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ARTICLE INFO ABSTRACT

Keywords: The type 2 ryanodine receptor (RyR2) plays a key role in the cardiac intracellular calcium (Ca®") regulation. We
Cazi signaling have previously shown that oxidative stress activates RyR2 in rabbit cardiomyocytes by promoting the formation
Ca”" waves

of disulfide bonds between neighboring RyR2 subunits. However, the functional significance of this redox
modification for human RyR2 (hRyR2) remains largely unknown. Here, we studied the redox regulation of hRyR2
in HEK293 cells transiently expressing the ryr2 gene. Analysis of hRyR2 cross-linking and of the redox-GFP
readout response to diamide oxidation revealed that hRyR2 cysteines involved in the intersubunit cross-
linking are highly sensitive to oxidative stress. In parallel experiments, the effect of diamide on endoplasmic
reticulum (ER) Ca®* release was studied in cells co-transfected with hRyR2, ER ca?t pump (SERCA2a) and the
ER-targeted Ca®" sensor R-CEPIAler. Expression of hRyR2 and SERCA2a produced “cardiac-like” Ca%t waves
due to spontaneous hRyR2 activation. Incubation with diamide caused a fast decline of the luminal ER Ca" (or
ER Ca?* load) followed by the cessation of Ca®* waves. The maximal effect of diamide on ER Ca®* load and Ca*
waves positively correlates with the maximum level of hRyR2 cross-linking, indicating a functional significance
of this redox modification. Furthermore, the level of hRyR2 cross-linking positively correlates with the degree of
calmodulin (CaM) dissociation from the hRyR2 complex. In skeletal muscle RyR (RyR1), cysteine 3635 (C3635)
is viewed as dominantly responsible for the redox regulation of the channel. Here, we showed that the corre-
sponding cysteine 3602 (C3602) in hRyR2 does not participate in intersubunit cross-linking and plays a limited
role in the hRyR2 regulation by CaM during oxidative stress. Collectively, these results suggest that redox-
mediated intersubunit cross-linking is an important regulator of hRyR2 function under pathological conditions
associated with oxidative stress.

Ryanodine receptor
Sarcoplasmic reticulum and oxidative stress

1. Introduction

The type 2 ryanodine receptor (RyR2) is the major sarcoplasmic
reticulum (SR) Ca?* release channel that plays an essential role in car-
diac excitation-contraction (EC) coupling [1,2]. During systole, RyR2 is
activated by an inward Ca®" current via voltage gated L-type Ca®*
channels, resulting in global Ca?*-induced Ca®* release (CICR) [3]. The
increase in cytosolic Ca2* triggers cellular contraction (systole) followed
by a relaxation phase (diastole). During diastole, cytosolic Ca" is
pumped back into the SR by the SR Ca?*-ATPase (SERCA) and removed
outside the cell by Na*-Ca?* exchanger [4]. Spontaneous RyR2 opening
during diastole creates SR Ca®* leak that counterbalances SERCA Ca?*

uptake and sets SR Ca?* load [5,6]. Due to its central role in cardiac
function, RyR2 activity is tightly regulated. RyR2 dysfunction, caused
either by mutations or stress-induced post-translational modifications,
has been linked to various cardiac pathologies, including arrhythmias
and heart failure (HF) [7-9].

Among various factors that regulate RyR2 activity, redox modifica-
tions of the channel play a particularly important role under patholog-
ical conditions associated with oxidative stress [10-12]. Each subunit of
the RyR2 homo-tetrameric complex comprises 90 cysteine residues, but
only 21 of them are accessible for redox modifications [13,14]. Exces-
sive accumulation of reactive oxygen species (ROS) can cause RyR2
oxidation and increase SR Ca?' leak, leading to arrhythmias and
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contractile dysfunction [15-18]. It has been shown that ROS activate
RyR2-mediated Ca®" release by promoting spontaneous Ca?" sparks
[19,20] and Ca®" waves [21]. In failing heart, RyR2 oxidation and
aberrant SR Ca" release have been linked to the dissociation of the
RyR2 regulator calmodulin (CaM) but not FKBP12.6 [22,23]. Despite its
clinical significance, the molecular mechanisms of redox regulation as
well as the redox-sensitive sites within human RyR2 (hRyR2) remain
largely unknown.

The effect of oxidative stress on RyR structure and function is better
described for its skeletal muscle isoform (RyR1). It has been shown that
only a few cysteines within the RyR1 complex undergo redox modifi-
cations [24,25]. Cysteine 3635 (C3635) is considered to be the most
important residue responsible for redox regulation of RyR1. This
cysteine is localized within the CaM binding domain and can be involved
in the channel’s regulation by CaM [26-28]. It has been shown that
during oxidative stress C3635 can undergo S-nitrosylation, S-gluta-
thionylation or can be oxidized to a disulfide leading to intersubunit
cross-linking [26]. Similarly to RyR1, the cardiac RyR2 is also prone to
cross-linking during oxidative stress [29]. We have shown previously
that this post-translational modification has a profound effect on SR
Ca?* leak during oxidative stress in rabbit cardiomyocytes [18]. How-
ever, it remains unclear whether the corresponding cysteine 3602
(C3602) in RyR2 is involved in cross-linking and what the functional
consequence of C3602 redox modification might be. It has been shown
that the mutation of C3602 to alanine modulates store overload-induced
Ca?t release by increasing activation and decreasing termination
thresholds [30]. Surprisingly, this mutation prevented neither the
channel’s activation by oxidative stress nor its regulation by CaM.

In the present study, we assessed the functional significance of
intersubunit cross-linking in the regulation of hRyR2. We found that
redox-mediated hRyR2 cross-linking is a highly effective post-
translational modification associated with oxidative stress. The levels
of hRyR2 cross-linking positively correlated with an increase in ER Ca®*
leak and CaM dissociation from the channel. We also re-evaluated the
functional significance of C3602, and showed that this residue is not
involved in hRyR2 cross-linking. Moreover, C3602 plays only a limited
role in hRyR2 regulation by CaM under control conditions and during
oxidative stress.

2. Materials and METHODS
2.1. R-CEPIAler, mCer-SERCA2a and GFP-hRyR2 expression

Generation of the vector containing mCer-SERCA2a has been pre-
viously described [31]. pCMV R-CEPIAler was a gift from Dr. Masamitsu
lino (Addgene plasmid 58,216; http://n2t.net/addgene:58,216; RRID:
Addgene_58,216). The vector encoding hRyR2 cDNA fused to green
fluorescent protein (GFP) at the N-terminus was kindly provided by Dr.
Christopher George (University of Cardiff). The C3602A hRyR2
(hRyR®692%) mutant was generated by cloning a fragment of wild type
hRyR2 (hRyR2"T) cDNA containing C3602, in the pBlueScript II SK(+)
cloning vector (kindly provided by Dr. Ruben Mestril, Loyola University
Chicago). The mutation C3602A was generated using a site-directed
mutagenesis kit (Q5 site-directed mutagenesis kit, NEB). Specific
primers containing the mutation were used to amplify the whole
plasmid containing the hRyR2 fragment. The mutated RyR2 fragment
was cloned back into the hRyR2 backbone, yielding the C3602A mutant.
After verification of the mutagenesis by single pass analysis, the plas-
mids were amplified and used for experimentation. For functional
measurements, HEK293 cells were grown on 30 mm plastic dishes for
24 h, and co-transfected with three different plasmids containing
GFP-hRyR2, mCer-SERCA2a and R-CEPIAler genes respectively.
Transfection was carried out using polyethylenimine (PEI). 24 h after
transfection, cells were transferred to laminin-coated Lab-Tex chambers
(ThermoFisher Scientific, USA) and grown for another 24 h. Experi-
ments on transfected cells were carried out 48 h after transfection when
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expression of the exogenous genes was optimal.
2.2. Measurements of RyR2 cross-linking

HEK293 cells were grown on 100 mm plastic dishes for 24 h and then
transfected with the GFP-hRyR2 plasmid using PEI. Cells were further
grown for another 48 h. Cells were harvested and resuspended in the
solution containing (in mM): 150 K-aspartate, 0.25 MgCly, 0.1 EGTA, 10
HEPES, pH 7.2. Cell suspensions were permeabilized with 0.005%
saponin for 5 min and incubated with different diamide concentrations
for 10 min. The control group was further treated with 5 mM DTT. The
treated cells were harvested and resuspended in lysis buffer (150 mM
NacCl, 25 mM Hepes pH 7.4, 1% Triton X-100, phosphatases inhibitors)
with 5 mM N-ethylmaleimide (NEM) to block free sulfhydryl groups.
Lysate samples were incubated with non-reducing Laemmli buffer for
10 min, ran on 2-10% polyacrylamide gradient SDS-PAGE gels and
blotted overnight onto the nitrocellulose membrane. Cross-linking was
detected using F1 anti-RyR2 primary antibody (1:1000; Santa Cruz,
USA) and anti-mouse secondary antibody (1:5000. Santa Cruz, USA).
The amount of hRyR2 cross-linking was analyzed in ImageJ software
(NIH, USA), based on the disappearance of the monomeric 560kD band.

2.3. Generation of the roGFP-PLB sensor

pLPCX redox GFP (roGFP)-ORP1 was provided by Dr. Tobias Dick
(German Cancer Research Group, Heidelberg). roGFP cDNA without the
STOP codon was amplified and cloned into pCDNA3.1 (ThermoFisher
Scientific, USA), obtaining pcDNA3.1_roGFP. pCMV-phospholamban
(PLB) was kindly donated by Dr. Seth Robia (Loyola University Chi-
cago, USA). The PLB cDNA was amplified and cloned into the
pcDNA3.1 roGFP, after the roGFP cDNA, yielding pcDNA3.1_r-
oGFP_PLB. In this construct, roGFP is fused to the N-terminus domain of
PLB. After verification of sequences by single pass analysis (AGCT inc.,
USA), the roGFP-PLB plasmid was used for experimentation.

2.4. Measurements of oxidative stress, [Ca®" Jzg and CaM-hRyR2 binding

All experiments were conducted using a laser scanning confocal
microscope (Radiance 2000 MP, BioRad) equipped with a 40x oil
objective lens (N.A. = 1.3). The cells prepared for an experiment were
washed with a solution containing (in mM): 150 K-aspartate, 0.25
MgCly, 0.1 EGTA, 10 HEPES, pH 7.2. Then, the plasma membrane was
permeabilized with 0.005% saponin dissolved in the experimental so-
lution containing (in mM): K-aspartate 100; KCI 15; KHyPO4 5; MgATP
5; EGTA 0.35; CaCl; 0.22; MgCl; 0.75; HEPES 10; dextran (MW: 40,000)
2% and pH 7.2. Free [Ca®"] and [Mg®] were 200 nM and 1 mM
respectively. After the permeabilization, the cells were perfused with
saponin-free solution during an experiment.

The level of oxidative stress at the cytosolic side of the ER membrane
was measured with roGFP-PLB. For roGFP excitation, we used the 488-
nm line of the argon laser, and signal was collected at >515 nm. 2D
images (512 x 512 pixels) were collected every 10 s at a scanning speed
of 6 ms/line. As the roGFP fluorescence decreases with the increase of
roGFP oxidation, the recorded signal (F) was presented as background-
subtracted (1 — F/Fyax) values. The background fluorescence was
recorded during the maximum roGFP oxidation with 100 pM diamide.
The maximal signal (Fyax) was recorded in the presence of 5 mM DTT.

Changes in [Caz+]ER were recorded with the Ca®" sensor R-CEPIAler
in HEK293 cells expressing GFP-hRyR2 and mCer-SERCA2a. R-
CEPIAler was excited with the 543-nm line of a He-Ne laser and fluo-
rescence was measured at >580 nm. For Ca®" wave measurements, 2D
images (256 x 256 pixels) were collected every 0.5 s at a scanning speed
of 2 ms/line. For measurements of ER Ca?* load-leak balance, 2D images
(512 x 512 pixels) were collected every 5 s at a scanning speed of 6 ms/
line. At the end of each experiment, caffeine (10 mM) was applied to
induce complete depletion of [Ca2+]ER. Then, Fyax was estimated by
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application of 2 pM ionomycin and 10 mM Ca’". The changes in
[Ca2+]ER were presented normalized according to [Ca2+]ER =(F-Fmin)/
(Fmax'Fmin)-

To measure the CaM dissociation from hRyR2, we used CaM labeled
at position 34 with Alexa Fluor 568 C5 maleimide (F-CaM), which was
prepared as we previously described [32]. Permeabilized cells express-
ing GFP-hRyR2 were saturated with 300 nM F-CaM for 10 min, and then
were equilibrated in 60 nM F-CaM. The solution in the chamber was
replaced by the experimental solution containing diamide (25 or 50 pM)
with F-CaM (60 nM), followed by 10 min incubation. After the sub-
traction of background fluorescence, the bound F-CaM fluorescence was
calculated according to: F (F-CaM) = (F-Fpin)/(Fo-Fmin). Fmin was ob-
tained after treating cells with suramin (100 pM) with no F-CaM.

2.5. Statistics

All data presented as means + SEM of n measurements. Obtained 2D
images were analyzed using ImageJ software (NIH, USA). Groups were
compared using the Student’s t-test for unpaired data sets and differ-
ences were considered statistically significant at P < 0.05. Peak analysis,
statistical analysis, and graphical representation of averaged data was
carried out on Origin 2016 SR2 software (OriginLab, USA).

3. Results
3.1. Sensitivity of hRyR2 cross-linking to oxidative stress

We have shown that the thiol-specific oxidant diamide causes di-
sulfide cross-linking between RyR2 subunits in rabbit ventricular myo-
cytes [29]. To characterize the sensitivity of hRyR2 to oxidative stress,
cross-linking was measured upon application of increasing concentra-
tions of diamide in permeabilized HEK293 cells expressing GFP-hRyR2.
This oxidative treatment led to the formation of hRyR2 high molecular
weight oligomeric forms (>1 MDa) together with a gradual disappear-
ance of the monomeric 560 kDa RyR2 band (Fig. 1A). The application of
5 mM reducing agent DTT prevented hRyR2 cross-linking induced by
diamide. Changes in the monomeric hRyR2 band density after oxidation
was used to quantify the cross-linking level. We found that incubation
with 25 pM diamide caused a full disappearance of the monomeric band,
yielding 100% hRyR2 cross-linking (Fig. 1D). Next, we analyzed the
level of roGFP oxidation at the cytosolic side of ER membrane. The redox
sensor roGFP reports the level of oxidation of two cysteines within the

A DiamideqwyM) 0 5 10 25 0 5 10 25 B, roGFP

DTT(5mM) + + + + - - - . =
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GFP B-barrel [33]. To anchor roGFP to the ER membrane, we fused it to
the cytosolic N-terminus of transmembrane protein PLB (Fig. 1B). This
led to a similar cellular localization pattern of roGFP-PLB as that of
hRyR2 (Fig. 3A), suggesting that the sensor was successfully targeted to
the ER membrane. Dose-dependence of roGFP-PLB cysteine oxidation
was measured during the application of increasing concentrations of
diamide (Fig. 1C). These experiments revealed that 25 pM diamide that
produced the maximal hRyR2 cross-linking caused only 69 + 5% (n =
11) roGFP-PLB cysteine oxidation and >50 pM diamide was required to
fully oxidize this biosensor. We determined that the Ky of hRyR2
cross-linking and of the roGFP signal were 6.27 + 1.72 (n = 5) and
16.54 + 6.58 pM (n = 11), respectively (Fig. 1D). It appeared that the
hRyR2 cysteines involved in the cross-linking are highly sensitive to
oxidative stress. Since 25 and 50 pM diamide produced similar hRyR2
cross-linking but different extents of roGFP-PLB oxidation, we analyzed
how these two concentrations affect the hRyR2-Ca®" release and the
hRyR2-CaM binding.

3.2. Effect of oxidative stress on Ca®" waves and ER Ca®" load

Permeabilized HEK293 cells expressing GFP-hRyR2 and mCer-
SERCAZ2a together with the ER Ca?' sensor R-CEPIAler were used to
evaluate the effect of diamide on ER Ca®* release. Co-expression of
hRyR2 and SERCA2a generated periodic Ca>* waves due to spontaneous
activation of hRyR2 followed by SERCA Ca®" reuptake (Fig. 2A; Con-
trol), thus providing a cellular model to reproduce “cardiac-like” Ca?*
release events [31]. Application of 25 pM diamide caused a fast decline
of the basal [Ca®*]gg (or ER Ca®" load) by 29.5 + 3.4% (n = 22) fol-
lowed by the cessation of Ca%* waves. 50 uM diamide resulted in similar
functional response and did not produce further decline in [Ca2+]ER
(Fig. 2A and B). In the presence of 50 pM diamide, ER Ca®* load
decreased by 30.7 + 4.2% (n = 17). The high frequency of Ca>" waves at
the 200 nM cytosolic [Ca2+] did not allow an accurate measurement of
ER Ca%" load. Lowering cytosolic [Ca?"] to 100 nM abolished Ca%*
waves, but maintained ER Ca®" load at a steady level. We found that 25
and 50 pM diamide produced similar declines in ER Ca?* load (Fig. 1
Sup). Since SERCA function is unaffected by these diamide concentra-
tions [31], the decline in [Caz+]ER was likely mediated by an increase in
ER Ca?" leak via hRyR2. These results show that the maximal effect of
25 uM diamide on Ca?" waves and ER Ca®" leak correlates with the
maximum level of hRyR2 cross-linking (Fig. 1A), which is consistent
with a functional importance of this redox modification. Since these

Fig. 1. Effect of diamide on hRyR2"" cross-link-
ing and roGFP-PLB oxidation. A, Western blot im-

roGFP-PLB

Cytosol ages of hRyR2 cross-linking induced by increasing

a0 4 e M"N concentrations of diamide. The control samples were

treated with 5 mM DTT to prevent hRyR2 oxidation

S00KDA B S - — — - PLB and cross-linking. B, a schematic diagram of the
roGFP-PLB sensor. The redox sensor roGFP was fused

ER lumen to the N-terminus of PLB to measure oxidative stress

C D at the cytosolic side of ER membrane (left). Expres-
Diamide (uM) [0] 10 | 25 | 50 | 100 BTT | 100] R [ . sion pattern of the roGFP-PLB sensor in HEK293 cells
= i e (right). C, changes of the roGFP-PLB signal in
u_§ 1.04 = 804 E - response to increasing concentrations of diamide. As

T og] g ! % the roGFP-PLB signal decreases with an increase of
% S 604 { roGFP oxidation, the recorded signal (F) was pre-
5, 0.6+ § 4 sented as background-subtracted (1—F/Fyay) values.

z 0.l % 407 %% The background fluorescence was recorded during
i. & 20 /1 —a— hRyR2"T cross-linking  the maximum roGFP oxidation with 100 pM diamide.

L 0.2 % - & - roGFP-PLB signal Fuax was recorded in the presence of 5 mM DTT. D,

(29 o « dose-dependence of the hRyR2"" cross-linking (n = 5
0.0 1 . . . . . . 5 20 40 pos 9 100 western blots) and the roGFP-PLB signal (n = 11

0 200 400 600 800 1000 1200 cells) from diamide concentration. The data were
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Diamide (uM
L fitted by the Hill equation using the built-in Origin

2016 SR Hill function, which was also used to
determine the Michaelis constant (Km).
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Fig. 2. Effects of diamide on hRyR2""-mediated

NS Ca®" waves and ER Ca®" load. A, representative
recordings of Ca>* waves from two different cells (top
and bottom) expressing hRyR2"" and SERCA2a in the

° o control conditions (left) and during 25 pM or 50 pM
o o o

° diamide application (right). The dashed lines indicate
o the level of ER Ca?* load. B, the effect of diamide on
ER Ca®" load. ER Ca?' load was measured between
Ca?* waves. On average, changes in ER Ca®" load
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Fig. 3. Effect of diamide on CaM dissociation from
hRyR2"". A, representative images of HEK293 cells
expressing GFP-RyR2™T (left), the Alexa 568-labeled
CaM (F-CaM) signal (middle) and the merged GFP-
RyR2"T and F-CaM signals (right). B, representative
traces of F-CaM dissociation from GFP-RyR2"" upon
application of 25 pM and 50 pM diamide. At the end
of the experiment, suramin was applied to completely
remove the F-CaM from hRyR2. C, Effect of diamide
on the CaM dissociation from the hRyR2™T complex.
On average, levels of the CaM dissociation induced by
25 pM (n = 11 cells) and 50 pM (n = 10 cells) diamide
were not significantly different (p = 0.57).

0 200 400 600 800 1000 1200 1400 1600

Time(s)

experiments were conducted without adding exogenous CaM to per-
meabilized cells, the observed effect of diamide on ER Ca?" release did
not require CaM-hRyR2 interaction.

3.3. Effect of oxidative stress on the CaM dissociation from hRyR2

It has been shown that oxidative stress reduces CaM binding to the
RyR2 macromolecular complex in cardiomyocytes [23]. Here, we asked
whether the level of cross-linking correlates with the degree of CaM
dissociation from hRyR2. To measure the diamide effect on CaM-hRyR2
binding, GFP-hRyR2 expressed in HEK293 cells were saturated with 300
nM Alexa-568 labeled CaM (F-CaM) after membrane permeabilization.
Cells were then equilibrated with 60 nM F-CaM, corresponding to the
physiological concentration of free CaM in cardiomyocytes [34]. The
F-CaM signal co-localized with GFP-hRyR2, suggesting a formation of
the CaM-hRyR2 complex (Fig. 3A). The Alexa-568 signal was not
detected in cells that did not express hRyR2, suggesting that hRyR2a
represents the vast majority of CaM binding in our cell model. The
application of diamide caused CaM dissociation from hRyR2, which was
measured as a relative decline in F-CaM fluorescence over time (Fig. 3B).
Overall, 25 and 50 pM diamide decreased the F-CaM signal by 43.7 +
2.7% (n = 11) and 46.4 + 4.1% (n = 10), respectively. Although 50 pM
diamide dissociated F-CaM at a higher rate, the final level of F-CaM

25
Diamide (uM)

50

signal was the same for both diamide concentrations (Fig. 3C). These
results indicate that the degree of oxidative stress producing the
maximal hRyR2 cross-linking also resulted in the maximal CaM disso-
ciation from hRyR2.

Role of cysteine 3602 in hRyR2 cross-linking and functional response
to oxidative stress.

Cysteine 3635 (C3635) in RyR1 has been shown to undergo func-
tionally important redox modifications, including intersubunit cross-
linking [25,26]. Given the high level (~65%) of homology between
RyR1 and RyR2 [35], we tested whether the corresponding cysteine
3602 (C3602) in hRyR2 is involved in intersubunit cross-linking. CaM
binding site is highly conserved in RyR1 and RyR2 (Fig. 2A Sup). Ac-
cording to recent cryo-EM 3D reconstruction of Ca%*-CaM bound to RyR
[36,371, cysteine residues that correspond to C3635 in RyR1 and C3602
in hRyR2 are oriented similarly in the CaM binding site (Fig. 2B Sup),
suggesting similar functional properties. C3602 was mutated to alanine
to generate GFP-hRyR2%%602A Then, Western blot analysis was
employed to determine whether the C3602A mutation prevents the
diamide-induced cross-linking. Similar to hRyR2"", 25 yM diamide
produced the full disappearance of the monomeric form of hRyR2°3602A,
indicating 100% channel cross-linking (Fig. 4A). The functional
response of hRyR2°%%02A to oxidative stress was tested in the HEK293
cell model. Cells expressing the hRyR2%%6°2A mutant together with
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Fig. 4. Effect of diamide on the channel’s cross-
linking, Ca%* waves and ER Ca?" load in cells
expressing hRyR2%%602A, A| Western blot images of
the channel’s cross-linking induced by increasing
concentrations of diamide in cells expressing
hRyR2"T and hRyR2°%6?A B, representative re-
cordings of Ca®>' waves from two different cells
expressing hRyR2%%60?A (top and bottom) in the
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SERCA2a generated regular Ca?t waves (Fig. 4B) with similar properties
as cells with hRyR2WT (Fig. 2A). Treatment of the hRyR2C3602A
expressing cells with diamide decreased ER Ca®" load and abolished
Ca®* waves (Fig. 4B). Overall, 25 and 50 pM diamide decreased ER Ca**

load by 26.2 + 3.5% (n = 22) and 32.6 + 4.2% (n = 9) in cells expressing
hRyR23692A | respectively. These diamide-induced changes in ER Ca?"
load were not significantly different for hRyR2%%°92A ys hRyR2a"'"
(Fig. 4C). These results strongly suggest that unlike the equivalent
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cysteine in RyR1, C3602 participates neither in hRyR2 cross-linking nor
in hRyR2 activation during oxidative stress.

3.4. Role of cysteine 3602 in the regulation of hRyR2 by CaM

Since C3602 is located within the CaM binding domain, we examined
whether the C3602A mutation prevents CaM dissociation from hRyR2
during oxidative stress. CaM dissociation from the hRyR2*¢%?A mutant
was measured in the presence of 50 pM diamide (Fig. 5A) using an
approach similar to that described in Fig. 3. These experiments revealed
that the C3602A mutation does not affect CaM binding to hRyR2¢36024
in the control conditions (measured as the F-CaM signal before the
diamide application) and prevents the diamide-induced CaM dissocia-
tion by ~24% (Fig. 5B). Then, we examined whether the C3602A mu-
tation alters the inhibitory effect of CaM on hRyR2-mediated Ca®*
release. Ca®* waves in cells expressing hRyR2"T or hRyR23692A were
recorded under control conditions and after adding 1 pM of exogenous
CaM (Fig. 6A). In both experimental groups, CaM decreased Ca wave
frequency, increased Ca®" wave termination level and increased ER Ca
load (Fig. 6B). However, the effect of CaM on ER Ca®" load and Ca®*
wave frequency was significantly stronger in hRyR2°3602A expressing
cells, suggesting that the C3602A mutation enhances the CaM inhibitory
action. The subsequent application of 50 pM diamide decreased ER Ca%*
load by 29 + 3% (n = 23) in hRyR2WT and by 19 + 3% (n = 23) in
hRyR2¢3602A expressing cells. These results indicate that C3602 can be
involved in the regulation of hRyR2 by CaM in the control conditions
and during oxidative stress. However, the limited protective effect
(~34%) of the C3602A mutation suggests that other cysteines, outside
the CaM binding site, play more important role in the redox-mediated
CaM-hRyR2 dissociation.

4. Discussion

In the heart, concerted Ca?* release through RyR2 is the essential
step for initiating a robust myocardial contraction. Consequently, de-
fects in RyR2 regulation cause contractile dysfunction in a variety of
cardiac pathologies [7,8]. RyR2 has been characterized as highly sen-
sitive to oxidative stress, with multiple sites that undergo redox modi-
fications, including disulfide intersubunit cross-linking [38]. We have
previously shown that the level of RyR2 cross-linking correlates with the
degree of SR Ca?* leak in rabbit ventricular myocytes [29]. Moreover,
myocytes isolated from a rabbit HF model had a significant fraction of
the cross-linked RyR2 [18]. However, the functional significance of this
redox modification for human RyR2 remains largely unknown. We
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developed a simple expression system to study the redox regulation of
hRyR2 in a well-controlled live-cell system that mimics aspects of car-
diac Ca?* handling. HEK293 cells can be easily transfected with large
cDNA plasmids. Also, an advantage of the HEK cell line is that it lacks
endogenous RyR, thereby permitting the study of only recombinant
RyR2. This system, however, has its own limitations. Although we
reconstructed cardiac-like Ca?* handling by adding SERCA2a and CaM
to the system, some mechanisms of RyR2 regulation are missing (e.g.
phosphorylation). In addition, the dyadic organization of Ca%* handling
cannot be recapitulated in the expressing cell system. Despite these
limitations, studies of recombinant human RyR2 provide important in-
sights into the channel structure-function relationships that can
uniquely inform therapeutic development targeting a range of serious
clinical indications promoted by dysregulated Ca2t [39].

In this study, we showed that hRyR2 recombinantly expressed in
HEK293 cells undergoes intersubunit cross-linking during diamide
exposure (Fig. 1A). The reducing agent DTT restored the monomeric
pattern of hRyR2, confirming the reversibility of this redox modifica-
tion. We compared the sensitivity of hRyR2 cross-linking to cysteine
oxidation within the roGFP sensor. By fusing roGFP to the N-terminus of
ER transmembrane protein PLB, we were able to measure the level of
oxidative stress at the cytosolic side of ER next to hRyR2 (Fig. 1B). In
permeabilized cells expressing hRyR2"T, 25 yM diamide caused 100%
hRyR2 cross-linking that corresponded only to 70% oxidation of roGFP-
PLB cysteines (Fig. 1D). It appears that cysteines involved in the RyR2
intersubunit cross-linking are highly sensitive to oxidative stress. While
a structural basis for such high sensitivity of the cross-linked cysteines is
unclear, it is possible that these RyR2 cysteines are more exposed to the
cytosolic milieu, and thus more accessible to the oxidizing agent, than
the cysteines in the roGFP-PLB biosensor.

To characterize the link between hRyR2 cross-linking and the
channel’s function, we studied the effect of diamide on hRyR2-mediated
Ca®* release (Fig. 2). Expression of both hRyR2 and SERCA2a in
HEK293 cells creates a Ca?t release/uptake machinery that generates
“cardiac-like” Ca®" waves [31]. Diamide decreased ER Ca?* load fol-
lowed by the cessation of Ca®* waves. As a certain [Ca2+]ER is required
to trigger spontaneous CICR, the disappearance of Ca?" waves was a
result of ER Ca’?" load depletion. Since SERCA Ca®" uptake is not
affected by the diamide concentrations used in this study [31], the
decline in ER Ca" load is likely to be mediated by an increase in ER
Ca?" leak due to hRyR2 oxidation. The maximal effect of diamide on ER
Ca?* load and Ca®" leak correlates with the maximal level of hRyR2
cross-linking, suggesting the functional importance of this redox modi-
fication. Since intersubunit dynamics within the RyR tetramer

Fig. 6. Effects of CaM and diamide on Ca waves

A hRyR2WT hRyR2038024 ot . . WT
o o and ER Ca”" load in cells expressing hRyR2" " and
230_4 Control CaM1pM  + Diamide 50 yM _— Control CaM1pM  + Diamide 50 uM hRyR2C3602A‘ A, representative recordings of Ca2t
zu; .f’ waves in cells expressing hRyR2"" and hRyR2¢3602A
-;“’f ";‘,‘E E o under control conditions, after 1 pM CaM application,
LQ.302 A and the subsequent application of 50 pM diamide (as
E "y indicated). The dashed lines indicate the level of ER
o W '00 maanh e Ca®" load and Ca?" wave termination. B, effect of
Termination e ’ 5s CaM on Ca*" wave frequency (p = 0.001 n = 22 and
o n = 33 cells), Ca®" waves termination (p=0.15,n=
B f::eztlv:::y te(?:\:l:\t’i?)n SR Bt C DlarEr;dceaelf(f)eacdton 22 and 33 cells) and ER Ca®' load (p = 0.03, n = 36
E‘(’:\I?Loz i g oa E‘(’:v;soz " and 40 cells) in hRyR2"T and hRyR2%%6°2A expressing
75+ * 75 < 75 * cells. C, effect of 50 pM diamide on ER Ca load in the
S 5 2 NS 2 . s 5 ) presence of CaM in hRyR2"T and hRyR2C3602A
] e E’; § 100 . o § o expressing cells. Overall, the C3602A mutation pre-
S 50 o . ° g 50 ¢ o 6 8° G 50 o vented diamide-induced depletion of ER Ca®* load b
° s 2 @ 5 o b P! y
H °. o 2 o3 E .%o i b °°1: . 34% (p = 0.011, n = 23 hRyR2"T and 23
s 3 e o 8 5t > o ) 00
2 25 °—%—o° o0 25| ¢ b - e o I AT S il hRyR2%% cells).
s = 0o © i o e P 00600 < sto -
° °o° ° p,ot, ° cooo & oogg o g’gey o oo o i
g o | R |[Le-] B ol e
oll—= ' ol 2o° e ol —— 0 =




R. Nikolaienko et al.

determines the channel’s gating [40-44], it is not surprising that the
intersubunit cross-linking has a significant impact on hRyR2 function.

In skeletal RyR1, C3635 has been identified as a key residue involved
in redox regulation [25,27]. This cysteine is located within the CaM
binding domain and can participate in intersubunit cross-linking. To
evaluate a role of the corresponding C3602 in hRyR2 cross-linking, we
analyzed the sensitivity of the hRyR2°®%92A mutant to diamide oxida-
tion. We found that the C3602A mutation does not protect from hRyR2
cross-linking nor hRyR2 activation by diamide (Fig. 4). In agreement
with these findings, recent structural studies suggest that C3602 is too
far from a neighboring RyR2 subunit to form a disulfide bond within the
RyR2 tetramer [37]. It appears that other sites within hRyR2 are
responsible for the formation of intersubunit disulfide bonds. The
cross-linking sites might include cysteines in the N-terminal and the
central domains. For example, the N-terminus of RyR2 has been reported
to be involved in the redox-sensitive tetramer formation [45]. In addi-
tion to C3635 in RyR1, 11 other cysteines have been shown to undergo
endogenous and exogenous redox modifications [25]. Among these
cysteines, C36, C2326 and C2363 can be oxidized to disulfide bonds
[25]. While there is no homologue of C2326 in hRyR2, our pilot studies
revealed that C36 and C2363 (corresponding C36 and C2330 in hRyR2)
are not involved in intersubunit cross-linking (Fig. 3 Sup). Therefore,
despite 65% homology, RyR1 and RyR2 display fundamental differences
in mechanisms of redox regulation.

The CaM-RyR2 interaction plays an important role in regulation of
CICR. CaM binds tightly to each RyR2 subunit and inhibits RyR2 activity
via a Ca2+—dependent mechanism [46]. It has been shown that oxidative
stress can increase SR Ca®' leak in ventricular myocytes in part by
displacing CaM from the RyR2 complex [22,23]. In the present study, we
found that the diamide concentration producing maximal hRyR2
cross-linking resulted in the maximal CaM dissociation from hRyR2
(Fig. 3). Since diamide interacts mainly with cysteine thiol groups
(which are absent in CaM), the observed effect was probably mediated
by hRyR2 oxidation. The C3602A mutation prevented the
diamide-induced CaM dissociation only by ~24% (Fig. 5), indicating
that C3602 oxidation has a limited role in this effect. These results
suggest that conformational changes within the hRyR2 tetramer caused
by the cross-linking (outside of the CaM binding site) play an important
role in CaM dissociation from hRyR2. We found that, under control
conditions, CaM decreased hRyR2-Ca2" release by promoting early CICR
termination and by delaying CICR activation (Fig. 6). As a result of
hRyR2 inhibition, CaM increased ER Ca%" load. The diamide-induced
hRyR2 oxidation increased ER Ca?" leak and depleted ER Ca load in
part by reducing the CaM inhibitory action. As expected based on the
CaM binding experiments (Fig. 5), C3602 played only a limited role in
the diamide-induced hRyR2 activation.

Collectively, these studies reveal a previously unknown mechanism
of human RyR2 regulation. hRyR2 oxidation increases ER Ca®" release/
leak via at least two main mechanisms: (1) by promoting CaM dissoci-
ation due to intersubunit cross-linking and C3602 oxidation and (2) by
direct activation of hRyR2 due to intersubunit cross-linking. This is in
addition to CaM methionine oxidation, which can also contribute to ER
Ca?" leak by reducing the CaM binding to RyR [23,47,48].
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