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Abstract
The cardiac ryanodine receptor (RyR2) is an intracellular ion channel that regulates Ca2+

release from the sarcoplasmic reticulum (SR) during excitation–contraction coupling in the

heart. The glutathione transferases (GSTs) are a family of phase II detoxification enzymes

with additional functions including the selective inhibition of RyR2, with therapeutic implica-

tions. The C-terminal half of GSTM2 (GSTM2C) is essential for RyR2 inhibition, and muta-

tions F157A and Y160A within GSTM2C prevent the inhibitory action. Our objective in this

investigation was to determinewhether GSTM2C can enter cultured rat neonatal ventricular

cardiomyocytes and influence contractility. We show that oregon green-tagged GSTM2C

(at 1 μM) is internalized into the myocytes and it reduces spontaneous contraction fre-
quency and myocyte shortening.Field stimulation of myocytes evoked contraction in the

same percentage of myocytes treated either with media alone or media plus 15 μM
GSTM2C. Myocyte shorteningduring contraction was significantly reduced by exposure to

15 μMGSTM2C, but not 5 and 10 μMGSTM2C and was unaffected by exposure to 15 μM
of the mutants Y160A or F157A. The amplitude of the Ca2+ transient in the 15 μMGSTM2C

- treatedmyocytes was significantly decreased, the rise time was significantly longer and

the decay time was significantly shorter than in control myocytes. The Ca2+ transient was

not altered by exposure to Y160A or F157A. The results are consistent with GSTM2C enter-

ing the myocytes and inhibiting RyR2, in a manner that indicates a possible therapeutic

potential for treatment of arrhythmia in the neonatal heart.

Introduction
The glutathione transferases (EC 2.5.1.18) (GSTs) are a major family of phase II detoxification
enzymes that conjugate the tripeptide glutathione (GSH) to a wide range of endogenous and
exogenous toxins [1]. GSTs also have a range of other significant functions and are implicated
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in the modulation of cell signaling kinases such as JUNK and ASK-1 [2–4], the synthesis of ste-
roid hormones [5], the catabolism of tyrosine [6, 7] and in the activation of interleukin 1β [8].
We discovered that members of GST structural family modulate ryanodine receptor (RyR)
Ca2+ release channels isolated from cardiac and skeletal muscle [9]. GSTM2 is specifically
expressed in human skeletal and cardiac muscle [10] and was identified as an inhibitor of car-
diac ryanodine receptor (RyR2), but not skeletal ryanodine receptor (RyR1), channels [11, 12].
RyRs are a class of ligand-gated cation channels that are embedded in the membrane of intra-
cellular Ca2+ stores within endoplasmic reticulum (ER) in smoothmuscle and non-muscle
cells and sarcoplasmic reticulum (SR) in striated muscle fibers [13, 14]. The normal physiologi-
cal function of GSTM2, in addition to its GSH conjugation, appears to be an anti-arrhythmic
stabilization of RyR2 activity [11, 12] which can be overridden by pro-arrhythmic factors in
cardiac disorders. Therefore the selective inhibition of RyR2 by the C-terminal half of GSTM2
(GSTM2C) has significant clinical potential in the treatment of inherited and acquired RyR
Ca2+-handling based arrhythmia where RyR2 channels are abnormally active, inducing
arrhythmias and reducing Ca2+ store filling during diastole and contractility.

We have shown that GSTM2 binds to RyR2 through its C-terminal domain and that this α-
helical domain inhibits RyR2 function, but has no effect on skeletal muscle RyR1 Ca2+ channels
[11]. Helix 6 is a core element of GSTM2C that is essential for RyR2 inhibition [12]. Helix 6
has also been shown to play a key role in global folding of the cytosolic GST family [15]. Spe-
cific mutations in helix 6 (Fig 1) showed that two residues, F157A and Y160A prevent the C-
terminal half of the protein from exerting its normal inhibitory action on RyR2 channels [11].
Furthermore, we find that the selective inhibition of RyR2 by GSTM2C is due to its interaction
with amino acids within the divergent region 3 (D3 region) of cardiac ryanodine receptor [16].
We have also shown that GSTM2C can enter cells and carry cargo [17] and is taken up by
adult mouse cardiomyocytes, altering Ca2+ signaling and contraction in a manner consistent
with a direct action on RyR2 [18].

A remaining question is whether GSTM2C has a similar action on neonatal cardiomyocytes
where Ca2+ signaling during contraction depends on a different combination of ion channels,
including a contribution of Ca2+ from inositol 1,4,5-trisphosphate (IP3) sensitive stores to con-
traction [21]. In contrast to adult myocytes, it has been reported that the changes in the excita-
tion-contraction coupling occurringduring a 7 day postnatal period in rat cardiomyocytes are
essentially the same in primary culture and in the postnatal period in vivo [22]. Therefore the
objective of the present investigation was to determine whether GSTM2C enters cultured neo-
natal ventricular cardiomyocytes and to assess the effect of GSTM2C and its mutants F157A,
Y160A on the contractility and Ca2+ transients in these cells, to evaluate the generality of the
use of GSTM2C to suppress RyR2 activity at different stages of cellular development. The
results showed that GSTM2C can indeed enter these cultured neonatal myocytes and reduces
spontaneous and externally electrically triggered contractility and Ca2+ transients.

Methods

Reagents
The plasmids for the expression of recombinant GSTM2C and its mutants F157A and Y160A
were constructed as described in our previous paper [12]. All other chemicals were purchased
from Sigma–Aldrich Pty. Ltd (PO Box 970, Castle Hill, NSW 1765, Australia.

Expression and purificationof recombinantGSTM2C
Recombinant GSTM2C was expressed in E. coli from a pHUE vector and purified by Ni-aga-
rose affinity chromatography as previously described [11]. The poly His-ubiquitin tag used for
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the affinity chromatography was subsequently cleaved by digestion with a catalytic fragment of
the deubiquitylating enzymemouse Usp 2 [23]. This strategy provides recombinant GSTM2C
without any additional residues [12]. The numbering of residues mutated in the C-terminal
domain is based on the whole GSTM2 protein.

Isolation of neonatal ventricular cardiomyocytes from rats
The isolation and culture of cardiomyocytes was conducted as described in [24]. All experi-
ments were specifically approved by the Animal Experimentation Ethics Committee (AEEC)
of the Australian National University, and carried out according to the guidelines of the AEEC
in compliance with the Australian Code of Practice for the Care and Use of Animals for Scien-
tific Purposes.Neonatal Wistar rats (1–2 days old) obtained from the ANU Bioscience Services
were sacrificedby decapitation with sharp surgical scissors. The dissociated ventricular cells
were transferred to collagen coated plates and cultured in Complete Dulbecco'smodified
Eagle's medium (CDMEM). Fetal calf serumwas omitted from the culture media to avoid mas-
sive fibroblast contamination of the primary cultures. All experiments were performed on day
4 of culture.

Immunostainingwith anti-α-actinin
Cells were fixed with 4% paraformaldehyde for 20 min, permeabilizedwith 0.1% Triton-X-100
in PBS for 10 min and incubated for 1 h with monoclonal anti α-actinin (sarcomeric) primary
antibody at 1:200 dilution. Secondary antibody, Alexafluor 568 goat anti mouse IgG (excita-
tion/emissionmaxima ~578/603 nm), was added at 1:100 dilution and observed in Leica SP5
confocal microscope (Leica,Mannheim, Germany). The immunostaining allowed distinction

Fig 1. Structure of GSTM2 and GSTM2C. A: GSTM2with the N-terminal thioredoxin domain shown in blue and the C-terminalhelical
domain in green. The binding site for reduced glutathione is indicated in light blue (structure fromPDB entry 1XW5 [19]).B: The C-terminal
domain,GSTM2C, containing α helices 4–8 labelled α4 – α8. Helix α6 is highlighted in blue and residues F157 and Y160 located in helix 6
shown in red with predicted stabilizing interactionswith helix 7 [20]. The GSTM2Cstructure is predicted from the complete crystal structure
(PDB entry 1XW5 [19]).

doi:10.1371/journal.pone.0162415.g001
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of cardiomyocytes from fibroblasts and then allowed confirmation that the cardiomyocytes
were able to accumulate GSTM2C.

GSTM2Cuptake into cardiomyocytes
GSTM2C was fluorescently labelled with Oregon Green (GSTM2C-OG) [17]. Cardiomyocytes
were incubated with 1 μM GSTM2C-OG for 24 h to allowmaximal uptake as some material
may have been lost during Triton-X-100 treatment in experiments requiring subsequent
immunostaining. In this experiment cells mounted on coverslips were thoroughly washed and
observedunder Leica SP5 confocal microscope and a series of images were taken through the
Z-plane. The time course of uptake of GSTM2C into spontaneously contracting cardiomyo-
cytes was also determined. Cells mounted on coverslips were treated with 1 μM GSTM2C-OG,
and images were taken every 20 min up to 3 h. Oregon Green Fluorescence emission was cap-
tured at 514 nm using an argon 488 nm laser line.

Spontaneous contraction
Cardiomyocytes were placed on a heated stage maintained at 37°C with CO2/air (5%/95%)
flowing over the cells. Images of contractingmyocytes were recorded using a JVC video camera
attached to a Nikon TE2000-Umicroscope. Cells were kept on the stage without changing the
field of view. Then the CDMEMwas exchanged with fresh CDMEM containing 15 μMWT or
mutant GSTM2C and images of contractions again recorded after 2 h. Images of relaxed and
maximally shortenedmyocytes were selected. A line was drawn along the axis of contraction
within the cell between landmark points that were visible before and after incubation. The
maximum and minimum lengths respectively measured with Image pro plus 6.2 software.

Field stimulated contraction
Cells were stimulated via a pair of parallel Pt electrodes located 2 mm apart on either side of
the coverslip with 2 ms, ~3 V pulses, delivered in a train of 5 pulses at 1 Hz. The polarity of the
stimulus was reversed every fourth train to avoid buildup of electrolyte by-products. To opti-
mize the pulse parameters, the voltage was slowly increased until threshold contraction was
observed, then the voltage adjusted to a level that was 20% higher than the threshold. Control
contractions were recorded at the beginning of the experiment and then the cells were treated
for 2 h with 5, 10 or 15 μM GSTM2C, or mutants, while on the stage without changing the field
of view and without stimulation. After 2 h the same cells were stimulated and contraction
recorded. The most contracted and relaxed images were selected and analysed in the same way
as spontaneous contraction (2.0.6).

Ca2+ transients
The cardiomyocytes were treated with either vehicle alone (control) or vehicle plus GSTM2C
constructs at a final concentration of 15 μM and incubated for 2 h. The cells were then loaded
with the fluo-4 AM Ca2+ indicator and imaged using a Leica SP5 confocal microscope in line
scan (x-t) mode. Fluo 4 AMwas excited using the 488 nm Argon laser and the line scan was
positioned parallel to the longitudinal axis of the cell. Cells were paced at 1 Hz using a 2 ms
pulse with a voltage approximately 20% above the contraction threshold. Leica Application
Suite Advanced Fluorescence software was used for data acquisition; to correct line scans for
background fluorescence and to calculate relative fluorescence (ΔF/F0). Axograph X software
(Axograph, Berkely, USA) was used to obtain values for the peak amplitude, rise time from

GSTM2C Inhibits Neonatal Cardiomyocyte Ca2+ Cycling and Contraction

PLOSONE | DOI:10.1371/journal.pone.0162415 September 9, 2016 4 / 17



10% to 90% of the peak and decay time from the peak to 50% of the peak of the ΔF/F0
transients.

Statistics
Average data are given as mean ± SEM. Statistical significancewas evaluated using paired or
unpaired Student’s t-test as appropriate. A P value of<0.05 was considered significant.

Results

Identificationof cardiomyocytes and uptake of GSTMC-OG
In initial experiments, the neonatal myocytes were immuno-stained with anti α-actinin to dis-
tinguish cardiomyocytes from fibroblasts [25]. As expected the anti-α-actinin antibody stained
Z lines, and thus revealed the typical striations in appropriately oriented regions of the myo-
cytes (Fig 2A) [26]. Fig 2B (left) shows that a myocyte exposedGSTM2C-OG for 24 h had
accumulated the tagged protein with a characteristic punctuate green fluorescence pattern. The
same myocyte showed anti-α-actinin staining (Fig 2B center) and there was a partial overlap of
GSTM2C and α-actinin (Fig 2C right). Therefore GSTM2C does enter neonatal
cardiomyocytes.

It is notable that there were few fibroblasts in the preparations as precautions were taken to
minimise fibroblast numbers (Methods). However there appeared to be little GSTM2C in the
fibroblasts that were there, with the GSTM2C concentrations and loading times that we used.
Our previous data suggests that all cells take up GSTs, but in very different amounts, likely due
to different rates of uptake [17]. Therefore it is likely that fibroblasts accumulate GSTM2C
more slowly than the cardiomyocytes.

Time course of GSTM2Cuptake
To estimate the time course of GSTM2C uptake, myocytes were exposed to 1 μM
GSTM2C-OG for 3–4 h and fluorescence images of the same field of view taken every 20 min.
Examples of these lower magnification images taken after selected incubation periods of 20, 60
and 240 min exposure are shown in Fig 3A. It is notable that the fluorescencewithin the cells is
considerably greater than that in the background solution indicating an active uptake of
GSTM2C as reported previously [17]. Fluorescence is apparent within the cells after 20 min
incubation, and increased up to a maximum between 60 and 240 min. Similar data was
acquired at 20 min intervals up to 180 min in 10 experiments and the average data is shown in
Fig 3B, with a sigmoid curve drawn through the data. A 2 h incubation periodwas considered
optimal for cells to be maintained on the microscope stage at 37° C for subsequent contractility
and Ca2+ transient experiments.

Effect of GSTM2Con spontaneous contraction
Both spontaneous and stimulated myocyte shortening was less than 10% of the measured
length (Fig 4A, Fig 4D and Fig 5 below). This was of the same order of magnitude as that
observed in freshly isolated adult myocytes and is much less than expected, likely due to myo-
cyte adhesion to the coverslip [18]. Therefore culturedmyocyte shortening is a very indirect
measure of contractile properties and should be considered to be a qualitative rather than
quantitative indication of the effect of GSTM2C on contraction. The fraction of myocytes dem-
onstrating spontaneous contractions was significantly reduced (P<0.001) from 6.62 ± 0.92% in
the control myocytes to 1.9 ± 0.28% after incubation with 1 μM GSTM2C, (Fig 4B). The con-
traction frequencywas also significantly reduced, from 42.46 ± 5.18/min to 6.89 ± 0.92/min
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(P<0.001, Fig 4C) and the percentage shortening was significantly reduced from 7.48 ± 0.9%
to 2.88 ± 0.45% (P<0.001 (Fig 4D). Spontaneous contraction frequency can depend on multi-
ple factors. The rate of depolarization leading action potential generation in neonatal cardio-
myocytes can be set by hyperpolarization-activated cyclic nucleotide-dependent (HCN)
channels [27], and also by inward Na+ currents through the sodium/calciumexchange (NCX)
activated when cytoplasmic [Ca2+] increases [28, 29]. Thus the reduced contraction frequency,
as well as reduced shortening could be explained by the ability of GSTM2C to reduce the rate
of Ca2+ release from isolated cardiac SR and inhibit RyR2 channels [12]. However the reduced
frequency could also be attributed to effects on HCN channels, NCX and/or to action potential
failure, if GCTM2C inhibited voltage-gated Ca2+ channels. To test the ability of myocytes to

Fig 2. Cultured myocytes, identified by α-actinin staining, accumulate Oregon Green conjugated GSTM2C. A:
Longitudinal view of fixed cultured neonatal cardiomyocytes showing the striations of Z-lines labelled with α-actininwhen
regions of themyocytes were orientedwith Z-lines at right angles to the beam.B: A transversely sectioned cardiomyocyte that
had been exposed to GSTM2C-OG for 24 h, then fixed and immunostained with α-actinin antibody. Left–strong accumulation of
GSTM2C-OGwithin the cytoplasm in a typical punctate distribution. Middle– α-actinin antibody staining of cross-sectioned Z-
lines. Right–superimposedGSTM2C-OGand α-actinin stained images showing cross-sectioned Z-lineswithin the
GSTM2C-OG stained cytoplasm.

doi:10.1371/journal.pone.0162415.g002
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Fig 3. Time course of GSTM2C uptake into cardiomyocytes.Coverslips containing live cardiomyocytes were
exposed to GSTM2C-OG for 3 to 4 h with images obtained every 20 min throughout the exposure. The field of view
and detector settingswere maintained throughout the experiment.A: Images after 20, 40 and 240min exposure to
1 μMGSTM2C-OG. A transmission image is shown in the left and fluorescent image on the right.B:Mean
fluorescence of cells. The average fluorescence within the field of view (in arbitraryunits) ±1 SEM for the 10
experiments incubatedwith GSTM2C-OG for at least 180min is plotted as a function of time (n = 10 for each time
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generate action potentials, we examined the effect of GSTM2C on their ability to contract in
response to field stimulation.

Effect of GSTM2Conmyocyte response to field stimulation
For this experiment the concentration of GSTM2C was increased to 15 μM to ensure that both
specific and non-specific actions of GSTM2C could be observed.We measured the fraction of
myocytes responding to electrical stimulation, irrespective of the strength of the response, in
order to explore possible effects of GSTM2C on the ability of the myocytes to generate action
potentials. The number of myocytes that contracted in response to field stimulation was higher
than the numbers of spontaneously contractingmyocytes. The percentage of myocytes that
responded to field stimulation was measured immediately before exposure to control CDMEM
or GSTM2C-containing CDMEM and then measured again after 2 h exposure to the solutions.
The field of view, temperature, stimulation frequency, duration and voltage were kept constant.
The rationale was that, if action potential generation was affected by GSTM2C, the percentage
of the myocytes that could be activated would be reduced after incubation in GSTM2C. How-
ever as shown in Fig 4E, the relative numbers of excitable myocytes were not significantly dif-
ferent between the pre- and post- incubation sessions, in either the absence or the presence of
GSTM2C. Thus, it was concluded that action potential generation was not reduced by either
the period of incubation or by exposure to GSTM2C. Although, with the present experiments,
it remained possible that the GSTM2C altered action potential amplitude or duration, the
reduced spontaneous contraction frequencywith GSTM2C along with the reduced spontane-
ous shortening is consistent with the known inhibitory effects of GSTM2C on RyR2 [12]. RyR2
inhibition would lead to reduced Ca2+ leak through RyR2, lower cytoplasmic Ca2+ concentra-
tion, reduced NCX activity and Na+ influx and hence a reduction in the generation of sponta-
neous Ca2+ oscillations [12]. The effect of GSTM2C on shortening is also consistent with a
reduced amount Ca2+ released from the SR in response to the spontaneous action potentials.

Electrically stimulated contractionwas reduced by 15 μMGSTM2C
As with spontaneous myocyte shortening, electrically stimulated shortening was reduced sig-
nificantly after exposure to 15 μM of GSTM2C (Fig 5A and 5B). A trend towards a concentra-
tion-dependent reduction in contractility was observedbetween 5 μM, 10 μM to 15 μM
GSTM2C, where the average shortening was 3.0%, 10.9% and 42.8% of control respectively
(Fig 5A). Although the stimulation-evoked contractions were seen in the same number of myo-
cytes before and after the 2 h incubation with 15 μM GSTM2C, the degree of shortening was
significantly reduced (P<0.001). Such a result would be expected if action potential-induced
Ca2+ release through RyR2 was reduced after incubation in GSTM2C as shown in adult cardio-
myocytes [18]. In contrast to GSTM2C, neither 15 μM F157A nor 15 μM Y160A altered field-
stimulated shortening (Fig 5B), consistent with the lack of an effect of these constructs on sin-
gle channel activity or on Ca2+ release from cardiac SR [12].

Effect of GSTM2C constructs on electrically evoked Ca2+ transients
The peak amplitude, rise time and decay time were measured for each Ca2+ transient in the
train of five pulses (Fig 6A and 6B). Control Ca2+ transients were obtained from untreated
myocytes and test Ca2+ transients obtained after 2 h exposure to 15 μM GSTM2C, F157A or

point). Standard error bars are not apparent when they fall within the dimensions of the symbol. The solid line shows
a sigmoid curve fitted to the data.

doi:10.1371/journal.pone.0162415.g003
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Fig 4. Contractile parameters of spontaneously contracting myocytes are reduced by GSTM2C, but the fraction of cells
responding to electrical stimulation is unaffected. The contractile parameters of spontaneously contracting cardiomyocytes
measured after 2 h incubation with either CDMEMmedia (control) or CDMEMmedia plus 1 μMGSTM2C.A: Transmission
images of a myocyte in its maximally relaxed (left) andmaximally shortened(right) state. The solid horizontal lines are through

GSTM2C Inhibits Neonatal Cardiomyocyte Ca2+ Cycling and Contraction

PLOSONE | DOI:10.1371/journal.pone.0162415 September 9, 2016 9 / 17



Y160A. The amplitude of the Ca2+ transient in the GSTM2C- treated cells was significantly less
than amplitude of the Ca2+ transient in the untreated control myocytes (P<0.001) (Fig 6C).
The rise time, i.e. the time taken for cytosolic Ca2+ to increase from 10 to 90%, increased signif-
icantly in the GSTM2C-treated cells (Fig 6D) suggesting a reduced rate of Ca2+ release from

the same identifiable points in both the relaxed and contracted images. The thick red line is drawn between the identifiable points
and indicate the measured lengths, R in the relaxed image andC in the contracted image. The thinner broken red line on the
contracted image is the superimposedR length and is included to visualise the degree of shortening.Percentage shortening is
given by ((R—C)/(R))*100. This methodwas also used in Fig 5C below. B: Percentage of spontaneously contracting cells
(n = 20–30 fields of view).C: Frequency of spontaneous contractions (n = 30myocytes).D:Myocyte shortening, with the most
contracted (shortest) length expressed as a percentage of the relaxed length (n = 25 myocytes). All parameterswere
significantly reduced (P<0.001) after the cardiomyocytes were treatedwith GSTM2C, compared to exposure to the control
solution. The data is presented as themean ± SEM (measurements on myocytes from each of 5 separate cultures). E: The
percentage of cells responding to external electrical stimulation measured before and then after exposure CDMEMmedia alone
(control, n = 10 fields of view) or CDMEM plus 15 μMGSTM2C (n = 17 fields of view) for 2 h. Data was obtained from 5 different
cultures. The field of view was not altered during the 2 h incubation. The data is presented as themean ± SEM.

doi:10.1371/journal.pone.0162415.g004

Fig 5. GSTM2C reduces field-stimulated myocyte shortening. A: The concentration -dependence of
GSTM2C action onmyocyte shortening.The percentage shorteningwas calculated for eachmyocyte before
exposure to GSTM2C (control) and after (test) 2 h exposure to 5, 10 and 15 μMGSTM2C (n = 20–30 control
myocytes and 20–30myocytes after exposure to each concentration of GSTM2C, data from 5 different
cultures). A significant reduction in shorteningwas observed only in themyocytes treatedwith 15 μM
GSTM2C. B:A comparison of the activity of GSTM2 constructs on the percentage shortening.GSTM2C,
n = 22myocytes; F157A, n = 20 myocytes; Y160A, n = 27myocytes. Data were obtained from 6 different
cultures and are presentedas mean ± SEM.

doi:10.1371/journal.pone.0162415.g005

GSTM2C Inhibits Neonatal Cardiomyocyte Ca2+ Cycling and Contraction

PLOSONE | DOI:10.1371/journal.pone.0162415 September 9, 2016 10 / 17



Fig 6. GSTM2C alters Ca2+ cycling in field stimulated myocytes. A and B:A train of 5 Ca2+ transients
evoked at 1 Hz in onemyocyte before (A) and after (B) exposure to 15 μMGSTM2C in arbitraryunits (AU). C-E:
The effect of 15 μMGSTM2C, F157A and Y160A on the amplitude of the Ca2+ transient (ΔF/F0) (C); rise time
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the SR. In addition, there was a significant reduction in the decay time, i.e. the time taken for
50% of Ca2+ in the sarcoplasm to be removed in the presence of GSTM2C (Fig 6E). The nett
rate of Ca2+ uptake is equal to the rate of influx into the SR via SERCAminus the rate of Ca2+

efflux (leak) from the SR through RyR2. Therefore, this result is again consistent with a reduced
Ca2+ leak from the SR during the Ca2+ uptake phase of Ca2+ cycling in the presence of
GSTM2C. The slower rate of Ca2+ release and the faster removal of Ca2+ most likely combined
to produce the reduced amplitude of the Ca2+ transient. Neither the amplitude, decay time nor
rise time were significantly altered by the F157A or Y160 mutants (Fig 6C–6E).

Discussion
In this study we provide novel evidence that GSTM2C can enter neonatal cardiomyocytes and
can profoundly alter the properties of the cells, reducing spontaneous activity and the ability of
the cells to shorten, consistent with an inhibition of Ca2+ release from the SR during spontane-
ous contractions and contraction in response to electrical field stimulation. The results are con-
sistent with the effects of GSTM2C on intact freshly isolated adult cardiomyocytes [18] and are
also consistent with a specific inhibitory effect of GSTM2C on Ca2+ release from isolated car-
diac SR vesicles and on the open probability of cardiac RyR2 channels [11, 12]. Although we
cannot exclude the possibility that GSTM2C interacts with other components of the Ca2+

cyclingmachinery, the results are consistent with the well-documented inhibitory action of the
compounds on the cardiac RyR2 channel.

Ca2+ cycling in neonatal cardiomyocytes
The Ca2+ cyclingmachinery in cultured neonatal cardiomyocytes differs from that in freshly
dissociated adult cardiomyocytes in several ways [30], including the presence of IP3 sensitive
Ca2+ stores that contribute to Ca2+ cycling [21]. However the spontaneous activity of both the
neonatal myocytes and adult cardiomyoctes reflects the activity of ion channels and NCX in
the surface membrane. There is disparity in the literature in regard to spontaneous beating of
neonatal myocytes, with some studies suggesting that the activity depends only on pacemaker
currents thoughHCN2 and HCN4 channels [27], while other studies suggest that spontaneous
oscillations in Ca2+ release from the SR in fact drive the electrical activity and contractions, via
activation of depolarizingNa+ current as NCX imports 3 Na+ ions for each Ca2+ extruded [29].
Indeed both mechanisms can co-exist and both contribute to spontaneous beating [28]. The
expression of RyR2 is less than in adult cardiomyocytes and thus the contribution of ryanodine
sensitive Ca2+ stores to Ca2+ transients is likely to be less than in adult cells [21]. Never-the-
less, blocking RyR2 channels in neonatal cardiomyocytes by either depleting ryanodine -sensi-
tive stores with ryanodine or caffeine, or by blocking RyR2 with tetracaine, profoundly reduces
both IP3 and caffeine-inducedCa2+ release [31]. The results presented in this manuscript show
that the effects of GSTM2C on neonatal cardiac myocytes are consistent with the known
actions of GSTM2C on RyR2 channel activity. The significance of the question is not only
basic, but also lies in the potential use of GSTM2C or its derivatives as drugs to reduce excess
Ca2+ release in juvenile cardiomyopathies with arrhythmia attributed to high diastolic Ca2+ lev-
els due to excess Ca2+ leak through RyR2.

(from10 to 90% of the peak amplitude) in ms (D); and the decay time (frompeak to 50%) in ms. There are
significant effects on each of the parameterswith GSTM2C, but not with eithermutant. The data are presented
as the mean ± SEM (n = 22 myocytes for GSTM2C; n = 25myocytes for F157A; n = 23myocytes for Y160A;
from 5 to 6 separate cultures).

doi:10.1371/journal.pone.0162415.g006
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GSTM2C translocation into cardiomyocytes
The mode of entry of GSTM2C into cardiomyocytes was not investigated here, but as shown
previously [20] GSTM2C is transported into other cells by endocytosis and it is likely that the
same mode of entry is employed in neonatal ventricularmyocytes. The dependence on an
active process was also indicated here by the fact that the fluorescence in the myocytes was con-
siderably greater than that in the bathing solution (Fig 3A). There is evidence that the muta-
tions in the helix 6 region of GSTM2Cmay destabilize the structure of the molecule and
expose the hydrophobic helix 6 region and enhance the ability of the mutants to enter cells
[26]. Indeed the two destabilizingmutations, F157A and Y160A do enhance the uptake of the
protein into L-929 cells and into adult mouse cardiomyocytes [18, 20]. The enhanced cellular
uptake of the two GSTM2Cmutants indicated that the capacity of the GSTM2C to enter cells
is inversely related to protein stability [20]. Despite the enhanced cellular uptake of the mutants
[20], the fact that they did not significantly alter Ca2+ transients and contractility suggests that
residues F157 and Y160 are involved in the direct interaction betweenGSTM2C and RyR2.

GSTM2C-induced inhibition spontaneous contraction frequency
As in adult myocytes [32], spontaneous contractions in neonatal cardiomyocytes depend on
action potentials triggeredwhen depolarization, generated by an inward current across the sur-
face membrane, reaches action potential threshold. Such inward currents can be generated by
surfacemembrane HCN2 and HCN4 channels [27] and/or follow activation of the NCX by
increases in cytoplasmic [Ca2+] following release from IP3 and/or ryanodine sensitive stores
[28, 31]. The effect of GSTM2C on the number of spontaneously active cells and on the fre-
quency of spontaneous contractility most likely depends on an effect of the drug on Ca2+ leak
through RyR2, since GSTM2C is a specific inhibitor of RyR2 channels [11, 12, 16]. Indeed a
BLAST alignment indicates that the specificGSTM2C binding sequence in the RyR2 D3 region
[16] is not present in rat or human HCN2. There is a region of alignment in HCN4, but only
one identical residue was found to lie within the GSTM2C-binding region. This single residue
is unlikely to support GSTM2C binding as GSTM2C does not bind to the D3 region of RyR1,
despite four identical residues in the GSTM2C-binding region.

Arrhythmia in neonatal cardiomyocytes can be generated in a similar manner to spontane-
ous activity in adult cardiomyocytes in that delayed after depolarisations (DADs) are generated
when the NCX is activated during diastole by an increase in cytoplasmic Ca2+ as a result of
excess Ca2+ leak through RyR2. Thus the ability of GSTM2C to reduce the spontaneous activity
in neonatal cardiomyocytes suggests that the drugmay also be effective in reducing spontane-
ous activity leading arrhythmia in the neonatal heart.

Inhibition of electrically-evoked Ca2+ transients and contractility
The effects of GSTM2C on contractility and Ca2+ transients in electrically stimulated myocytes
was examined in order to avoid the individual variability seen in spontaneously active cells and
to simulate regular pacing of myocytes in the intact heart. Following exposure to GSTM2C the
degree of myocyte shortening was reduced presumably as a result of the smaller Ca2+ transient.
That the rate of rise of the Ca2+ transient was slower after GSTM2C treatment can be explained
by the known actions of GSTM2C in specifically blocking RyR2 and thus reducing the rate of
Ca2+ release in response to the action potential. On the other hand, the decay of the Ca2+ tran-
sient indicates the rate of removal of Ca2+ from the cytoplasm and is effectively set by the rate
of Ca2+ extrusion and uptake into the SR, minus any Ca2+ leak back into the cytoplasm through
RyR2. This inhibition of RyR2 leak would increase the rate of Ca2+ uptake as we observed as
back flux into cytoplasmwould be reduced as mentioned in the Results. The slower release rate
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combined with the faster removal rate would account for the reduced amplitude of the Ca2+

transient.
A smaller Ca2+ transient amplitude could also be caused by a reduced Ca2+ load in the SR

with GSTM2C. A reduced Ca2+ load occurs with increased Ca2+ leak through RyR2 or with
reduced SERCA2 (sarcoplasmic/endoplasmic reticulumCa2+ ATPase) activity. However we
know that RyR2 activity is inhibited by GSTM2C [12], but that SERCA2 activity is unaffected
by GSTM2C [18] in adult freshly isolated myocytes, so that the net effect that would be an
increase in store load. As the isoforms of the proteins (RyR2 and SERCA2a) are the same in
adult and neonatal cardiomyocytes it seems unlikely that Ca2+ load would be reduced in the
neonatal myocytes. Indeed the enhanced uptake rate during Ca2+ removal from the cytoplasm
during the Ca2+ transients is consistent with inhibition of RyR2 in both preparations. Further
evidence that Ca2+ load in the SR is not reduced, and that there was no greater than normal
Ca2+ extrusion across the surfacemembrane is provided by the fact that the amplitude of the
Ca2+ transient did not decline during the AP train in the presence of GSTM2C any more than
it did under control conditions. If Ca2+ uptake was reduced, the Ca2+ load in the SR would
decline during the stimulus train and result in a rapid decline in the amplitude of the Ca2+

transients.
The concentration dependence of the effects of GSTM2C, and the lack of an effect of F157A

and Y160A, was similar on RyR2 in isolated cardiac SR and on myocyte contractility and Ca2+

transients in intact cells. This suggests that the effects of GSTM2C on myocytes is at least partly
a result of GSTM2C interactions with RyR2. We show that there is little effect on the ability of
field stimulation to evoke contractions, indicating that the action potential generation mecha-
nism was not altered by GSTM2C.We did not specifically examine the effects of the constructs
on other factors such as SERCA or NCX activity. However the fact that the specific inhibition
of the cardiac RyR2 depends on GSTM2C binding to a cardiac RyR2-specific sequence in the
divergent region 3 of RyR2 [16] suggests that the compound would be unlikely to interact with
other proteins that do not contain this specific sequence.

The potential of GSTM2Cas a therapeutic agent
As mentioned above, the ability of GSTM2C to reduce spontaneous contractions in the neona-
tal cardiomyocytes suggests that it may be effective in blocking arrhythmia due to NCX activa-
tion by high cytosolic Ca2+ during diastole in both neonatal and adult heart. It is possible that a
reduction in the amplitude of the Ca2+ transient and fiber shortening in both neonatal
(reported here) and in adult myocytes [18], might reduce the therapeutic benefit of the com-
pound. However this remains to be fully investigated. It is notable that 5 μM GSTM2C pro-
duces significant depression of RyR2 channels [12] and we show here that it enters myocytes at
an external concentration of only 1 μM, but is likely concentrated in endosomes [17]. The fact
that GSTM2C has effects consistent with RyR2 inhibition indicates that it escapes from the
endosomes into the cytoplasm, although the precise cytoplasmic concentration is not known, it
is likely to be at least 5 μM. Importantly GSTM2C suppressed spontaneous contractions, indic-
ative of efficacy in suppressing spontaneous arrhythmogenic activity, at an extracellular con-
centration of only 1 μM. In marked contrast contractility in externally pacedmyocytes,
reflecting contractility in self-pacedmyocytes in the intact heart, was not significantly altered
till the extracellular concentration was increased to 15 μM. Therefore it seems likely that there
is a window of concentrations where the compoundmay suppress spontaneous activity with-
out altering coordinated paced activity.

In addition, we predict that GSTM2Cmay not have the same effects on the Ca2+ transient
and contraction in myocytes electrically stimulated with a brief train of pulses and in
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continuous self-paced activity in intact tissue. It is likely that altered systolic Ca2+ release may
not be maintained in continually active cells where an auto-correctingmechanism can main-
tain optimal systolic Ca2+ transient amplitude [33]. In contrast there is no auto-correction dur-
ing diastole where excess Ca2+ leak from the SR can cause the DADS that lead to arrhythmia.
We did not see Ca2+ transient auto-correction in acutely isolated adult myocytes [18], where
the responses to the brief stimulation protocol were dominated by the decay of post-rest poten-
tiation, or in the cultured neonatal cardiomyocytes reported here.

Conclusions
We show here that GSTM2C is translocated into the cytoplasm of neonatal cardiomyocytes
and is effective in reducing spontaneous contractility and that its actions on field stimulated
Ca2+ release and contraction is very similar to that reported for adult cardiomyocytes [18]. All
results are consistent with a highly specific action of GSTM2C on the cardiac RyR2 due to the
drug’s binding to an amino acid sequence found only in the cardiac isoform of the RyR [16].
The results further highlight the potential of GSTM2C for therapeutic use for genetic and
acquired arrhythmia that depends on excess Ca2+ release from the SR through RyR2 in both
juvenile and adult conditions. The study shows for the first time that the drug is equally effec-
tive in cultured adult and neonatal cardiomyocytes.
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