis, MO) was added prior to
homogenization. Homogenates were then solublized on ice for 30 min and centrifuged for
10 min at 16,100 g (4°C). The supernatant was then used for the protein phosphatase assay.
For co-immunoprecipitation, hearts were perfused with either normal Tyrode solution,
SIN-1, or SIN-1+urate for 2 minutes and frozen in liquid nitrogen. Hearts were
homogenized as described above except that the protein extraction reagent from the co-
immunoprecipitation kit was used. The supernatant was then used for co-
immunoprecipitation. This investigation conforms with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health (NIH Publication No.
85–23, revised 1996) and was approved by the Institutional Laboratory Animal Care and
Use Committee.

Protein Phosphatase Activity Assay
Protein phosphatase activity was examined using the Sensolyte Protein Phosphatase Assay
Kit (AnaSpec, San Jose, CA). The assay buffer consisted of (in mmol/L): Tris-HCl pH 7.0
(50), Na2EDTA (0.1), 0.01% Brij 35. Cardiac homogenates (100 μg) and experimental
treatments (SIN-1, etc.) were added directly to each experimental well (96-well plate), per
the instructions. The reaction was then initiated upon addition of 50 μL of the provided
pNPP reaction mixture to each experimental well. Total well volume was 100 μL. The
protein phosphatase assay was allowed to continue for 60 min at 22°C as recommended by
the instructions, after which time the absorbance signal was measured at 405 nm using a
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BioTek PowerWave XS (Winooski, VT). Enzyme activity (nmol/min) was calculated using
the following formula: (V × vol)/(ε × l), where V is the reaction velocity (OD405/min), vol is
the reaction volume in liters, ε is the extinction coefficient of pNPP (1.78 × 104 M−1cm−1)
and l is the path length of light through the sample in cm (for 100 mL sample, l = 0.5 cm).
Enzyme activity was then calculated per mg of protein by dividing the enzyme activity by
0.1 mg.

Co-Immunoprecipitation Analysis
Protein interactions were examined using the ProFound mammalian co-immunoprecipitation
kit (Pierce, Rockford, IL). The provided AminoLink Plus gel was coupled to a custom
antibody to PLB (Zymed, San Francisco, CA) for 4 hours at 22°C. Cardiac homogenates
(500 μg) were then incubated with the coupled gel for 2 hours at 22°C. The purified protein
complex was then eluted using 200 μL of the provided elution buffer. Western blot was used
to examine PLB interactions, as previously described [7]. Briefly, the co-
immunoprecipitation elutant was diluted in Laemmli sample buffer (BioRad, Hercules, CA)
and loaded into 15% SDS-polyacrylamide gels along with pre-stained markers. For
examination of PP1 and PP2a, samples were boiled for 5 min; for examination of total PLB,
samples were not boiled. Following protein separation via electrophoresis for 1 hour at 100
V, gels were transferred to 0.2 mm nitrocellulose membrane at 30 V overnight. Membranes
were blocked with 5% dry milk solutions for 2 hours, then agitated with primary antibody
diluted in blocking solution for 2 hours. Membranes were probed using either a custom
antibody to PLB (Zymed) or PP1α (Cell Signaling, Danvers, MA) or PP2aC (Cell Signaling).
Membranes were then rinsed 6 times in TBS for 10 minutes, after which the secondary
antibody diluted in blocking solution was added for 45 minutes. Membranes were washed 6
additional times in TBS for 10 minutes. Signals were detected using SuperSignal West Dura
substrate (Pierce, Rockford, IL), and captured on Kodak ML film (Sigma). Protein band
intensity was quantified using a UVP densitometry system (Upland, CA).

Solutions and Drugs
Normal Tyrode control solution consisted of (in mmol/L): NaCl (140), KCl (4), MgCl2 (1),
CaCl2 (1), Glucose (10), and HEPES (5); pH = 7.4 adjusted with NaOH and/or HCl. 3-
Morpholinosydnonimine (SIN-1; Alexis, Lausen, Switzerland) was used as a peroxynitrite
donor. Urate (Sigma) was used as a peroxynitrite scavenger [13,14]. Okadaic acid (OA; LC
Labs, Woburn, MA) was used as a specific inhibitor of PP1/PP2a. Phosphatase Inhibitor
Cocktail Set III (PPIC; Calbiochem, La Jolla, CA) was used as a total protein phosphatase
inhibitor. Spermine NONOate (Alexis) was used as a nitric oxide donor. All solutions were
made fresh on the day of experimentation.

Statistics
Data are presented as the mean±S.E.M. Statistical significance (p<0.05) was determined
between groups using an ANOVA (followed by Newman-Keuls test) for multiple groups or
a Student’s t-test for two groups.

RESULTS
Effect of SIN-1 on Protein Phosphatase Activity

We first examined the effect of SIN-1 on total protein phosphatase activity in whole heart
homogenates (Fig. 1). High SIN-1 (200 μmol/L) induced a 57% increase in total protein
phosphatase activity (1.6±0.2 vs. 2.6±0.3 nmol/min/mg, p<0.05 vs. Control). This effect was
inhibited upon co-incubation with the peroxynitrite scavenger, urate (1.3±0.4 nmol/min/mg,
p<0.05 vs. SIN-1), or the specific PP1/PP2a inhibitor, okadaic acid (1.4±0.2 nmol/min/mg,
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p<0.05 vs. SIN-1). Urate alone had no effect on protein phosphatase activity (1.4±0.2 nmol/
min/mg), while okadaic acid alone induced a 54% decrease in protein phosphatase activity
(0.7±0.2 nmol/min/mg, p<0.05 vs. Control). This remaining activity is likely due to non-
okadaic acid sensitive protein phosphatases. However, total protein phosphatase inhibition
with PPIC alleviated all activity (0.0±0.1 nmol/min/mg). The effect of high SIN-1 on protein
phosphatase activity can be seen in Fig. 1.

We also examined the effect of lower concentrations of peroxynitrite on protein phosphatase
activity (Fig. 2). In a previous study, we demonstrated that 10 μmol/L SIN-1 exerted
positive effects on cardiomyocyte contraction [15]. Interestingly, lower concentrations of
peroxynitrite were without effect on total protein phosphatase activity (0.001 μmol/L:
1.7±0.4, 0.01 μmol/L: 1.6±0.3, 0.1 μmol/L: 1.6±0.3, 1 μmol/L: 1.6±0.3, 10 μmol/L: 1.8±0.3
nmol/min/mg). The effect of low SIN-1 on protein phosphatase activity can be seen in Fig.
2, which shows the percent of control.

Effect of Spermine NONOate on Protein Phosphatase Activity
We next examined the effect of the NO donor spermine NONOate (Fig. 3). We previously
determined this NO donor to have effects on cardiomyocyte [Ca2+]i-handling [16]. In
contrast with the effects of SIN-1, however, spermine NONOate (300 μmol/L) had no effect
on total protein phosphatase activity compared to control (1.4±0.3 vs. 1.6±0.4 nmol/min/
mg). The effect of spermine NONOate on protein phosphatase activity can be seen in Fig. 3.

PLB Co-Immunoprecipitation
We next examined the effect of SIN-1 on the interaction of PLB with PP1 and PP2a (Fig. 4).
High SIN-1 (200 μmol/L) induced a significant increase in the interaction of PLB with PP2a
(0.6± 0.3 vs. 2.7±0.7 A.U., p<0.05 vs. Control), as seen in Fig. 4A. This interaction was
inhibited upon co-incubation with urate (0.9±0.2 A.U., p<0.05 vs. SIN-1). The summary
data for the interaction of PLB with PP2a can be seen in Fig. 4B. We did not observe a
significant interaction between PLB and PP1 after treatment with SIN-1 (data not shown).
Non-specific binding (PLBtotal, PP2aC, etc.) was not observed in co-immunoprecipitation
controls.

DISCUSSION
We previously demonstrated that a high level of peroxynitrite decreased cardiomyocyte
contraction through a reduction in PLB Serine16 phosphorylation [7]. However, in our
previous study we did not directly examine the effects of peroxynitrite on protein
phosphatase activity in the myocardium. In our current study, we demonstrate for the first
time that a high level of peroxynitrite, produced via SIN-1, increases total protein
phosphatase activity in the myocardium. Further, this same concentration of peroxynitrite
increased the interaction of PLB with PP2a. Thus, the peroxynitrite-induced increase in total
protein phosphatase activity observed in our current study correlates directly with the
peroxynitrite-induced decrease in PLB Serine16 phosphorylation observed in our previous
study [7]. Therefore, high levels of peroxynitrite exert negative effects in cardiomyocytes by
increasing protein phosphatase activity, namely PP2a, which leads to the dephosphorylation
of PLB Serine16 and reduced cardiomyocyte contraction.

Peroxynitrite Increases Protein Phosphatase Activity
The values that we observed for total protein phosphatase activity under control conditions
are consistent with previously published results for mouse cardiac homogenates [17,18].
Treatment with high SIN-1 (200 μmol/L) significantly increased total protein phosphatase
activity in cardiac homogenates (Fig. 1). We confirmed peroxynitrite as the causal species
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using the peroxynitrite scavenger urate, which inhibited the effects of SIN-1. Specific
inhibition of PP1 and PP2a with okadaic acid also alleviated the effects of SIN-1, thus
implicating these serine/threonine phosphatases. This is consistent with our previous study,
in which we demonstrated a 39% decrease in PLB Serine16 with peroxynitrite, that was
inhibited by okadaic acid [7]. In the current study, we demonstrate a 57% increase in total
protein phosphatase activity in peroxynitrite-treated homogenates. Therefore, this
peroxynitrite-induced increase in total protein phosphatase activity correlates directly with
the peroxynitrite-induced decrease in PLB Serine16 phosphorylation observed in our
previous study [7]. These findings are consistent with previous studies examining protein
phosphatase activity and PLB phosphorylation [19,20].

In direct contrast to those effects observed with high SIN-1, lower concentrations of SIN-1
(0.001–10 μmol/L SIN-1) were without effect on total protein phosphatase activity (Fig. 2),
despite the increase in cardiomyocyte contraction observed in our previous study [15]. The
NO donor spermine NONOate (300 μmol/L) was also without effect on total protein
phosphatase activity (Fig. 3). At this concentration, spermine NONOate was previously
determined to have effects on cardiomyocyte [Ca2+]i-handling [16]. However, this lack of
effect on protein phosphatase activity is consistent with a previous report, which
demonstrated that two different nitric oxide donors, NOR-3 and sodium nitroprusside, also
had little effect on the activity of PP1 or PP2a [21]. This provides clear evidence that the
effects of peroxynitrite on protein phosphatase activity are exclusive to high levels of
peroxynitrite and distinct from those observed with NO.

Peroxynitrite Increases the Interaction of PLB and PP2a
The interaction of PLB with PP2a was significantly increased with high SIN-1 (Fig. 3).
Peroxynitrite was confirmed as the causal species as urate inhibited this SIN-1-induced
interaction. A significant interaction between PLB and PP1 was not detected with high
SIN-1. Although this result does not agree with our initial hypothesis, this is not surprising
given that PP2a is more sensitive to okadaic acid than PP1 [22]. Okadaic acid inhibited the
effects of peroxynitrite on protein phosphatase activity, as well as the peroxynitrite-induced
decrease in cardiomyocyte contraction and PLB Serine16 phosphorylation observed in our
previous publication [7]. However, we likely did not observe a complete dephosphorylation
of PLB Serine16 (39% decrease) in our previous study [7] because PP2a does not appear to
be the main protein phosphatase in the cardiomyocyte that dephosphorylates PLB [10].
Therefore, peroxynitrite increases the interaction between PLB and PP2a, thus providing a
mechanism for the peroxynitrite-induced decrease in PLB Serine16 phosphorylation and the
subsequent reduction in myocyte contraction.

The production of peroxynitrite has been shown to increase during the pathogenesis of
numerous cardiac disorders, including heart failure [1,2,5]. This is likely due to the
expression of inducible nitric oxide synthase (NOS2) [5,23]. PP2a activity is also increased
in heart failure [20], while PLB Serine16 phosphorylation is decreased [24,25,26].
Therefore, the results contained herein, coupled with the results of our previous studies,
provide a mechanism for part of the myocardial dysfunction observed in heart failure. That
is, increased peroxynitrite production leads to the activation of PP2a, which serves to
decrease PLB Serine16 phosphorylation, and ultimately leads to alterations in myocardial
[Ca2+]i-handling and decreased myocardial contraction. Thus, peroxynitrite signaling could
play a key role in the contractile dysfunction manifested in heart failure. However, it is also
possible for peroxynitrite and PP2a to target other proteins within the cardiomyocyte.
Additional targets for PP2a include the L-type Ca2+ channel, troponin I, and the ryanodine
receptor [27,28]. We previously demonstrated that NOS2 expression depresses ryanodine
receptor function through a cGMP-independent signaling pathway, perhaps via peroxynitrite
formation [29]. Further, peroxynitrite has been shown to directly inactivate SERCA2a
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[30,31], but this occurs via direct nitration and does not involve PP1 or PP2a. Therefore,
peroxynitrite could potentially target additional excitation-contraction coupling proteins.

In conclusion, high levels of peroxynitrite serve to decrease PLB Serine16 phosphorylation
in cardiomyocytes by increasing protein phosphatase activity and promoting the interaction
of PLB with PP2a. Thus, cardiomyocyte contraction is ultimately reduced through the
production of high levels of peroxynitrite.
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Figure 1. High SIN-1 increases total protein phosphatase activity in whole heart homogenates
Pooled data (mean±S.E.M.) for total protein phosphatase activity with control (normal
Tyrode, clear bars), urate (500 μmol/L), OA (1 μmol/L), PPIC (Na fluoride: 100 μmol/L; Na
orthovanadate: 2 μmol/L; Na pyrophosphate, decahydrate: 20 μmol/L; β-glycerophosphate:
20 μmol/L), SIN-1 (200 μmol/L, gray bars), SIN-1+urate (500 μmol/L), and SIN-1+OA (1
μmol/L) treated homogenates. *p<0.05 vs. Control; ‡p<0.05 vs. SIN-1; n = 5–11 hearts/
group.
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Figure 2. Low concentrations of SIN-1 do not altered total protein phosphatase activity in whole
heart homogenates
Pooled data (mean±S.E.M.) expressed as a % of control for total protein phosphatase
activity with control (normal Tyrode) and SIN-1 treated cardiac homogenates. *p<0.05 vs.
Control, n = 6–17 hearts/group.
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Figure 3. Spermine NONOate does not alter total protein phosphatase activity
Pooled data (mean±S.E.M.) for total protein phosphatase activity with control (normal
Tyrode, clear bar) and spermine NONOate (300 μmol/L, black bar). p = NS; n = 6 hearts/
group.
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Figure 4. SIN-1 increases the interaction of PLB with PP2a
A.) Representative western blot (IB) specific for PP2aC and PLBtotal following co-
immunoprecipitation (Co-IP) with PLB in cardiac homogenates. Co-IP control #1:
crosslinked control gel + homogenate; Co-IP control #2: homogenate (no antibody-coupled
AminoLink Plus gel). NOTE: The results from two separate Co-IP experiments from
different samples are shown for each experimental condition (CONT, SIN-1, etc.). B.)
Pooled densitometry data (mean±S.E.M.) for PP2a band intensity normalized to PLBtotal
with control (normal Tyrode), SIN-1 (200 μmol/L), and SIN-1+urate (500 μmol/L). Data
displayed as arbitrary units (A.U.). *p<0.05 vs. Control; ‡p<0.05 vs. SIN-1; n = 5–6 hearts/
group.
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