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Aberrant Zn>* homeostasis is associated with dysregulated
intracellular Ca2* release, resulting in chronic heart failure. In
the failing heart a small population of cardiac ryanodine recep-
tors (RyR2) displays sub-conductance-state gating leading to
Ca?" leakage from sarcoplasmic reticulum (SR) stores, which
impairs cardiac contractility. Previous evidence suggests contri-
bution of RyR2-independent Ca>* leakage through an unchar-
acterized mechanism. We sought to examine the role of Zn>* in
shaping intracellular Ca®" release in cardiac muscle. Cardiac SR
vesicles prepared from sheep or mouse ventricular tissue were
incorporated into phospholipid bilayers under voltage-clamp
conditions, and the direct action of Zn2* on RyR2 channel func-
tion was examined. Under diastolic conditions, the addition of
pathophysiological concentrations of Zn** (=2 nm) caused dys-
regulated RyR2-channel openings. Our data also revealed that
RyR2 channels are not the only SR Ca®>*-permeable channels
regulated by Zn>*, Elevating the cytosolic Zn>* concentration
to 1 nMm increased the activity of the transmembrane protein
mitsugumin 23 (MG23). The current amplitude of the MG23
full-open state was consistent with that previously reported for
RyR2 sub-conductance gating, suggesting that in heart failure in
which Zn?" levels are elevated, RyR2 channels do not gate in a
sub-conductance state, but rather MG23-gating becomes more
apparent. We also show that in H9C2 cells exposed to ischemic
conditions, intracellular Zn>* levels are elevated, coinciding
with increased MG23 expression. In conclusion, these data sug-
gest that dysregulated Zn>* homeostasis alters the function of
both RyR2 and MG23 and that both ion channels play a key role
in diastolic SR Ca>* leakage.
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During the cardiac cycle, myocardial contraction is initiated
when calcium ions (Ca*>*) influx into the cell and bind to and
activate the type-2 ryanodine receptors (RyR2)* located within
the dyad. The opening of RyR2 channels cause the release of
Ca*>" from the sarcoplasmic reticulum (SR), which results in a
transient rise in cytosolic Ca>". Relaxation of cardiac muscle
follows when the concentration of Ca®" is sufficiently reduced
due to the combined action of RyR2 channel closure, extrusion
of Ca®" from the cell, and uptake of Ca®>" back into the SR Ca*"
stores. In addition to Ca®", the activity of RyR2 is in part regu-
lated by Mg>", which helps prevent inappropriate channel
openings during diastole (1). Given the essential role of RyR2
channels in excitation-contraction (EC) coupling, it is unsur-
prising that these channels are key players in heart failure and
fatal arrhythmias, where damaging changes to Ca>" homeosta-
sis occurs.

In heart failure it is thought that RyR2 channels become
abnormally active or “leaky” and are unable to remain closed
during diastole (2, 3). This leads to an increase in spontaneous
Ca®" spark frequency and dysregulated Ca>* handling within
the cardiomyocyte, resulting in decreased systolic contraction
and irregular contractile activity (4, 5). In addition to inappro-
priate activity, it has been reported that a subpopulation of
RyR2 channels preferentially gate in a long-lived sub-conduct-
ance state within the failing heart (2). Although it is undisputed
that RyR2 channels contribute directly to the pathology of heart
failure, the underlying cause of abnormal RyR2 functioning
remains uncertain. There is also evidence for an RyR2-indepen-
dent mechanism of SR Ca®" efflux and that these ionic fluxes
are more strongly activated in disease states (6). The identity of
this alternative leak channel is currently unknown.

Mitsugumin 23 (MG23) is a recently identified voltage-de-
pendent non-selective cation-conducting channel shown to
have particular abundance on the endoplasmic/sarcoplasmic

“The abbreviations used are: RyR2, type-2 ryanodine receptor; MG23, mitsu-
gumin 23; EC coupling, excitation-contraction coupling; SR, sarcoplasmic
reticulum; HSR, heavy sarcoplasmic reticulum; P, open probability; BAPTA,
2,2'-ethylenedioxy)dianiline-N,N,N’,N’'-tetraacetic acid; DA, diacetate; ZIP,
Zrt/Irt-like protein; FKBP, FK-506-binding protein; SERCA, sarco(endo)plas-
mic reticulum calcium ATPase; ES, embryonic stem; Bis-Tris, 2-[bis(2-hydro-
xyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; ANOVA, analysis of
variance; ER, endoplasmic reticulum.
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Figure 1. Cytosolic Zn** increased RyR2 activity in the presence of 1 mm
Mg?*. A, representative single RyR2 channel traces with Ca®" as the per-
meant ion. Bilayers were voltage-clamped at 0 mV. O and C show the fully
open and closed states, respectively. In the presence of activating levels of
cytosolic Ca®™ (5 um), the addition of T mmMg?* reduced RyR2 activity. In the
continued presence of 1 mm Mg?*, the subsequent addition of Zn*" to the
cytosolic face of the channel increased channel open probability. B, scatter
plot showing the mean channel open probability of RyR2. Individual data
points are shown by O. Data are expressed as the mean = S.D.; n = 3-5.
Significant difference between treatments was assessed by a one-way
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reticulum (ER/SR) membrane (7, 8). Very little is known
regarding the physiological role and function of MG23 but
given the location of MG23 together with the demonstration
that it is permeable to Ca®", it has been suggested that it may
play a role alongside RyR2 in shaping intracellular Ca®"-dy-
namics and be important in SR Ca®* leak (8, 9).

In chronic heart failure, aberrant Zn>* homeostasis is asso-
ciated with dysregulated intracellular Ca®" release, reduced
cardiac contractility, and significantly prolonged elevations of
systolic Ca>" (10-12). This suggests a key role for Zn>" in
regulating cardiac function. Cardiomyocytes contain a small
but measurable pool of free Zn>" in the cytosol, which is
reported to be ~100 pm (13). This basal level of Zn>™ is tran-
siently altered during cardiac EC-coupling as a result of both
the influx of Zn?>" into the cell through L-type Ca*>* channels
and the release of Zn>" from intracellular stores including the
ER/SR (14). We recently showed that RyR2-mediated Ca**-
homeostasis is intimately related to intracellular Zn>" levels
and suggest that physiological levels of Zn>" are essential in
fine-tuning the release of Ca®>" from the SR during cardiac EC
coupling (15). We also showed that when Zn*" levels reach =1
nM, Zn>" directly activates RyR2 channels, and the dependence
of Ca®" for channel activation is removed.

The role of Zn>" in regulating diastolic Ca®>" leak is poorly
characterized. Here we examine the role of Zn>" in shaping SR
Ca®" release. We propose that Zn>* alters the gating of both
RyR2 and MG23 and that this is likely to play a key role in
diastolic Ca>™" leak leading to the progression of heart failure
and the generation of fatal arrhythmias.

Results

Zn?* increased RyR2 activity in the presence of the
endogenous inhibitor Mg>*

The activity of RyR2 is known to depend on its interactions
and regulation by multiple endogenous effector molecules
including Ca®>* and Mg>* (1, 16-18). Inhibition of RyR2 by
Mg>" helps prevent activation of RyR2 during diastole (19 -21).
The mechanism by which RyR2 remains sensitive to Ca®>" even
in the presence of cytosolic free Mg>" is unknown. Physiologi-
cal concentrations of Mg®" are thought to be within the milli-
molar range (~1 mm). Interestingly, at this concentration, car-
diac RyR2 channels incorporated into planar bilayers respond
poorly to systolic concentrations of Ca®" (22, 23). In the failing
heart, RyR2 sensitivity to inhibition by cytosolic Mg>" is
reduced when compared with healthy controls (24).

To determine if Zn>" plays a key role in relieving RyR2 inhi-
bition by Mg>", single RyR2 channels were incorporated into
phospholipid bilayers and the direct action of Zn*" at the cyto-
solic face of the channel in the presence of 1 mm Mg?>" and
activating levels of Ca®" (5 um) was studied (Fig. 1). Using Ca®"
as the permeant ion and holding at a command potential of 0
mV, in line with previous studies (16, 17), the addition of 1 mm
Mg>™ significantly reduced channel open probability (P,) from
0.26 £ 0.13 to 0.09 = 0.01 (Fig. 14, p = 0.017; n = 4-5). In the

ANOVA; (F(5,18) = 7.276, p = 0.0007) followed by a Bonferroni post hoc test.
* (p < 0.05) and *** (p < 0.001) indicate significance when compared with
Mg?*-treated control.
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Figure 2. Under diastolic conditions, pathophysiological levels of cytosolic free Zn?* resulted in increased RyR2 activity. A, representative single RyR2
channel traces. Bilayers were voltage-clamped at 0 mV, and Ca®* was the permeant ion. Open and closed states of RyR2 are indicated by O and C. As expected,
RyR2 activity was reduced when the cytosolic Ca*>* were lowered from 5 um to 100 nm and reduced further after the addition of 1 mm Mg?*. The addition of 2
nm Zn?* to the cis chamber significantly increased channel activity. B, mean open probability of RyR2. Individual data points are shown by O. Data are shown
asthe mean = S.D.; n = 3-5. The difference between treatments was assessed by a one-way ANOVA followed by a Bonferroni post hoc test. F(5,21) = 8.133;p =
0.0002. * (p < 0.05) and *** (p < 0.001) indicate significance when compared with Mg?"-treated channels in the presence of 100 nm Ca®". C, scatter plot
showing the mean channel open time. Data are shown as the mean * S.D.; n = 3-5. Individual data points are shown by O. One-way ANOVA followed by a
Bonferroni test was used to test difference between treatments (F(5,26) = 8.501, p < 0.0001). * indicates significance (p = 0.05) compared with Mg® " -treated
channels in the presence of 100 nm Ca®™.

continued presence of 1 mm Mg>" the subsequent addition of  tions of Ca®>" (100 nm) and in the continued presence of 1 mm
0.1 nm Zn>™ to the cytosolic face of the channel caused chan- Mg?". Using Ca®" as the permeant ion and holding at a com-
nels to gate with a comparable P, to Mg®"-free Ca®>*-activated mand potential of 0 mV, when the cytosolic free Ca>" was
control channels (0.17 * 0.04 compared with 0.26 = 0.13; n = reduced from 5 um to 100 nMm, as expected, channel P_ was
4). This suggests that Zn>" plays a key role in regulating chan-  reduced (Fig. 24). Consistent with the role of Mg>* as an
nel function enabling RyR2 to operate under conditions of sys-  endogenous regulator of channel activity, the addition of 1 mm
tole. When Zn>" levels were further incremented in the range  Mg>" to the cytosolic face of the channel resulted in a further
0.1-100 nm, channel activity was significantly increased from reduction in channel P, (Fig. 2A4). Under these conditions
Mg " -treated control channels (Fig. 1, A and B). However, nearly all channel openings were abolished (Fig. 2B). The
there was no significant difference between individual Zn**  addition of physiological concentrations of Zn?>* (0.1 nm)
treatments (Fig. 1B). did not significantly increase channel activity (Fig. 2, A and

B). However, elevation of free Zn>* to pathophysiological
Pathophysiological concentrations of Zn*" led to leaky RyR2 levels (~2 nm) resulted in a significant increase in channel P,
channels (Fig. 2B).

In heart failure RyR2 channels become inappropriately acti- We next looked at the mean open time of RyR2 gating after
vated during diastole. Because levels of Zn>" are altered in the addition of Zn>* under diastolic conditions. Channel gating
heart failure and can be chronically elevated by as much as after the addition of Zn*>* =0.2 nm was not significantly differ-
30-fold (25), we next wanted to investigate whether Zn>" could ent compared with openings from Ca®"-activated control
modulate RyR2 function in the presence of diastolic concentra-  channels (Fig. 2C), suggesting that in the presence of physiolog-
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Figure 3. Native cardiac MG23 channels displayed distinct gating properties from RyR2. A, the left panel shows representative Ca®" current fluctuations
mediated by MG23, recorded at various holding potentials. The traces were chosen to show current amplitudes clearly. The right panel shows a current-voltage
relationship for MG23 using Ca" as a permeant ion. Data are shown as the mean = S.D. (n = 5). B, representative current fluctuations through both MG23 and
RyR2 channel gating in the same bilayer under control conditions with Ca®" as a permeant ion at a holding potential of 0 mV. Cytosolic free Ca®* was 5 um.
MG23 (Op653)s RyR2 (Ogy o) 0pen, RyR2 + MG23 (Ogyz,- mc23) open and closed (C) states are indicated. The addition of T mm BAPTA to the cis chamber lowers
Ca”" to <4nm.This Ca?" concentration was sub-activating for RyR2 but had no effect on MG23. C, the top panel shows representative Ca®* current fluctuations
mediated through RyR2 under control conditions with Ca®* as the permeant ion. Cytosolic-free Ca?* was 5 um. The addition of 10 mm caffeine to the cis
chamber resulted in activation of RyR2 as expected. The lower panel shows a scatter plot of RyR2-channel open probability under these conditions. Data are
shown as the mean + S.D.; n = 3. ** denotes a significant difference (p < 0.01) to control. D, the top panel shows representative Ca®" current fluctuations
mediated through MG23 under control conditions using Ca®" as the permeant ion. Cytosolic free Ca** was 5 um. The addition of 10 mm caffeine to the cis
chamber had no effect on MG23 channel activity. The lower panel shows a scatter plot of mean average current mediated through MG23 under these

conditions. Data are shown as the mean * S.D.;n = 3.

ical levels of free Zn>", channels are still regulated by Ca>".
Importantly, elevating the free Zn>* concentration to 2 nm
caused channels to gate to a comparable P_ to those activated by
systolic levels of Ca** (P, values were 0.35 = 0.08 and 0.26 *
0.09; n = 3—6), but the mode of gating under these conditions
was altered (Fig. 2C). Under these conditions, channels gated
in significantly longer-lived open states compared with con-
trol. This type of gating is consistent with Zn>"-dependent
openings.

RyR2 channels were not the only sarcoplasmic reticulum
Ca?*-permeable channels regulated by Zn**

In experiments where Ca®>* currents were observed, 38% (15/
39) of our bilayers displayed openings that were not character-
istic of RyR2 gating (Fig. 34). Using Ca>" as the permeant ion,
construction of a current-voltage relationship revealed that this
other SR Ca®*-permeable channel displayed a Ca®>* conduct-
ance of 51 = 1.5 picosiemens (Fig. 3A4). This is consistent with
the single channel Ca®>" conductance reported previously for
the SR ion-channel MG23 (8). In 31% of our bilayers (12/39)
where Ca®" currents were observed, we detected gating from

13364 J Biol. Chem. (2017) 292(32) 13361-13373

both RyR2 and MG23 (Fig. 3B). In these experiments, reducing
the level of Ca®* to a subactivating concentration (4 nm) by the
addition of 1 mm 2,2'-ethylenedioxy)dianiline-N,N,N',N’-tet-
raacetic acid (BAPTA) abolished RyR2 openings as expected,
but MG23 openings were still apparent. In the presence of acti-
vating levels of Ca®"* (5 um), the addition of 10 mm caffeine,
which is a known activator of RyR2 (26), significantly increased
RyR2 activity (Fig. 3C). It has been shown previously that MG23
openings are very fast and frequent and that multiple channels
often gate together in the bilayer in a coordinated manner (8).
We also observed this type of gating when MG23 was incorpo-
rated into the bilayer. To assess channel activity, we therefore,
used noise analysis. When MG23 was gating in the bilayer, the
addition of 10 mMm caffeine had no effect on channel activity
(Fig. 3D). This reveals that the regulation of MG23 and RyR2 is
markedly different.

Zn?* regulated the activity of purified MG23

The role of RyR2 in SR Ca®" leak in heart failure is widely
accepted. Here we investigate if MG23 also contributes to the
release of Ca®>" from SR stores alongside RyR2. In heart failure,

SASBMB
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Figure 4. Pathophysiological concentrations of Zn?" altered both the expression and activity of MG23. A, the upper panel representative Western blot
shows MG23 protein expression in HIC2 cells exposed to hypoxia. All lanes were loaded with 10 g of total protein. Western blots were probed with antibodies
specific for MG23 or with B-actin as a loading control. Size markers are indicated in kDa. The lower panel scatter plot shows relative density of MG23 under
labeled conditions. Band densities were normalized to B-actin loading controls in each lane and are expressed relative to control as % percentage change. The
gray dashed line denotes control values. Data are displayed as the mean = S.D. (n = 4). * denotes a significant difference (p < 0.05) to control. B, scatter plot
showing ZnAF-2 DA fluorescence intensity from H9C2 cells exposed to ischemia buffer for indicated time points. For each time point ZnAF-2 DA fluorescence
was normalized to DAPI nuclear staining fluorescence intensity for each corresponding well and expressed as percentage change from control. Control values
areindicated by the gray dotted line. Data are displayed as the mean = S.D. (n = 6) from two individual cell preparations. ** denotes a significant difference (p <
0.01) to control. C, MG23 single-current fluctuations show increased channel activity with increasing concentrations of cytosolic Zn?*, in the presence of
physiological levels (1 mm) Mg?*. The traces were chosen to show clear channel openings. Cytosolic free Ca®" was 5 um. Open (0) and closed (C) states are
indicated. Holding potential was 0 mV, and Ca®" was used as the permeant ion. Multiple MG23 often incorporated into the bilayer, indicated by *. D, scatter plot
showing the mean average current under conditions described in C. Data are displayed as the mean = S.D. (n = 3). ** indicates a significant difference (p < 0.01)

to control. NS, not significant.

cardiac cells encounter hypoxic conditions (27). We, therefore,
investigated if the protein expression of MG23 was altered
under conditions of hypoxia. Using the cardiac cell line H9C2,
Western blot analysis revealed that the protein level of MG23
increased incrementally after periods (3—36 h) of hypoxia
(Fig. 4A). Using the Zn®"-specific fluorescent indicator
ZnAF-2 diacetate (DA), we measured the relative cumulative
fluorescent intensity and show that intracellular Zn>" levels
in H9C2 cells are elevated when exposed to ischemic condi-
tions (Fig. 4B). This is important as dysregulated Zn*"
homeostasis is linked with ischemia and chronic heart fail-
ure (10, 11, 28 —30).

We next assessed if Zn>* could directly modulate the
activity of MG23. MG23 was purified from sheep cardiac
ventricular tissue following previously established methods
(8). Construction of a current-voltage relationship for puri-
fied MG23 revealed a single channel Ca®>* conductance of

SASBMB

49 + 0.9 picosiemens (supplemental Fig. S1). Using Ca*" as
the permeant ion, in the presence of physiological levels of
Mg?" (1 mm) and holding at a command potential of 0 mV,
the addition of 0.1 nm Zn>" to the cytosolic face of MG23
had no significant effect on channel activity (Fig. 4, C and D).
Interestingly a 10-fold increase in the concentration of Zn>"
from 0.1 nMm to 1 nM had a significant effect on MG23 channel
activity (Fig. 4D).

Zn?" does not cause RyR2 sub-conductance-state gating

We next wanted to investigate if native MG23 channels pro-
vide a leak Ca>" current in response to elevated Zn>* levels
when gating together with RyR2. In control recordings where
both RyR2 and MG23 were gating, using Ca”>* as the permeant
ion and holding at a command potential of 0 mV, construction
of an all-points histogram from our single-channel data dis-
played two clear peaks (Fig. 54, left). In control recordings,

J. Biol. Chem. (2017) 292(32) 13361-13373 13365
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Figure 5. Zn**

modulated the activity of both MG23 and RyR2 but did not result in RyR2 sub-conductance gating. A, representative Ca®"

current

fluctuations when both MG23 and RyR2 channels were gating in the same bilayer (left trace) and after the subsequent addition of 1 nmZn?* to the cis chamber
(right trace). Cytosolic free Ca>* was 5 um. MG23 (Oyc23), RyR2 (Ogyro) open, RyR2 + MG23 (Ogypr1mc23) Open and closed (C) states are |nd|cated The
corresponding all-points-amplitude histogram is shown underneath the respective single-channel recording. Recordings were made using Ca®* as the
permeant ion and at a holding potential of 0 mV. B, representative Ca®>* current fluctuations through RyR2 channels only (left trace) and after the subsequent
addition of 1 nmcytosolic Zn?" (right trace). Cytosolic free Ca* was 5 um. Corresponding all-points-amplitude histograms are shown underneath the respective
single-channel recording. G, left panel, Western blot analysis showing the phosphorylation of RyR2 at site serine 2809 after incubation of cardiac HSR vesicles
with either 1 unit/ug of protein of the PKA active subunit, 0.1 nm Zn?>*, or 1 nm Zn?* . In all experiments 1 mm Mg?" and 1 mm ATP were present. All lanes were
loaded at 30 g of total protein. Western blots were probed with antibodies specific for RyR2 phosphorylated at site serine 2809 or with B-actin as a loading
control. Size markers are indicated in kDa. The right panel scatter plot shows relative density of RyR2 phosphorylation levels under these conditions. Band
densities were normalized to B-actin loading controls in each lane and expressed relative to phosphorylation by PKA. Data are displayed as the mean =+ S.D.

(n=23).

amplitude histograms were best fit with a mixture of two
Gaussian distributions displaying mean values of —0.47 = 0.16
pA and —4.03 = 0.23 pA (Table 1). These values represent the
closed and the full open state of RyR2, respectively. Under these
conditions RyR2 activity is low, and the number of events for
the closed state is larger than the number of events for the open
state. The contribution from MG23 is negligible. The subse-
quent addition of 1 nm Zn>" to the cis chamber not only
increased RyR2 channel P_ but also revealed a third peak (Fig.
5A, right). Amplitude histograms were now best fit with a mix-
ture of three Gaussian distributions (Table 1). The smaller open
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state (—2 = 0.5 pA) we now reveal is within the range of the
unitary current amplitude that we (Fig. 34) and others (8)
report for native MG23 channels when voltage-clamped at 0
mV. In bilayers where only RyR2 is gating, as expected the addi-
tion of 1 nm Zn>" increased RyR2 activity and more events
resided in the open state (Fig. 5B). However, only two peaks
were ever observed, and data were best fit with a mixture of two
Gaussian distributions (Table 1), as there is no contribution
from MG23 (Fig. 5B, right).

Previous studies have suggested that in heart failure RyR2
becomes hyperphosphorylated at serine 2808/2809, which
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Table 1
MG23 gating is revealed by pathophysiological concentrations Zn**

Zn** and SR Ca?* leak

Shown are the mean Gaussian fits of paired all-points-amplitude histograms constructed from bilayer experiments using native SR vesicle preparations in the absence and
presence of 1 nM Zn>". Bilayers were voltage-clamped at 0 mV, and Ca>" was the permeant ion. Data are displayed as the mean * S.D., n = 3.

Gaussian fits of all-points-amplitude histograms

Control 1 nm Zn**
Experiment number Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3
PA PrA

Bilayers containing RyR2 and MG23

1 —0.65 —3.78 —0.167 —2.53 —3.76

2 —0.39 —4.24 —0.489 —1.62 —4.41

3 —0.36 —4.07 0.3 —1.87 —4.4

Mean * S.D. —0.47 £ 0.2 —4.03 +0.2 —0.12 = 0.4 —2*05 —4.19 * 0.4
Bilayers containing RyR2 only

1 —0.38 —4.22 —0.41 —3.8

2 —0.25 —3.88 —0.04 —4.22

3 0.06 —0.31 —4.14

Mean = S.D. —0.19 £ 0.2 —4.05+ 0.2 —0.25 £ 0.2 —4.05 0.2

leads to the dissociation of the FK-506-binding protein 1B
(FKBP12.6), resulting in sub-state gating (2). We next wanted to
assess if Zn>* altered the phosphorylation status of RyR2 at site
serine 2809. Incubation of isolated SR vesicles with 1 nm Zn**
had no effect on the level of phosphorylation at site serine 2809
(Fig. 5C).

To confirm that Zn>" does not result in RyR2 sub-conduc-
tance-state gating, we prepared SR vesicles from Mg23 knock-
out mice. This allowed us to investigate RyR2-mediated Ca>"
currents in isolation from MG23. In these experiments we
never observed gating from MG23 (n = 18; Fig. 6A, upper
trace). In contrast, MG23-mediated Ca?* currents were
observed in 22% (n = 5/23) of our bilayer experiments when we
used SR vesicles prepared from wild-type mice (Fig. 6A, lower
trace). In these experiments MG23 channel activity was signif-
icantly increased after the addition of 1 nm Zn>* to the cis
chamber (Fig. 6B). SR vesicles prepared from Ag23 knock-out
mice displayed functional RyR2 channel gating (Fig. 6C; n =
3/18), and consistent with our previous findings the addition of
1 nm Zn>" to the cytosolic face of RyR2 significantly increased
channel P, (Fig. 6C). Construction of all-points-amplitude his-
tograms from our single-channel data showed that the addition
of 1 nM Zn*" to the cis chamber significantly increased RyR2
activity (Fig. 6D). There was no evidence of RyR2 sub-conduct-
ance state gating. All data were best fit with a mixture of two
Gaussian distributions representing the closed and fully open
state of RyR2 (Table 2).

Discussion

During cardiac relaxation, it is the combined effect of both a
lowered Ca®>* concentration (100 nm) and the presence of mill-
imolar levels of Mg>" that prevent unwanted RyR2 channel
openings. This is important as even a small increase in the open
probability of RyR2 during diastole will lead to a leak of Ca*™
into the cytoplasm, and this will have major consequences for
normal cardiac function. Irregular RyR2 activity is linked to
various forms of heart failure, but the underlying molecular
mechanisms that cause altered RyR2 channel function remain
unclear. In this study we reveal that in the presence of diastolic
Ca®" levels (100 nm) and 1 mm Mg>", small elevations in the
level of cytosolic free Zn>" from resting concentrations (~0.1
nM) to =1 nM results in irregular RyR2 channel openings. This
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provides the first evidence that dysregulated Zn** homeostasis
is directly linked with leaky RyR2 channels. We also reveal that
in H9C2 cardiac cells the level of intracellular Zn** becomes
elevated after exposure to hypoxic conditions and that this
coincides with increased protein expression of the ER/SR
located non-selective cation channel MG23. Furthermore, the
activity of MG23 is significantly enhanced when cytosolic Zn>"
is elevated from 0.1 nm to =1 nm. MG23 displays Ca”*-han-
dling properties, suggesting that increased channel activity
alongside increased channel expression may contribute to SR
Ca®" leak alongside RyR2.

Zn?* dyshomeostasis resulted in leaky RyR2 channels

In cardiomyocytes raised levels of intracellular Ca®* result in
a large release of Ca®" from SR stores, and this controls con-
tractility. In bilayer studies, however, the presence of millimolar
levels of Mg>* causes RyR2 channels to respond poorly to sys-
tolic Ca>* levels (21, 23, 31). Under comparable experimental
conditions we reveal that the addition of cytosolic Zn>™ in the
range 0.1-100 nm increased RyR2 activity. Our data suggest
that small changes in the Zn>" level will have a marked effect on
RyR2 activity. This becomes highly relevant when we consider
that concentrations of Zn?>" have recently been reported to be
transiently elevated to ~50 nm during Zn>*-signaling events
(32). Physiological levels of Zn>" may, therefore, have the abil-
ity to fine-tune the activity of RyR2, suggesting a role for Zn>"
in regulating graded Ca>" -responses.

Under diastolic conditions when RyR2 channels should
remain closed, the addition of 2 nm free Zn>" resulted in abnor-
mally active RyR2 channels. Under these conditions the mean
open times of channel openings were significantly longer com-
pared with channels activated by systolic levels of Ca®>* alone (5
uM). We recently showed that this mode of gating is consistent
with Zn**-dependent openings and that RyR2 is likely to have
multiple Zn>"-binding sites (15). RyR2 is now under the con-
trol of Zn>" and is decoupled from its regulatory effects of
cytosolic Ca®>* and Mg>", which impairs the ability of the RyR2
to properly deactivate, resulting in high RyR2 channel activity
that may play a direct role in SR Ca®" leak. In cardiac tissue,
dysregulated Zn>" homeostasis is linked with altered contrac-
tility and heart failure (10, 11, 29, 30, 33), but the underlying
mechanisms of how Zn>" contributes to these cardiomyopa-
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Figure 6. Zn?" potentiated RyR2 activity in Mg23 knock-out mice. A, representative Ca®" current fluctuations from bilayer experiments using cardiac SR
vesicles isolated from wild-type and Mg23-knock-out mice. Functional MG23 channel gating was observed in wild-type experiments but not in Mg23 knock-out
experiments. Open (0) and closed (C) states are indicated. Holding potential was 0 mV, and Ca®" was used as the permeant ion. Cytosolic free Ca®" was 5 um.
B, scatter plot showing noise analysis data from wild-type experiments where only MG23-mediated Ca?* currents were observed. Mean average current
is shown after incremental addition of Zn?™ to the cis chamber. C, representative Ca®" current fluctuations from bilayer experiments using cardiac SR
vesicles isolated from Mg23 knock-out mice showing functional RyR2 channel gating in the absence and presence of 1 nm Zn?" added to the cis
chamber. The lower panel scatter plot shows RyR2 channel open probability under these conditions. D, paired all-points-amplitude histograms under
conditions described in C. Data shown are the mean =+ S.D., n = 3, with * and ** indicating significant differences (p < 0.05 and p < 0.01), respectively,

from control. NS, not significant.

Table 2

Fit of the all points amplitude histogram constructed from Mg23 KO
mice using Ca®* as the permeantion

Shown are Mean Gaussian fits of paired all-points-amplitude histograms con-
structed from bilayer experiments using SR vesicles prepared from Mg23 knockout
mice in the absence and presence of 1 nm Zn**. Bilayers were voltage-clamped at 0
mV, and Ca®" was the permeant ion. Data are displayed as mean = S.D., n = 3.

Gaussian fits of amplitude histograms

from mg23 KO mice
. Control 1 nm Zn?*
Experiment
number Peak 1 Peak 2 Peak 1 Peak 2
PrA rA

1 —0.0035 —4.45 -0.15 —-3.61

2 —0.53 —3.57 —0.21 —4.08

3 0.25 —4.59 -0.17 —4.09
Mean = S.D. —0.09+04 —-42*06 —0.18*003 —3.93*03

thies is not fully understood. Spatial imaging of trace elements
reveal that in heart failure there is a significant accumulation of
Zn>" in the left ventricle of cardiac tissue (34). Additionally,
certain cardiomyopathies including those associate with diabe-
tes and ischemia, display chronically raised levels of intracellu-
lar Zn>" (25, 28). Importantly, the accumulation of nanomolar
concentrations of intracellular Zn®>* has been shown to be
followed by a concomitant reduction in cardiomyocyte con-
tractile function and a reduced SR calcium load (35-38),
lini&ing dysregulated intracellular Zn>" levels with altered
Ca homeostasis.

Intracellular Zn>" levels are regulated by ZnTs (zinc trans-
porters) that move Zn>" into organelles and out of the cell and
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ZIPs (Zrt/Irt-like proteins) that mediate the flux of Zn>" into
the cell or from organelles into the cytosol. Recent evidence
links increased Zip12 expression in pulmonary vascular smooth
muscle to elevated intracellular Zn®" levels as a result of
hypoxia, suggesting a fundamental role for Zn>" in pulmonary
vascular responses (39). Furthermore, increased accumulation
of intracellular Zn>* in isolated rat cardiomyocytes exposed to
hypoxic conditions has been attributed to an imbalance in
expression of ZnTs (zinc transporters) and ZIPs (30). This is
highly relevant when we consider that RyRs play a key role in
hypoxic increases in the intracellular Ca®>" concentration (40,
41) and that pulmonary hypertension is associated strongly
with chronic heart failure (42, 43).

Recent evidence suggests that in heart failure SR Ca®>* leak
causes mitochondrial calcium overload that triggers mitochon-
drial dysfunction and the production of free radicals, which in
turn modulates RyR2 function. Reactive oxygen species induce
the release of Zn>" from zinc-binding metallothionein proteins
(44, 45), and in cardiomyocytes, oxidants increase intracellular
Zn*" levels by as much as 30-fold (25). Our recent data show
that concentrations of Zn>* =1 nm directly activate RyR2,
removing the dependence on Ca®" for channel activation (15).
The data presented in this study reveal that elevating Zn>" to 1
nM even in the presence of 1 mm Mg?" results in irregular
channel activity. This is important as leaky RyR2 channels are
considered to be the cause of mitochondrial Ca>" overload and
dysfunction in heart failure (46). Zn>" is also reported to impair
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mitochondrial function, leading to the excess production of
reactive oxygen species (47, 48), suggesting a potentially impor-
tant role for Zn>" in the feedback loop between the SR and
mitochondria.

RyR2 is not the only leaky SR Ca®* -permeable channel

In heart failure models RyR2 channels not only display irreg-
ular activity and are open when they should remain closed, but
the reported mode of channel gating is also altered. In failing
human and canine hearts, Marx et al. (2) reported that ~15% of
RyR2 channels gated in a long-lasting subconductance state.
We show that when Zn>* levels were elevated to concentra-
tions reported to occur in chronic heart failure (>1 nm) where
RyR2 and M@G23 gate together, construction of an all-points
amplitude histogram revealed that channel openings resided in
two open states, one with a mean current amplitude consistent
with the full open state of RyR2 and another with a mean cur-
rent amplitude that is consistent with the unitary current
amplitude of the reported RyR2 sub-conductance state. How-
ever, this smaller open state is also consistent with the mean
current amplitude that we (Fig. 34) and others report for MG23
at 0 mV (8). Importantly MG23 gating was never observed
using SR vesicles prepared from Mg23 knock-out mice irre-
spective of the Zn>" concentration, whereas functional RyR2
channels were evident. In these experiments, construction of all
point histograms from our single-channel data revealed that
Zn>" increased the activity of RyR2 but never resulted in sub-
conductance-state gating. This suggests that when intracellular
Zn>" levels are elevated to levels similar to those in heart fail-
ure, RyR2 does not display sub-conductance gating, but rather,
the activity of MG23 is increased.

Sub-conductance-state gating of RyR2 in heart failure mod-
els is thought to be a result of hyperphosphorylation of the
channel leading to the dissociation of FKBP12.6. When prepar-
ing our heavy SR vesicles, any endogenous FKBPs associated
with RyR2 are dissociated (49), and consistent with other
groups (50-52) we do not observe high-frequency sub-state
gating for RyR2.

The role of Zn?>* and phosphorylation at serine 2808/2809 in
heart failure is unclear. Cardiomyocytes exposed to micromo-
lar concentrations of external ZnCl, display an increased level
of RyR2 phosphorylation at this site (53). In contrast, phosphor-
ylation at serine 2808/2809 is reduced when heart homogenates
are incubated with micromolar levels of Zn>" (12). The story is
further complicated when we consider that there is controversy
over the number of PKA phosphorylation sites and their asso-
ciated functional effects on RyR2 gating, and perhaps more
importantly, certain groups fail to observe any alteration in
RyR2 phosphorylation at serine 2808/2809 in heart failure (51,
54). Phosphorylation at serine 2808/2809 has also been sug-
gested to sensitize RyR2 to luminal Ca®" (55), which is thought
to lower the threshold for channel activation leading to
diastolic Ca®>" overload and facilitating diastolic Ca®>" leak
observed in heart failure (56). Although in this study we did not
investigate the relationship between luminal Ca>* and cytoso-
lic Zn>", our data show that the phosphorylation of RyR2 at
serine 2808/2809 is unaltered when we incubate isolated SR
vesicles with 1 nm Zn>™.
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Zn** and SR Ca?* leak

Conditions of ischemic heart failure result in raised levels of
intracellular Zn** and increased expression and activity of
MG23

It is generally considered that the reduced SR Ca®>" content
in heart failure is a result of reduced Ca®>* pumping by SERCA
and increased SR Ca®" leak via RyR2. We now provide evidence
that MG23 contributes to SR Ca®" leak alongside RyR2. Our
data show that physiological resting levels of Zn>" (0.1 nm) had
no effect on MG23 function, but increasing the 7Zn?" concen-
tration to 1 nm significantly increased channel activity. Impor-
tantly we also show that intracellular Zn>" levels are elevated
when cardiac HOC2 cells are exposed to ischemic conditions
and that this elevation in the level of Zn>" coincides with an
increase in the protein expression of MG23. Importantly,
changes in MG23 expression in HIC2 cells after hypoxia are
comparable with the reported changes in protein expression of
key Ca®" -regulatory proteins including SERCA, phospholam-
ban, and the sarcolemmal Na*/Ca®*" exchanger that occur in
heart failure (57-59). Up-regulation of MG23 may, therefore,
provide a route for increased SR Ca®" release that together with
the reduced expression and diminished activity of SERCA may
lead to an imbalance in SR Ca®" load and likely result in
impaired contractility observed in heart failure. MG23 has been
shown to play a role in ER-derived cell death after DNA damage
(60). The increase in MG23 protein expression and consequent
deleterious Ca>* release may also facilitate cell death-signaling
pathways in heart under pathophysiological conditions.

We propose that MG23 plays a limited role in controlling the
release of Ca®" under normal physiological conditions but con-
tributes to diastolic Ca®>* leak in response to pathophysiological
levels of Zn>". This is highly relevant when we consider that
there is evidence for RyR2-independent mechanisms of SR
Ca®" efflux and that these fluxes are strongly activated in the
failing heart (6). Our data reveals that Zn>" is a potent modu-
lator of SR ion channel function and will have a major impact on
the Ca®>*-handling properties of the cell.

To conclude, our study reveals a new role for Zn>* in regu-
lating cardiac function through direct modulation of SR Ca**-
permeable channels. Under normal physiological conditions,
we propose that intracellular Zn>* plays a key role in control-
ling the release of Ca®>* from the SR by fine-tuning the activity
of RyR2. Pathological perturbations in Zn>* homoeostasis will
lead to SR Ca** leak through irregular RyR2 channel openings
but also increased activity of MG23. These data reveal that
RyR?2 is not the only ion channel contributing toward SR Ca>*
leak and suggest a new and important role for Zn>* in regulat-
ing Ca®>" homeostasis and cardiac function.

Experimental procedures
Reagents

Chemicals were analar or the best equivalent grade from
BDH (Poole, UK) or Sigma. All solutions were made in de-ion-
ized water, and those for use in bilayer experiments were fil-
tered through a Millipore membrane filter (0.45-um pore).
BAPTA, ATP, and the catalytic subunits of PKA were obtained
from Sigma.
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Mg-23 knock-out mice

Mg23 knock-out mice were produced using J1 embryonic
stem (ES) cells derived from 129/Sv mice as described previ-
ously (60, 61). Briefly, genomic DNA fragments containing the
Mg23 gene were cloned from a mouse genomic library to con-
struct the targeting vector in which the neomycin-resistance
gene and the diphtheria toxin gene provide positive and nega-
tive selections, respectively. ES cells were transfected with the
linearized vector and selected in a G418-containing medium.
Several clones carrying the expected homologous mutation
were isolated by Southern blot-screening of G418-resistant
cells. The founder chimeric mice were generated using the pos-
itive ES clones and crossed with female C57B6/6] mice to pro-
duce heterozygous mutant mice. The genetic background of
the Mg23 knock-out mice resulting from crossing the heterozy-
gous mice was 50:50 129/Sv:C57B6/6]. After back-crossing
these mice more than 6 times with C57BL/6] mice, the Mg23
knock-out and wild-type littermates (17—29 weeks old) used for
this study were obtained. To confirm the mouse genotypes,
PCR analysis was conducted using the MG23F and MG23R
primers as described previously (60).

The institutional ethics committee at the University of St.
Andrews and the University of Kyoto approved the study. Mice
were killed by concussion followed by cervical dislocation. The
care and sacrifice of the animals conformed to the guidelines
from Directive 2010/63/EU of the European Parliament on the
protection of animals used for scientific purposes. Full methods
are detailed in the supplemental material.

Single channel recording and analysis

Sheep cardiac heavy sarcoplasmic reticulum (HSR) mem-
brane vesicles were prepared and fused with planar phosphati-
dylethanolamine lipid bilayers, as described previously (15).
Sheep hearts were obtained from a local abattoir that conforms
to the European Union directive 1099/2009 legislation. HSR
vesicles from wild-type and Mg23 knock-out mice were pre-
pared in an identical fashion to sheep HSR vesicles, with the
exception that 10 complete mouse hearts were used per mem-
brane preparation. Single channel current recordings were
monitored under voltage-clamp conditions using a BC-525C
amplifier (Warner Instruments, Harvard) using previously
described techniques (15). The trans chamber was perfused
with 250 mm glutamic acid and 10 mm HEPES (pH 7.2) with
Ca(OH), (concentration of free Ca>" ~50 mm). The identity of
RyR2 was confirmed by the single-channel conductance, and
the number of channels gating in the bilayer was assessed by the
application of 500 um suramin at the end of the experiment.
The average capacitance of our bilayers was 89 = 8 picofarads,
and this was consistent throughout the entire recording. Exper-
iments were carried out at room temperature (22 = 2 °C). The
concentration of free Ca®>" and pH of all of our solutions was
determined using a Ca®" electrode and a pH electrode (Hanna
Instruments, Bedfordshire, UK) as previously described (15).
Zn>" was added as ZnCl, to the cis chamber at the required
concentration from an appropriate stock solution as described
previously (15).
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Measurements of current amplitude were made using the
WinEDR 3.6.4 program. The closed and open current levels for
both RyR2 and MG23 were assessed manually using cursors.
All-points-amplitude histograms were obtained from single-
channel data and constructed using QuB software Histograms
of these distributions were fitted with mixtures of Gaussian
curves using OriginPro software (OriginLab). Channel events
were detected by the 50% threshold method (62) using TAC
4.2.0 software (Bruxton Corp.). Open probability (P,) was taken
from 3 min of continuous recording. As reported previously,
multiple MG23s often gated together in the bilayer (8). When
many channels incorporated into the bilayer, we used noise
analysis to estimate channel activity and to observe the effects
of Zn®" on channel function. Noise analyses of MG23 experi-
ments were performed using WinEDR 3.6.4 as described previ-
ously (63).

Affinity purification of Mitsugumin 23

MG23 channels were enriched and purified from sheep car-
diac HSR vesicles. HSR vesicles were solubilized for 60 min at
4 °C at a protein concentration of 2 mg/ml in a CHAPS deter-
gent solubilization buffer containing 1% w/v CHAPS, 1 M NaCl,
0.1 mM EGTA, 0.15 mm CaCl,, 25 mm PIPES, and 2.5 mm DTT.
Insoluble material was removed by centrifugation for 30 min at
150,000 X g. The supernatant was incubated for 120 min with
protein G-Sepharose (GE Healthcare) cross-linked with an
aTMEM109 antibody (Sigma). The resin was washed in 20 mm
Tris'HCl, 500 mm NaCl, 0.1% CHAPS, protease inhibitor mix-
ture P8340 (Sigma) (1:500), 1 mum PMSF, 2.5 mm DTT (pH 7.4).
MG@G23 protein was recovered by overnight incubation with
an epitope peptide (Genscript) at 4 °C. Epitope peptide was
removed by gel filtration using a HiTrap desalting column (GE
healthcare). Elution fractions were collected. Identification of
MG23 within each fraction was determined by sodium dode-
cylsulfate (SDS)-PAGE followed by silver staining. MG23-pos-
itive fractions were snap-frozen and stored at —80 °C.

Measurement of free metal ion levels

The free Ca®>* concentration of our recording solutions was
reduced from ~5 um to 100 nm by the addition of 7.6 um con-
centrations of the chelation agent BAPTA. The free Ca®>"* con-
centration was measured using a Ca®"-selective electrode.
BAPTA is known to bind other divalent cations including Zn>"
(64). We, therefore, calculated the theoretical concentration of
total Zn>" required to be added to our low Ca®" recording
solutions in order to result in the appropriate free Zn>" con-
centration. Free Zn>" calculations were performed using the
MIQUV program. Tris protonation and Zn>" stability con-
stants were taken from Bologni et al. (65). Calculations were
performed using the ionic composition of TRIS/HEPES record-
ing solutions at room temperature (22 *= 2 °C). Calculations
assumed a starting free Ca®" of 3.54 um and a starting free Zn*"
of 9 pm. Free Ca®>* and Zn>" were calculated in the presence of
7.6 uM BAPTA and following the incremental increase of Zn>"
concentration in the range 100 pMm to 10 um. K, values of
BAPTA for Zn>" and Ca®>" were based on previously reported
values (64, 66). The calculated values are shown in supplemen-
tal Table S1.
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The addition of ZnCl, up to a concentration of 10 uMm to our
BAPTA-treated solutions had no significant effect on either the
measured or the calculated free Ca®>" concentration (supple-
mental Fig. S2 and Table S1). Detection of free Zn>" was per-
formed using a pZn meter as described previously (15) and
determined to be 9 = 7 pm.

Cell culture

H9C2 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin (Life Technologies) under 95%
air, 5% CO, and sub-cultured between 60 and 70% confluence.

H9C2 hypoxia

HOC2 cells were subjected to 0.5% O, in a Don Whitley
H35 hypoxystation (Don Whitley Scientific Ltd., Shipley, UK).
Under hypoxic conditions cell lysates were collected in radio-
immunoprecipitation assay buffer (25 mm Tris'HCl, 150 mm
NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, and 0.1%
SDS supplemented with protease inhibitor mixture P8340
(Sigma). Lysates were snap-frozen and stored at —80 °C before
use.

Cellular Zn** measurements in H9C2 cells in response to
ischemia

To simulate ischemia, HIC2 cells were exposed to an ische-
mia buffer containing 108 mm NaCl, 16 mm KCl, 0.33 mm
NaH,PO,, 10 mm PIPES, 20 mm deoxyglucose, 20 mm sodium
lactate, 1 mm MgCl,, 2 mm CaCl,, and 0.2 mm 2,4-dinitrophe-
nol, pH 6.8, with NaOH. After aspiration of ischemia, buffer
cells were washed in phosphate-buffered saline (PBS) and incu-
bated with 5 uMm ZnAF-2 (Chemodex, St. Gallen, Switzerland)
in PBS in the dark for 30 min at 37 °C. Cells were subsequently
washed in fresh PBS followed by 100 um EDTA in PBS before
fixing in 4% paraformaldehyde for 10 min at room temperature.
Cells were then washed three times in PBS. Cells were permea-
bilized in 0.2% Triton X-100 in PBS for 30 min before loading
with 10 um 4’,6-diamidino-2-phenylindole (DAPI) in PBS for
10 min at room temperature. Basal Zn?* fluorescence intensity
(excitation 492 nm; emission 514 nm) was determined by
FLUOstar OPTIMA microplate reader (BMG Labtech) and was
normalized to DAPI (Life Technologies; excitation 358 nm;
emission 461 nm).

Western blot analysis

HSR proteins or HIC2 cell lysates were size-fractionated by
SDS-PAGE on a 4-12% Bis-Tris precast gel (Life Technolo-
gies). After separation, proteins were transferred to a nitrocel-
lulose membrane, and nonspecific binding sites were blocked
for 1 h at room temperature using 5% dried milk and Tris-
buffered saline (0.1% Tween 20, pH 7.4). Membranes were
probed overnight at 4 °C with primary antibodies specific for
RyR2 phosphorylated at site serine 2809 (1:5000, Badrilla,
Leeds, UK), anti-MG23 (1:20,000 Sigma), and anti-B-actin
(1:10,000, Sigma) in 5% dried milk and Tris-buffered saline.
Secondary horseradish peroxidase-linked goat anti-rabbit or
anti-mouse IgG (both 1:10,000) Sigma) antibodies were used in
combination with an enhanced chemiluminescent detection
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system (Thermo Scientific, Paisley, UK) and visualized using a
Fujifilm LAS-3000 detection system. Densitometry was per-
formed using Image] software (National Institutes of Health).

Statistical analyses

Data are shown as the mean = S.D. Where appropriate,
Student’s ¢ test was used to assess the difference between mean
values. Where multiple treatments were compared, a one-way
analysis of variance (ANOVA) followed by a Bonferroni post
hoc test was used to assess the difference between treatments. p
values =0.05 were taken as significant.

Author contributions—B. R.-O.and G. B. R. designed and performed
the experiments, analyzed the data, and contributed to writing the
manuscript. A. K. and C. M. performed the experiments and ana-
lyzed the data. W. B. provided the theoretical calculations of free
ions. H. T. and M. N. designed the experiments and provided key
experimental tools. A.].S. designed the experiments and contrib-
uted to writing the manuscript. S.]J. P. designed the experiments,
analyzed the data, wrote the manuscript, and supervised the project.
All authors discussed results and commented on the manuscript at
all stages.

Acknowledgments—We thank to Professor Belma Turan and Dr.
Erkan Tuncay (Ankara University, Turkey) for the kind gift of HOC2
cells. We are grateful to Sophie Ferguson (University of St. Andrews,
United Kingdom) for providing advice on normalization of fluores-
cence intensity data. We also thank Dr. Siavash Khazaipoul (Univer-
sity of St Andrews, United Kingdom) for assistance with purification
of MG23.

References

1. Xu, L, Mann, G., and Meissner, G. (1996) Regulation of cardiac Ca*"
release channel (ryanodine receptor) by Ca*>*, H*, Mg®", and adenine
nucleotides under normal and simulated ischemic conditions. Circ. Res.
79,1100-1109

2. Marx, S. O, Reiken, S., Hisamatsu, Y., Jayaraman, T., Burkhoff, D., Rosem-
blit, N., and Marks, A. R. (2000) PKA phosphorylation dissociates
FKBP12.6 from the calcium release channel (ryanodine receptor): defec-
tive regulation in failing hearts. Cel/ 101, 365-376

3. Belevych, A. E., Radwanski, P. B., Carnes, C. A, and Gydrke, S. (2013)
“Ryanopathy”: causes and manifestations of RyR2 dysfunction in heart
failure. Cardiovasc. Res. 98, 240 —247

4. Kubalova, Z., Terentyev, D., Viatchenko-Karpinski, S., Nishijima, Y.,
Gyorke, I, Terentyeva, R., da Cuiha, D. N,, Sridhar, A., Feldman, D. S,,
Hamlin, R. L., Carnes, C. A., and Gyorke, S. (2005) Abnormal intrastore
calcium signaling in chronic heart failure. Proc. Natl. Acad. Sci. U.S.A. 102,
14104 -14109

5. Domeier, T. L., Blatter, L. A., and Zima, A. V. (2009) Alteration of sarco-
plasmic reticulum Ca®" release termination by ryanodine receptor sensi-
tization and in heart failure. . Physiol. 587, 5197-5209

6. Zima, A. V., Bovo, E., Bers, D. M., and Blatter, L. A. (2010) Ca** spark-de-
pendent and -independent sarcoplasmic reticulum Ca®" leak in normal
and failing rabbit ventricular myocytes. J. Physiol. 588, 4743—4757

7. Nishi, M., Komazaki, S., lino, M., Kangawa, K., and Takeshima, H. (1998)
Mitsugumin23, a novel transmembrane protein on endoplasmic reticu-
lum and nuclear membranes. FEBS Lett. 432, 191-196

8. Venturi, E., Mio, K., Nishi, M., Ogura, T., Moriya, T., Pitt, S.]., Okuda, K.,
Kakizawa, S., Sitsapesan, R., Sato, C., and Takeshima, H. (2011) Mitsugu-
min 23 forms a massive bowl-shaped assembly and cation-conducting
channel. Biochemistry 50, 2623—2632

9. Takeshima, H., Venturi, E., and Sitsapesan, R. (2015) New and notable
ion-channels in the sarcoplasmic/endoplasmic reticulum: do they support
the process of intracellular Ca*>* release? J. Physiol. 593, 3241-3251

J. Biol. Chem. (2017) 292(32) 13361-13373 13371

6T0Z ‘82 JOQWIBAON U0 SMBIPUY IS 10 Alun e /BIo-og -mmmy/:dny wol) pepeojumod


http://www.jbc.org/cgi/content/full/M117.781708/DC1
http://www.jbc.org/cgi/content/full/M117.781708/DC1
http://www.jbc.org/

Zn?* and SR Ca®* leak

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Ciofalo, F. R., and Thomas, L. J., Jr. (1965) The effects of zinc on contrac-
tility, membrane potentials, and cation content of rat atria. J. Gen. Physiol.
48, 825—-839

Kalfakakou, V. P., Evangelou, A. M., Benveniste, J., and Arnoux, B. (1993)
The effects of Zn>* on guinea pig isolated heart preparations. Biol. Trace
Elem. Res. 38, 289 —-299

Yi, T., Vick, J. S., Vecchio, M. J., Begin, K. ], Bell, S. P., Delay, R. J., and
Palmer, B. M. (2013) Identifying cellular mechanisms of zinc-induced re-
laxation in isolated cardiomyocytes. Am. J. Physiol. Heart Circ. Physiol.
305, H706 -H715

Chabosseau, P., Tuncay, E., Meur, G., Bellomo, E. A., Hessels, A., Hughes,
S., Johnson, P. R., Bugliani, M., Marchetti, P., Turan, B., Lyon, A. R., Merkx,
M., and Rutter, G. A. (2014) Mitochondrial and ER-targeted eCALWY
probes reveal high levels of free Zn**. ACS Chem. Biol. 9, 2111-2120
Tuncay, E., Bilginoglu, A., Sozmen, N. N., Zeydanli, E. N., Ugur, M., Vas-
sort, G., and Turan, B. (2011) Intracellular free zinc during cardiac
excitation— contraction cycle: calcium and redox dependencies. Cardio-
vasc. Res. 89, 634 — 642

Woodier, J., Rainbow, R. D., Stewart, A.]., and Pitt, S.J. (2015) Intracellular
zinc modulates cardiac ryanodine receptor-mediated calcium release.
J. Biol. Chem. 290, 17599 -17610

Meissner, G., and Henderson, J. S. (1987) Rapid Ca** release from cardiac
sarcoplasmic reticulum vesicles is dependent on Ca>* and is modulated by
Mg“, adenine nucleotide, and calmodulin. J. Biol. Chem. 262, 3065—3073
Laver, D. R, Roden, L. D., Ahern, G. P., Eager, K. R,, Junankar, P. R., and
Dulhunty, A. F. (1995) Cytoplasmic Ca®" inhibits the ryanodine receptor
from cardiac muscle. /. Membr. Biol. 147,7-22

Meissner, G. (1984) Adenine nucleotide stimulation of Ca**-induced
Ca®" release in sarcoplasmic reticulum. /. Biol. Chem. 259, 2365—2374
Coronado, R., Morrissette, J., Sukhareva, M., and Vaughan, D. M. (1994)
Structure and function of ryanodine receptors. Am. J. Physiol. 266,
C1485-C1504

Meissner, G. (1994) Ryanodine receptor/Ca" release channels and their
regulation by endogenous effectors. Annu. Rev. Physiol. 56, 485—-508
Laver, D. R,, Baynes, T. M., and Dulhunty, A. F. (1997) Magnesium inhi-
bition of ryanodine-receptor calcium channels: evidence for two indepen-
dent mechanisms. J. Membr. Biol. 156, 213-229

Smith, J. S., Imagawa, T., Ma, J., Fill, M., Campbell, K. P., and Coronado, R.
(1988) Purified ryanodine receptor from rabbit skeletal muscle is the cal-
cium-release channel of sarcoplasmic reticulum. . Gen. Physiol. 92, 1-26
Ashley, R. H., and Williams, A. J. (1990) Divalent cation activation and
inhibition of single calcium release channels from sheep cardiac sarcoplas-
mic reticulum. J. Gen. Physiol. 95, 981-1005

Walweel, K., Molenaar, P., Imtiaz, M. S., Denniss, A., Dos Remedios, C.,
van Helden, D. F., Dulhunty, A. F., Laver, D. R., and Beard, N. A. (2017)
Ryanodine receptor modification and regulation by intracellular Ca®* and
Mg*" in healthy and failing human hearts. J. Mol. Cell Cardiol. 104, 53— 62
Ayaz, M., and Turan, B. (2006) Selenium prevents diabetes-induced alter-
ations in [Zn**], and metallothionein level of rat heart via restoration of
cell redox cycle. Am. J. Physiol. Heart Circ. Physiol. 290, H1071-H1080
Sitsapesan, R., and Williams, A. J. (1990) Mechanisms of caffeine activa-
tion of single calcium-release channels of sheep cardiac sarcoplasmic re-
ticulum. J. Physiol. 423, 425—439

Giordano, F.J. (2005) Oxygen, oxidative stress, hypoxia, and heart failure.
J. Clin. Invest. 115, 500 -508

Lin, C. L., Tseng, H. C., Chen, R. F., Chen, W. P., Su, M. ], Fang, K. M., and
Wu, M. L. (2011) Intracellular zinc release-activated ERK-dependent
GSK-3B-p53 and Noxa—Mcl-1 signaling are both involved in cardiac is-
chemic-reperfusion injury. Cell Death Differ. 18, 1651-1663

Kleinfeld, M., and Stein, E. (1968) Action of divalent cations on membrane
potentials and contractility in rat atrium. Am. J. Physiol. 215, 593-599
Bodiga, V. L., Thokala, S., Kovur, S. M., and Bodiga, S. (2017) Zinc dysho-
meostasis in cardiomyocytes after acute hypoxia/reoxygenation. Biol.
Trace Elem. Res. 10.1007/s12011-017-0957-7

Smith, J. S., Coronado, R., and Meissner, G. (1986) Single channel mea-
surements of the calcium release channel from skeletal muscle sarcoplas-
mic reticulum. J. Gen. Physiol. 88, 573-588

13372 J Biol. Chem. (2017) 292(32) 13361-13373

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

46.

47.

48.

49.

50.

51.

52.

53.

Que, E. L., Bleher, R, Duncan, F. E,, Kong, B. Y., Gleber, S. C., Vogt, S.,
Chen, S., Garwin, S. A,, Bayer, A. R,, Dravid, V. P., Woodruff, T. K., and
O’Halloran, T. V. (2015) Quantitative mapping of zinc fluxes in the mam-
malian egg reveals the origin of fertilization-induced zinc sparks. Nat.
Chem. 7,130-139

Little, P. J., Bhattacharya, R., Moreyra, A. E., and Korichneva, I. L. (2010)
Zinc and cardiovascular disease. Nutrition 26, 1050 —1057

Hare, D., Bishop, D., Austin, C., and Doble, P. (2009) The answer is ele-
mental. The Biochemist 31, 46 —49

Atar, D., Backx, P. H., Appel, M. M., Gao, W. D., and Marban, E. (1995)
Excitation-transcription coupling mediated by zinc influx through
voltage-dependent calcium channels. J. Biol. Chem. 270, 24732477

Yi, T., Cheema, Y., Tremble, S. M., Bell, S. P., Chen, Z., Subramanian, M.,
LeWinter, M. M., VanBuren, P., and Palmer, B. M. (2012) Zinc-induced
cardiomyocyte relaxation in a rat model of hyperglycemia is independent
of myosin isoform. Cardiovasc. Diabetol. 11, 135

Turan, B. (2003) Zinc-induced changes in ionic currents of cardiomyo-
cytes. Biol. Trace Elem. Res. 94, 49 — 60

Qin, Y., Dittmer, P. J., Park, J. G., Jansen, K. B., and Palmer, A. E. (2011)
Measuring steady-state and dynamic endoplasmic reticulum and Golgi
Zn*" with genetically encoded sensors. Proc. Natl. Acad. Sci. U.S.A. 108,
7351-7356

Zhao, L., Oliver, E., Maratou, K., Atanur, S. S., Dubois, O. D., Cotroneo, E.,
Chen, C.-N., Wang, L., Arce, C., Chabosseau, P. L., Ponsa-Cobas, ., Frid,
M. G., Moyon, B., Webster, Z., Aldashev, A., et al. (2015) The zinc trans-
porter ZIP12 regulates the pulmonary vascular response to chronic hy-
poxia. Nature 524, 356 —360

Jabr, R. L, Toland, H., Gelband, C. H., Wang, X. X., and Hume, J. R. (1997)
Prominent role of intracellular Ca®" release in hypoxic vasoconstriction of
canine pulmonary artery. Br. J. Pharmacol. 122, 21-30

Dipp, M., and Evans, A. M. (2001) Cyclic ADP-ribose is the primary trigger
for hypoxic pulmonary vasoconstriction in the rat lung in situ. Circ. Res.
89, 77-83

Guazzi, M., and Borlaug, B. A. (2012) Pulmonary hypertension due to left
heart disease. Circulation 126, 975-990

Moraes, D. L., Colucci, W. S., and Givertz, M. M. (2000) Secondary pul-
monary hypertension in chronic heart failure: the role of the endothelium
in pathophysiology and management. Circulation 102, 1718 -1723
Maret, W. (1994) Oxidative metal release from metallothionein via zinc-
thiol/disulfide interchange. Proc. Natl. Acad. Sci. U.S.A. 91, 237-241
Maret, W. (1995) Metallothionein/disulfide interactions, oxidative stress,
and the mobilization of cellular zinc. Neurochem. Int. 27,111-117
Santulli, G., Xie, W, Reiken, S. R., and Marks, A. R. (2015) Mitochondrial
calcium overload is a key determinant in heart failure. Proc. Natl. Acad.
Sci. U.S.A. 112, 11389 -11394

McCord, M. C., and Aizenman, E. (2014) The role of intracellular zinc
release in aging, oxidative stress, and Alzheimer’s disease. Front. Aging
Neurosci. 6, 77

Dineley, K. E., Richards, L. L., Votyakova, T. V., and Reynolds, I. J. (2005)
Zinc causes loss of membrane potential and elevates reactive oxygen spe-
cies in rat brain mitochondria. Mitochondrion 5, 55— 65

Galfré, E., Pitt, S. J., Venturi, E., Sitsapesan, M., Zaccai, N. R., Tsaneva-
Atanasova, K., O'Neill, S., and Sitsapesan, R. (2012) FKBP12 activates the
cardiac ryanodine receptor Ca*>"-release channel and is antagonized by
FKBP12.6. PLoS ONE 7, €31956

Carter, S., Colyer, J., and Sitsapesan, R. (2006) Maximum phosphorylation
of the cardiac ryanodine receptor at serine 2809 by protein kinase A pro-
duces unique modifications to channel gating and conductance not ob-
served at lower levels of phosphorylation. Circ. Res. 98, 15061513
Jiang, M. T., Lokuta, A. ], Farrell, E. F., Wolff, M. R., Haworth, R. A., and
Valdivia, H. H. (2002) Abnormal Ca®" release, but normal ryanodine re-
ceptors, in canine and human heart failure. Circ. Res. 91, 1015-1022
Stange, M., Xu, L., Balshaw, D., Yamaguchi, N., and Meissner, G. (2003)
Characterization of recombinant skeletal muscle (Ser-2843) and cardiac
muscle (Ser-2809) ryanodine receptor phosphorylation mutants. J. Biol.
Chem. 278, 51693-51702

Tuncay, E., Okatan, E. N,, Toy, A., and Turan, B. (2014) Enhancement of
cellular antioxidant-defence preserves diastolic dysfunction via regulation

SASBMB

6T0Z ‘82 JOQWIBAON U0 SMBIPUY IS 10 Alun e /BIo-og -mmmy/:dny wol) pepeojumod


http://www.jbc.org/

54.

55.

56.

57.

58.

59.

of both diastolic Zn>" and Ca®* and prevention of RyR2-leak in hypergly-
cemic cardiomyocytes. Oxid. Med. Cell Longev. 2014, 290381

Xiao, B., Jiang, M. T., Zhao, M., Yang, D., Sutherland, C., Lai, F. A., Walsh,
M. P, Warltier, D. C., Cheng, H., and Chen, S. R. (2005) Characterization
of a novel PKA phosphorylation site, serine 2030, reveals no PKA hyper-
phosphorylation of the cardiac ryanodine receptor in canine heart failure.
Circ. Res. 96, 847—855

Ullrich, N. D., Valdivia, H. H., and Niggli, E. (2012) PKA phosphorylation
of cardiac ryanodine receptor modulates SR luminal Ca®* sensitivity. /.
Mol. Cell Cardiol. 53, 33—42

Lakatta, E. G. (1992) Functional implications of spontaneous sarcoplasmic
reticulum Ca®" release in the heart. Cardiovasc. Res. 26, 193-214

Guo, X., Chapman, D., and Dhalla, N. S. (2003) Partial prevention of
changes in SR gene expression in congestive heart failure due to myocar-
dial infarction by enalapril or losartan. Mol. Cell. Biochem. 254, 163—172
Meyer, M., Schillinger, W., Pieske, B., Holubarsch, C., Heilmann, C., Po-
sival, H., Kuwajima, G., Mikoshiba, K., Just, H., and Hasenfuss, G. (1995)
Alterations of sarcoplasmic reticulum proteins in failing human dilated
cardiomyopathy. Circulation 92,778 —784

O'Rourke, B, Kass, D. A., Tomaselli, G. F., Kaéb, S., Tunin, R.,and Marban,
E. (1999) Mechanisms of altered excitation-contraction coupling in ca-
nine tachycardia-induced heart failure, II. model studies. Circ. Res. 84,
562-570

SASBMB

60.

61.

62.

63.

64.

65.

66.

Zn** and SR Ca?* leak

Yamazaki, T., Sasaki, N., Nishi, M., and Takeshima, H. (2010) Facilitation
of DNA damage-induced apoptosis by endoplasmic reticulum protein
mitsugumin?23. Biochem. Biophys. Res. Commun. 392, 196 —200
Takeshima, H., Iino, M., Takekura, H., Nishi, M., Kuno, J., Minowa, O.,
Takano, H., and Noda, T. (1994) Excitation-contraction uncoupling and
muscular degeneration in mice lacking functional skeletal muscle ryano-
dine-receptor gene. Nature 369, 556 —559

Colquhoun, D., and Sigworth, F.]. (1983) Fitting and statistical analysis of
single-channel recording. in Single-channel recording (Sakmann, B., and
Nebher, E., eds.) pp. 191-263, Plenum Press, New York

Pitt, S. J., Lam, A. K, Rietdorf, K., Galione, A., and Sitsapesan, R. (2014)
Reconstituted human TPC1 is a proton-permeable ion channel and is
activated by NAADP or Ca®". Sci. Signal. 7, ra46

Tsien, R. Y. (1980) New calcium indicators and buffers with high selectiv-
ity against magnesium and protons: design, synthesis, and properties of
prototype structures. Biochemistry 19, 2396 —2404

Bologni, L., Sabatini, A., and Vacca, A. (1983) Complex formation equilib-
ria between 2-amino-2(hydroxymethyl)-1,3,-propanediol (tris, tham) and
nickel(Il), copper(II), zinc(Il) and hydrogen ions in aqueous solutions.
Inorganica Chimica Acta 69, 71-75

Benters, J., Flogel, U., Schifer, T., Leibfritz, D., Hechtenberg, S., and
Beyersmann, D. (1997) Study of the interactions of cadmium and zinc
ions with cellular calcium homoeostasis using '°F NMR spectroscopy.
Biochem. J. 322, 793-799

J. Biol. Chem. (2017) 292(32) 13361-13373 13373

6T0Z ‘82 JOQWIBAON U0 SMBIPUY IS 10 Alun e /BIo-og -mmmy/:dny wol) pepeojumod


http://www.jbc.org/

Dysregulated Zn?* homeostasis impairscardiac type-2 ryanodine&eceptor and
mitsugumin 23 functions, leading to sar coplasmic reticulum Ca <t leakage
Benedict Reilly-O'Donnell, Gavin B. Robertson, Angela Karumbi, Connor Mclntyre,
Wojciech Bal, Miyuki Nishi, Hiroshi Takeshima, Alan J. Stewart and Samantha J. Pitt

J. Biol. Chem. 2017, 292:13361-13373.
doi: 10.1074/jbc.M117.781708 originally published online June 19, 2017

Access the most updated version of this article at doi: 10.1074/jbc.M117.781708

Alerts:
* When this article is cited
* When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

Supplemental material:
http://www.jbc.org/content/suppl/2017/06/19/M117.781708.DC1

This article cites 65 references, 24 of which can be accessed free at
http://www.jbc.org/content/292/32/13361.full.ntml#ref-list-1

6T0Z ‘82 JOGUBAON U0 SMBIPUY IS JO AlUM T /B10°0q [ mmaw/:diy WoJy pepeojumoq


http://www.jbc.org/lookup/doi/10.1074/jbc.M117.781708
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;292/32/13361&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/292/32/13361
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=292/32/13361&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/292/32/13361
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/suppl/2017/06/19/M117.781708.DC1
http://www.jbc.org/content/292/32/13361.full.html#ref-list-1
http://www.jbc.org/

