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Deficient ryanodine receptor S-nitrosylation increases
sarcoplasmic reticulum calcium leak and
arrhythmogenesis in cardiomyocytes
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Altered Ca?* homeostasis is a salient feature of heart disease,
where the calcium release channel ryanodine receptor (RyR) plays
a major role. Accumulating data support the notion that neuronal
nitric oxide synthase (NOS1) regulates the cardiac RyR via S-
nitrosylation. We tested the hypothesis that NOS1 deficiency
impairs RyR S-nitrosylation, leading to altered Ca2* homeostasis.
Diastolic Ca2* levels are elevated in NOS1~/~ and NOS1/NOS3~/—
but not NOS3~/~ myocytes compared with wild-type (WT), sug-
gesting diastolic Ca2* leakage. Measured leak was increased in
NOS1-/~ and NOS1/NOS3~/~ but not in NOS3~/~ myocytes com-
pared with WT. Importantly, NOS1~/~ and NOS1/NOS3~/~ myo-
cytes also exhibited spontaneous calcium waves. Whereas the
stoichiometry and binding of FK-binding protein 12.6 to RyR and
the degree of RyR phosphorylation were not altered in NOS1~/~
hearts, RyR2 S-nitrosylation was substantially decreased, and the
level of thiol oxidation increased. Together, these findings dem-
onstrate that NOS1 deficiency causes RyR2 hyponitrosylation,
leading to diastolic Ca2* leak and a proarrhythmic phenotype.
NOS1 dysregulation may be a proximate cause of key phenotypes
associated with heart disease.

heart | nitric oxide | excitation—contraction coupling | oxidative stress |
heart failure

he cardiac myocyte has emerged as a prototypic example of the
manner in which nitric oxide (NO) signaling occurs in a spatially
confined manner. Although neuronal (NOS1) and endothelial
(NOS3) isoforms of nitric oxide synthase are located extremely
close to one another within the cell on opposite sides of the dyad,
they exert opposite effects on myocardial contractility (1). The
mechanism(s) for this effect remains controversial. One explana-
tion derived from in vitro observations is that NOS3 inhibits the
sarcolemmal L-type calcium channel on the sarcolemmal aspect of
the dyad, whereas NOS1 modulates ryanodine receptor (RyR)
activity on the sarcoplasmic reticulum (SR) (1-3). Although this
paradigm explains many facets of NO activity within the heart,
other studies suggest that in the myocyte, NOS1 may bind to and/or
regulate other ion channels or effectors, including the plasma
membrane calcium/calmodulin-dependent calcium ATPase (4),
sarcoplamic reticulum Ca?*-ATPase (SERCA) (5), and possibly
phospholamban (PLB). In addition, there is support for the notion
that this effect is mediated by a direct protein posttranslational
modification; but again, this assertion is controversial (6).
Another facet of NO cardiobiology has emerged that further
motivates the importance of understanding the direct NOS effector
molecules. In heart failure and/or other states of cardiac injury,
NOSI levels within the heart rise, and NOS1 effectively translocates
from the SR to the plasma membrane (2, 7, 8). Because this
phenomenon could have either deleterious effects or adaptive
consequences, it is imperative to address definitively the physiologic
role of NOS1 in the heart.
To address these issues, we tested the hypothesis that the cardiac
RyR is a primary target for NO physiologic modulation. We
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predicted that the described protein—protein interaction between
NOSI1 and the RyR?2 facilitates highly specific modulation of this
channel via S-nitrosylation. For this purpose, we studied the calcium
homeostasis of cardiac myocytes from wild-type (WT) mice and
those lacking one or both constitutive NOS isoforms. We found that
lack of NOSI1 altered RyR behavior associated with decreased
S-nitrosylation and increased oxidation of the channel, producing
diastolic Ca®* leak with a negative impact in cardiac electrical
stability and contractility.

Results

Force—Frequency Relationship and Diastolic Intracellular Ca?2* Con-
centration ([Ca?*];). As we have previously described (9, 10), the
force—frequency relationship is depressed in NOS1~/~ mice. Con-
sistent with these observations, when field-stimulated at 2, 4, 6, and
8 Hz, the degree of sarcomere shortening and the amplitude of
calcium transients in cardiomyocytes (Fig. 1 a and b) were signif-
icantly reduced in NOS1~/~ and NOS1/NOS3~/~ compared with
both WT and NOS3~/~ myocytes (9, 10).

Because reduced Ca?* transients could be the result of either
RyR dysfunction or impaired Ca?>" reuptake into the SR, we
measured systolic and diastolic levels of [Ca?*]; in the four strains
of mice. We first noted that diastolic Ca>" levels rose over the full
range of stimulation frequencies in NOS1~/~ and NOS3/NOS1~/~
but not in NOS3~/~ myocytes (Fig. 1c), a finding suggestive of a
diastolic Ca?* leak or defective Ca®* reuptake. Conversely, we
found that parameters of Ca?" reuptake, 7, and TR50 (time to
achieve 50% of decay) were not different among WT, NOS1~/~,
NOS3~/~, and NOS1/NOS3~/~ myocytes, suggesting that SR cal-
cium reuptake function (mediated by SERCAZ?2) is not responsible
for the observed abnormalities in Ca>* handling in NOS1~/~ (Fig.
1d). Additionally, Na/Ca exchanger (NCX) function was not ap-
parently different between WT and NOS1~/~ myocytes (Fig. le).
These results support the hypothesis that a diastolic Ca>* leak from
the SR may be the underlying cause of the altered Ca”>* handling
in NOS1-deficient mice.

Assessment of SR Ca?* Content and Diastolic Ca?2* Leakage. To
address this possibility, we directly measured SR Ca®* leak by using
an established protocol (11) (Fig. 2a). As shown, NOS1 deficiency
is also associated with reduced SR Ca?* content compared with
WT, whereas at 4 Hz it was increased in NOS3~/~ myocytes (Fig.
2b). NOS1~/~ and NOS1/NOS3~/~ myocytes exhibited substan-
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tially increased leak for a given Ca®* load compared with WT (Fig.
2¢). Importantly, the fractional Ca?* release was increased in
NOS1~/~ cardiomyocytes, denoting increased sensitivity of RyR to
luminal Ca?* (Fig. 2d).

This protocol revealed another important phenotype shown to be
associated with myocyte electrical instability. During the period of
0 Na*/0 Ca?* treatment, both NOS1~/~ and NOS1/NOS3~/~
myocytes displayed spontaneous Ca?* transients (Fig. 3 a and b).
These transients were most probably caused by RyR2 opening
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and parameters of Ca2* removal. (a) Rep-
resentative traces of sarcomere shorten-
ing and calcium transients ([Ca2*];) for
wild-type (wt) and NOS1-deficient myo-
cytes. (b) Sarcomere shortening and the
amplitude of [Ca2*]; transients (F —Fo) in
response to increased frequency of stim-
ulation isimpaired in NOS1~/~ and NOS1/
NOS3~/~ but not in NOS3~/~ myocytes.
*%, P < 0.05vs. WT and NOS3~/~. (c) Cal-
ibrated values of systolic (peak) and dia-
stolic [Ca2*];. NOS1~/~ and NOS1/
NOS3~/~ myocytes showed increased
diastolic levels of [Ca2*];. **, P < 0.05
vs. WT and NOS3~/~. (d) Frequency-
dependent acceleration of [Ca2*]; decay
was estimated as a constant of decay (7)
and TR50 (time to reach 50% of baseline
values). Both parameters were not signif-
icantly different among strains. () NCX
function. Tau and Tso were used to ana-
lyze the function of the sodium calcium
exchanger NCX during a pulse of caffeine
superfusion.
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because they were abolished by tetracaine treatment and they
occurred in the absence of extracellular Na* or Ca?*, which impairs
NCX activity.

Additionally, we exposed WT and NOS1~/~ myocytes (paced at
1 Hz) to high extracellular calcium. To do so, the extracellular
concentration was increased from 1.8 to 5 mM ([Ca?*],) to test SR
capacity to handle high Ca?* load (12). In WT myocytes (Fig. 3d),
this maneuver increased the amplitude of the Ca?* transient,
without signs of Ca?* disturbances (n = 4 cells). On the contrary,

Caffeine

Fig. 2. Assessment of SR calcium leak and load-leak
relationship. (a) Representative tracings showing the
\ protocol for Ca* leak. After stimulating the myocytes
- (4 Hz in the example), the solution is changed to a
Na*/Ca2*-free (0 Na*/0 Ca2") medium for 40 s. After a
period of recovery, the cells are challenged again at the
same frequency, with the Na/Ca-free medium contain-
ing 1 mM tetracaine, a RyR blocker. The decrease in the
signal of fura corresponds to the Ca?* leak. (b) Intra-SR
Ca2* content as a function of frequency of stimulation.
The increased frequencies induce increase in the Ca2*
load. (c) Shift in intra-SR Ca?* content (change in cyto-
solic Ca?* with tetracaine) as a function of the load.
Despite a decreased load of Ca?* into the SR, the
0.2 tetracaine-induced shift is increased in NOS1~/~ and
E NOS1/37/~ myocytes compared with the wild type (wt),
suggesting increased diastolic leak. (d) Fractional re-
0.0 lease of Ca2* after stimulation of the cellsat4 Hzand a
wt NOS1-/- pulse of 10 mM caffeine (the number of myocytes stud-

ied appears inside the bar; *, P < 0.05 vs. WT.
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Fig. 3. Arrythmogenic CaZ* waves in NOS1-deficient myocytes. (a) Repre-
sentative traces of WT, NOS1~/~, NOS1/NOS3~/~, and NOS3~/~ myocytes stim-
ulated at 4 Hz. After a pause in 0 Na*/0 Ca2* buffer, intracellular CaZ* waves
appeared in NOS1~/~ and NOS3/NOS1~/~ cells. They were abolished with the
presence of tetracaine. (b) Quantification of spontaneous Ca2* waves per cell
displayed by WT, NOS1~/~, NOS3~/~, and NOS1/3~/~ cardiomyocytes stimu-
lated at 4 Hz; *, P < 0.05; **, P < 0.01 vs. WT. (c) Analysis of spontaneous Ca2*
waves displayed by WT, NOS1~/~ cardiomyocytes stimulated from 1to 6 Hz. *,
P < 0.05 vs. WT. (d) Impact of high extracellular Ca2* concentration on Ca2*
waves. WT and NOS1~/~ myocytes were switched from 1.8 mM extracellular
calciumto 5 mM. NOS1-/~ displayed diastolic Ca2* waves (four of five cells) but
not WT myocytes (zero of four).

in NOS1~/~ myocytes, Ca?>" waves were observed (four of five
cells). This result suggests that in NOS1~/~ myocytes, the calcium
release channel RyR2 exhibits increased sensitivity to luminal Ca?™.

To test the possibility that increased RyR activity is able to
produce significant diastolic leak and that leak is relevant at higher
rates of stimulation, we treated WT myocytes with 0.5 mM and 1
mM caffeine, concentrations that increase RyR open probability
without depleting the SR (12). We stimulated the cells at 0.5 and
4 Hz and applied caffeine. Caffeine showed only a transient effect
when cells were paced at 0.5 Hz. On the contrary, at 4 Hz, caffeine
increased the diastolic [Ca®>*]; and decreased the peak of [Ca?"];
[see supporting information (SI) Fig. 7].
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Next, we tested whether pharmacological inhibition of NOS1
with 1 uM S-methylthiocitrulline, a specific NOS1 inhibitor (13),
mimics the effects of the genetic deletion. This maneuver produced
a decrease in the SR Ca?" content and induced the appearance of
Ca?" waves (Fig. 4). To reverse this phenotype, we treated
NOS1~/~ myocytes with a NO donor. The cells were incubated with
100 uM diethylenetriamine/NO (DETA/NO) for 5 min and after
this period, paced at 4 Hz for the leakage protocol. DETA/NO
increased SR content but did not reduce the diastolic Ca* waves
(Fig. 4b).

RyR2 Phosphorylation and Binding to FKBP12.6. We examined
whether NOS1 disruption and the resulting Ca?* leak were asso-
ciated with alterations in the abundance of SR Ca’*-handling
proteins. Western blot analysis revealed that RyR2 expression is
increased in the NOS1~/~ hearts (Fig. 5a), as reported (14). Also,
we performed coimmunoprecipitation experiments to study the
stoichiometry of FK-binding protein 12.6 (FKBP12.6): RyR2.
There was no significant difference in the amount of FKBP12.6
bound to RyR2 in both strains (Fig. 5b).

Because RyR2 phosphorylation alters the channel activity and
binding to FKBP12.6 (15, 16), we further investigated its phosphor-
ylation status in WT and NOS1~/~ animals by using a specific
antibody against phosphorylated Ser-2809 (Fig. 5c). The ratio of
phosphorylated RyR to total RyR was not different between both
groups (n = 6). Additionally, we studied the levels of other proteins
involved in Ca®>* handling by Western blot analysis. We found no
significant changes in calsequestrin, PLB, L-type calcium channel,
or SERCA2a. Only NCX was significantly up-regulated (data not
shown), although in our hands its activity remained unchanged,
probably because of the competition with other systems such as the
sarcolemmal calcium ATPase and mitochondrial uniporter (17).

S-Nitrosylation and Oxidation of RyR2. We evaluated the degree of
S-nitrosylation of RyR2 because this modification has been shown
in electrophysiological experiments to alter the open probability of
the channel. For this purpose, we performed the biotin switch
coupled to immunoprecipitation of RyR2 (Fig. 6a). With this assay,
we found decreased S-nitrosylation of RyR2 in NOS1~/~ mice
compared with WT and NOS3~/~. We further confirmed this result
by submitting a different set of hearts to the biotin switch, with a
technique of selective isolation of biotinylated proteins with strepta-
vidin-agarose (SI Fig. 8). This method showed near absence of
RyR2 S-nitrosylation in NOS1~/~ hearts. As a control, we also
analyzed GAPDH, a well known S-nitrosylated protein (see SI Fig.
8). It was equally nitrosylated in both strains, highlighting the
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Fig. 4. Fig. 4. Pharmacological manipulations with
NOS1 blocker and NO donor. (a) Wild-type myocytes
(Wt) were treated with the specific NOS1 inhibitor
S-methylthiocitrulline (SMTC; 1 uM). After 15 min, the
cells were challenged with the Na*/Ca2*-free buffer
and after 40s, with a pulse of caffeine. (b) NOS1~/~ cells
were treated with an NO donor (DETA/NO, 100 uM)
and then challenged with the Na*/Ca2*-free solution
and caffeine to assess intra-SR Ca2* content (*, P < 0.05
vs. WT; **, P< 0.01vs. WT and NOS1~/~; the number of
myocytes appears inside the bar).
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importance of the subcellular localization for the regulation of
nitrosylation. In addition, RyR nitrosylation was not altered in
hearts of NOS3~/~ mice.

We also assessed the relative free thiol content of the RyR2 in
WT, NOS1~/~, and NOS3~/~ mice hearts with monobromobimane
(mBB), a specific probe for free cysteines (not nitrosylated, disul-
fide bonds or higher oxidized forms). We found that the mBB signal
was decreased in NOS17/~ hearts compared with WT and
NOS3~/~ (Fig. 6b and SI Fig. 9), consistent with increased oxida-
tion. Given this result and decreased S-nitrosylation levels, we infer
that in NOS1~/~ hearts there is an increased degree of cysteine
oxidation of RyR2

Discussion

The major finding of the present work is that NOS1 is responsible
for endogenous nitrosylation of the cardiac ryanodine receptor.
RyR2 from NOSI1-deficient mice is hyponitrosylated, and excita-
tion—contraction coupling in these myocytes is marked by diastolic
Ca?" leak. Importantly, this leakage causes not only depressed
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number of myocytes is depicted in each bar.

cardiac contractile reserve but also proarrhythmic spontaneous
CaZ* waves, which have been associated with sudden cardiac death
(18). These findings demonstrate the endogenous regulation of the
RyR2 by a specific NOS isoform and offer insights into the
pathophysiology of cardiac injury and arrhythmias.

It is demonstrated in lipid bilayer preparations that both RyR1
(19-22) and RyR?2 (3) are nitrosylated at specific cysteine residues.
In separate lines of work, several groups, including our own, have
demonstrated the presence of NOSL1 in the cardiac SR in proximity
to RyR2 (5, 23, 24). Recently, it has been shown that increasing the
frequency of stimulation activates NO production from NOSI, in a
calmodulin-dependent manner (25). Whether or not NOSI1 is
required for endogenous RyR2 nitrosylation and the linkage of it
to cellular pathophysiology was heretofore unknown. The present
results establish that indeed NOS1 but not NOS3 is the NOS
isoform required for RyR2 nitrosylation and that NOS1 deficiency
causes two key pathophysiologic features: diastolic Ca®* leak and
spontaneous diastolic Ca?* waves.

The characteristics we have found in the NOS1~/~ phenotype
resemble those observed in certain mutations of RyR (26) that

—I- Fig. 6. Analysis of RyR2 S-nitrosylation and free cys-

teines. (a) RyR S-nitrosylation assessed by the biotin
switch. Hearts of wild-type (wt) and NOS1~/~ mice
were submitted to the biotin switch and immunopre-
cipitated with anti-RyR2 antibody. (Upper) Represen-
tative Western blot using an anti-biotin antibody.
(Lower) Total RyR2 in the samples. The bar graph re-

K3

sumes the ratio of the biotin signal to the total RyR2
(no. of samples indicated in bar graph; *, P < 0.05 vs.
WT and NOS3~/~, ANOVA). (b) Assessment of free cys-
teines in RyR2. Heart homogenates were labeled with
monobromobimane (mBrB), a specific probe for free
—_ cysteines. Then the samples were resolved by electro-
phoresis and the free cysteines were visualized by UV

* light transillumination. (Upper) Intensity of free cys-
= teines in wild-type and NOS1~/~ homogenates. As a
control, wild-type hearts were perfused with 1 and 10
mM H,0,, respectively. (Lower) Total content of RyR by

L) L)
NOs17- NOS3”

6 4

silver staining of the gels (no. of samples indicted in bar

L) L)
NOS1™* NOS3™”  graph: », P < 0.05 vs. WT and NOS3~~, ANOVA).
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include cysteine residues (27) and also in the phenotype of
calsequestrin- (28), junctin- (29), and FKBP12.6-deficient mice
(30). The cardiomyocytes of these animals display diastolic Ca?*
leak, spontaneous SR Ca?* release, triggered beats, and increased
mortality.

Several lines of evidence implicate a role for oxidative stress in
the modulation of RyR2 activity. In NOS1-deficient mice, we and
others have reported an increase in reactive oxygen species (10, 31),
and it is reasonable to infer that oxidative stress may oxidize reactive
thiols on RyR2. Indeed, we demonstrate a decreased number of
free cysteines in NOS1~/~ hearts, which, along with the decreased
S-nitrosylation, suggests oxidation of the channel. It is known that
NOS1 deficiency can augment ROS generation from xanthine
oxidase (10), further supporting a model of NO/redox imbalance in
this mouse.

In this context, the observation that exogenous NO application
(100 uM DETA/NO) was unable to prevent Ca>* waves completely
suggests the possibility of irreversible oxidation of some cysteines.
Indeed, it has been described that further oxidation of cysteines is
involved in irreversible activation of RyR2 (3). Another possibility
is that low-molecular weight S-nitrosothiols such as S-nitrosoglu-
tathione or nitrosocysteine, which are more physiological, could be
able to restore the redox state of the channel instead of DETA/NO.

In a canine model of heart failure, an increase in RyR oxidation
and Ca?* leak was observed and corrected by antioxidant treatment
(32). In this sense, S-nitrosylation may prevent oxidation of reactive
thiols of the channel, which is known to induce cross-linking
between the subunits of RyR and increase the open probability of
the channel, and NO is able to prevent this modification (33). In the
canine heart, RyR2 is endogenously S-nitrosylated, with a stoichi-
ometry of 1 SNO per RyR subunit (3) and in a manner that is
competitive with thiol oxidation (33). In this way, NOS1-derived
nitrosylation may control the basal redox state of the channel. In the
case of heart failure, with increased oxidative stress, multiple thiols
may be involved in oxidation. Furthermore, it has been suggested
that the tonic NO production in the SR may keep RyR in the closed
state (34), which has also been observed with some NO donors (35,
36). Recently, also in a canine model of heart failure, decreased
intra-SR Ca?* content, associated with increased Ca?* leak via
RyR2, was observed (37). Importantly, these authors found an
increased sensitivity of RyR to intraluminal Ca®* concentrations. In
other words, even when the SR Ca?" content is decreased, the
gating of RyR at lower luminal Ca?* concentrations is increased,
favoring the conditions for leak. We observed this behavior in
NOS1~/~ myocytes: an increased Ca?* sensitivity and a partial
depletion of the SR, along with increased leak.

Whereas with physiological muscle activity, S-nitrosylation of the
RyR may produces reversible activation (required, for instance,
during B-adrenergic activation), in the pathological state, chronic
RyR oxidation increases RyR open probability in a more sustained,
less reversible manner (3, 38). Also, it has been shown in prepa-
rations of RyR2 reconstituted in lipid bilayers that oxidation of the
channel shifts the relationship between pCa and open probability of
the channel to the left (38), denoting increased sensitivity to
activating calcium, a feature that is compatible with our observa-
tions. On the contrary, exogenous NO at physiological O, tension
inhibits the activity of RyR1 at high [Ca?*] (20).

Chronic diastolic leak leads to partial depletion of the SR (37)
and increases the predisposition to ventricular arrhythmias and
sudden death (30). We have described premature death in NOSI-
and NOS1/NOS3~/~-deficient mice (39) and recently, in a model of
myocardial infarction, that the survival is dramatically decreased in
NOS1~/~ mice (40). Interestingly, it has been described that phar-
macological blockade of NOSI increases ventricular fibrillation in
models of ischemia—reperfusion, in a manner that is reversed by NO
donors (41-43).

It is known that NOS1 is up-regulated after myocardial infarction
and is redistributed from the SR to the plasmalemma (2, 7, 44). This

20616 | www.pnas.org/cgi/doi/10.1073/pnas.0706796104

translocation may inhibit the Ca?* influx from the plasma mem-
brane but, at the same time, disrupt the Ca®* storage in the SR as
we show here. Furthermore, this disruption in Ca?>" homeostasis is
closely linked to ventricular tachycardia, arrhythmias, and sudden
cardiac death (45, 46). Similarly, increased S-nitrosylation of the a;.
subunit of the L-type calcium channel is observed in patients with
atrial fibrillation (47), in this case associated with a decreased
calcium influx.

There is a limitation to our work: it has to be noted that in our
assessment of Ca* leak, the load-leak function appears somehow
different from what was originally described (a more exponential
behavior). Although it was not our intent in this work to examine
the nonlinearity of the load-leak relationship, the dependence of
the leak on the SR load in our work compared with the exponential
appearance reported in the rabbit (11, 48) would suggest that RyR
open probability may be more constant over the range of loads in
our work. Although this observation is potentially explainable by
the nitroso-redox modulation of the RyR and its alteration in the
NOSI1-deficient mice, a future study is required to assess this issue.

In summary, NOS1 deficiency causes diminished RyR2 S-
nitrosylation and increased oxidation, which in turn lead to in-
creased diastolic Ca?" and reduced intra-SR Ca®* content. This
leakage, in turn, decreased contractility and increased electrical
instability, key features of heart failure. Together, these findings
establish the importance of endogenous RyR2 S-nitrosylation
mediated by NOS1 and provide mechanistic insights whereby
NOSI1 deficiency may lead to depressed myocardial contractility as
well as to sudden cardiac death.

Materials and Methods

Animals. We studied transgenic mice (males and females, 3—6 months old) with
homozygous deletions of NOS1 (49), NOS3 (50), and double NOS1/NOS3 knock-
out (51) bred on a C57BL/6 background that was used as WT (Jackson Laborato-
ries). All protocols and experimental procedures were approved by the Animal
Care and Use Committee of the Johns Hopkins University School of Medicine and
the Miller School of Medicine.

Isolation of Myocytes. Please see S/ Methods.
Sarcomere length (SL) and Ca2* transients ([Ca2*];) were measured in myo-
cytesstimulated at 1, 2, 4, 6, and 8 Hz. All experiments were conducted at 37°C.
SL was recorded with an lonOptix iCCD camera. Changes in average SL were
determined by fast Fourier transform of the Z-line density trace to the frequency
domain, and SL shortening was calculated as follows:

shortening = (diastolic SL — systolic SL)/diastolic SL.  [1]

Assessment of SR Ca2* Leak. Calcium leak was assessed as described by Shannon
et al. (11). Ventricular myocytes were loaded with fura-2 and paced by field
stimulation at the different frequencies in normal Tyrode until cellular CaZ*
transients reached a steady state. After the last pulse, the superfusing solution
was rapidly switched to 0 Na*/0 Ca2* (Na* replaced by Li*) Tyrode. In the control
condition, [Ca*]; was monitored while 0 Na*/0 Ca2* Tyrode buffer was applied
for at least 40 s to eliminate transsarcolemmal Ca2* fluxes, creating a closed
system with a steady-state [Ca2*];. Then a rapid pulse of 10 mM caffeine was
added to cause SR CaZ* release. After the cell recovered, it was stimulated again
in the same conditions, but the 0 Na*/0 Ca2* Tyrode solution contained 1 mM
tetracaine. Under this condition, RyR is inhibited, and the shift (decrease) in the
furasignal (cytosolic [CaZ*]) is observed. In this condition, the leak is blocked, and
the difference in [Ca2*]; between tetracaine and control condition corresponds
to diastolic leak. The amplitude of the caffeine-induced CaZ* transient was used
to estimate the total [Ca%*]; To calculate [Ca2*]r in the SR, the amplitude of the
caffeine-induced transient was converted to total SR Ca content considering the
cell volume as 33 pl (52), 3% of it being the SR and 65% the volume of the cytosol
(11). Subsequently, the load-leak relationship was constructed plotting the total
SR Ca load versus the diastolic leak at the different frequencies of stimulation.

[Ca2+]; Calibration. The signal of fura-2 was measured as a ratio of the fluores-

cence at 365/380 nm. This signal was converted to [CaZ*]; with the method
described by Grynkiewicz et al. (53), using the function:

[Caz+]i = Kd(F - Fmin)/(Fmax - F)) [2]
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where Ky is the dissociation constant for fura-2 at 35°C, F is the ratio of the
fluorescence at 365/380 of the fluorescence, Fin is the minimal signal at 0 Caz*
conditions, and Fax is the value obtained at saturating Ca2* conditions, both
using permeabilized cardiomyocytes with ionomycin.

Assessment of S-Nitrosylation. For determination of RyR nitrosylation, hearts
were treated as above, and the biotin switch technique was performed accord-
ingly to Jaffrey et al. (54, 55). For details, see S/ Methods.

Free Thiols Assessment. Free thiols in the RyR were assessed by using the
fluorescent probe for cysteines monobromobimane (56) (Calbiochem) as de-
scribed (3, 32, 57) with some modifications. Total heart homogenates were
incubated with 1 mM monobromobimane for 1 h at room temperature in the
dark. The reaction was stopped with 1 mM L-cysteine. Proteins were resolved in
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3-8% Tris acetate gels and transilluminated with UV light. Total RyR2 was
identified upon silver staining of the gel and confirmed by Western blotting with
anti-RyR and by mass spectrometry (data not shown). Free cysteines content is
expressed as the ratio of the optical density of the UV signal to the total RyR signal
(silver staining).

Statistical Analysis. Data are expressed as mean = SEM. For comparisons of two
groups, an unpaired two-tailed Student’s t test was used. For comparison of
more than three groups, ANOVA (one- or two-way as appropriate) was
performed with the Bonferroni post hoc test. For all tests, P < 0.05 was
considered significant.
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