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Aims

The heart contraction is controlled by the Ca*"-induced Ca*'release (CICR) between L-type Ca*" channels and
ryanodine receptors (RyRs). The FK506-binding protein FKBP12.6 binds to RyR subunits, but its role in stabilizing
RyR function has been debated for long. Recent reports of high-resolution RyR structure show that the HD2 do-
main that binds to the SPRY2 domain of neighbouring subunit in FKBP-bound RyR1 is detached and invisible in
FKBP-null RyR2. The present study was to test the consequence of FKBP12.6 absence on the in situ activation of
RyR2.

Methods
and results

Using whole-cell patch-clamp combined with confocal imaging, we applied a near threshold depolarization to acti-
vate a very small fraction of LCCs, which in turn activated RyR Ca*" sparks stochastically. FKBP12.6-knockout and
FK506/rapamycin treatments increased spark frequency and LCC-RyR coupling fidelity without altering LCC open
probability. Neither FK506 nor rapamycin further altered LCC-RyR coupling fidelity in FKBP12.6-knockout cells. In
loose-seal patch-clamp experiments, the LCC-RyR signalling kinetics, indexed by the delay for a LCC sparklet
to trigger a RyR spark, was accelerated after FKBP12.6 knockout and FK506/rapamycin treatments. These results
demonstrated that RyRs became more sensitive to Ca*" triggers without FKBP12.6. Isoproterenol (1 M) further
accelerated the LCC-RyR signalling in FKBP12.6-knockout cells. The synergistic sensitization of RyRs by catechola-
minergic signalling and FKBP12.6 dysfunction destabilized the CICR system, leading to chaotic Ca®"waves and ven-
tricular arrhythmias.

Conclusion:

Keywords

FKBP12.6 keeps the RyRs from over-sensitization, stabilizes the potentially regenerative CICR system, and thus may
suppress the life-threatening arrhythmogenesis.

Excitation-contraction coupling e FK506-binding protein e Ryanodine receptor e Calcium signalling

1. Introduction

Ca®*-induced Ca*" release (CICR) is a fundamental cellular mechanism
to generate and amplify intracellular Ca** signals.™ In healthy heart cells,
CICR is operated between L-type Ca®" channels (LCCs) in the cell
membrane/T-tubules and ryanodine receptor (RyR) Ca®" release chan-
nels in the sarcoplasmic reticulum (SR).>* The RyR-mediated SR
Ca*" release determines the pace and strength of myocardial contrac-
tion. Intuitively, CICR is by nature a positive feedback, and would be

expected to operate in an explosive all-or-none manner. However, the
existence of solitary RyR Ca" release events, Ca*" sparks,5 suggests
that global positive feedback among RyRs is effectively avoided such that
the CICR is actually modulated precisely in a graded manner.® This para-
dox has been explained by the local control model, in which RyRs are
under nanoscopic ‘private’ control by adjacent LCCs within their native
Ca®* release unit (CRU). Although regenerative CICR may still exist
within a CRU,”® a CRU does not respond to Ca*" signals propagating
from neighbouring CRUs” ™" This scenario is supported by
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ultrastructural studies, which show that the RyR-residing junctional SRs
meet with cell membrane/T-tubules at a distance (~15nm) much
shorter than the inter-CRU distance." To avoid inter-CRU crosstalk,
the RyR sensitivity to Ca”triggers must be limited within a certain
range.

The 12.6-kd FK506-binding protein (FKBP12.6, also known as calstabin-
2) is a cardiac RyR accessory protein’'* proposed to stabilize RyR
Ca*"release.”"® However, the role of FKBP12.6 in RyR function has
been highly controversial.”” In lipid bilayer experiments, single RyRs from
FKBP12.6-knockout mice or treated with rapamycin/FK506 to dissociate
FKBP12.6 are found to have increased open probability and partial open-
ing/sub-conductance.”®?° However, single-channel experiments from
other labs have shown that the removal of FKBP12.6 from RyRs neither
alters channel activity nor prompts sub-conductance."**"** While it has
been demonstrated that FKBP12.6 dissociation synergistically enhances
the RyR response to protein kinase A (PKA)-mediated phosphoryl-

. 152324
ation,

contrary evidence has shown that the PKA-induced RyR regu-
lation does not depend on FKBP12.6.7 In intact cardiomyocytes, some
reports have shown that FK506 treatment or FKBP12.6 dissociation in-
creases the spontaneous Ca®" spark frequency and Ca?" transient ampli-
tude. 2?8 FKBP12.6 knockout mice develop severe arrhythmia that
leads to sudden cardiac death during exercise.”* By contrast, a later report
has shown that FKBP12.6 knockout neither promotes spontaneous RyR
activity nor causes ventricular arrhythmias under stress conditions.”

Recently, the high-resolution structure of mammalian RyRs has been in-
dependently reported by several research groups.*>* The structure of
RyR1-FKBP12 complex shows that that the BSol (HD2) domain binds to
the SPRY2 domain of its neighbouring subunit, suggesting that the HD2 do-
main may play a role in coordinating the allosteric activity among RyR sub-
units. However, in FKBP-null RyR2, a large portion of HD2 is invisible,
indicating that HD2 becomes flexible without FKBPs. Also, FKBP12.6-
knockout mice chronically develop cardiac dysfunction due to the activa-
tion of a set of signalling cascades.®® These new progresses re-arouse our
interest on the role of FKBP12.6 in regulating RyR Ca*" release in cardio-
myocytes. In the present study, we investigated the in situ role of FKBP12.6
in RyR function with a more rigorous experimental design. We compared
the in situ behaviour of RyRs in wild-type and FKBP12.6 knockout cardio-
myocytes, and provided direct evidence that FKBP12.6 does stabilize the in
situ operation of RyRs in intact cardiomyocytes. FKBP12.6 loss-of-function
and catecholamine stimulation synergistically over-sensitize the CICR, lead-
ing to arrhythmogenic intracellular Ca®" dynamics and ventricular
arrhythmias.

2. Methods

2.1 Preparation of ventricular

cardiomyocytes

The investigation conforms with the Guide for Care and Use of
Laboratory animals published by the US National Institutes of Health
(NIH Publication No.85-23, revised 2011). Animal experiments were
approved by the Institutional Animal Care and Use Committee of Peking
University. Single ventricular cardiomyocytes were isolated from 3-
month-old wild-type and FKBP12.6-knockout male mice, ™ as previously
described.*® Mice were anesthetized by intraperitoneally injecting with
1g/kg ethyl carbamate. The heart was immediately cut and rinsed in
Tyrode solution containing (in mmol/L): 137 NaCl, 5.4 KC|, 1.2 MgCl,,
20 Hepes, 1.2 NaH,PO4-2H,0, 10 glucos, 10 taurine, pH adjusted to 7.4
with NaOH. Then the aorta was cannulated to the Langendorff

apparatus and the heart was perfused through the coronary artery retro-
gradely with Tyrode solution at 37°C to clean the blood in vessels for
5min. Perfusion flow rate was constant at 3mL/min for mouse hearts.
With type Il collagenase (200U/ml) and protease type XIV (0.35U/ml) in
Tyrode’s solution, the heart was perfused to be digested. When turning
soft, the heart was cut into small chunks, which were then dispersed into
single cells by shaking at 37°C for 3—5min, 50rpm for 3 times. Single cells
were then collected by centrifuging at low speed for 1 min, and re-
suspended with Tyrode’s solution containing 4mg/mL bovine serum al-
bumin. Ca®" concentration was restored step by step from 0.05 to
Tmmol/L. Finally, cells were resuspended in extracellular solution con-
taining (in mmol/L): 135 NaCl, 4 KCl, 1 CaCl,, 1 MgCl,, 10 Hepes, 1.2
NaH,PO4-2H,0, 10 glucose, pH adjusted to 7.4 with NaOH.

2.2 Patch clamp

The patch clamp was made at room temperature (~25°C) using an
EPC7 amplifier. Cells were bathed in extracellular solution containing (in
mmol/L) 135 NaCl, 4 KCl, 1 CaCl,, 1 MgCl,, 10 Hepes, 1.2
NaH,PO4-2H,0, 10 glucose, pH adjusted to 7.4 with NaOH. For
whole-cell patch clamp of I, recording, 15 M tetrodotoxin and 4 mM
4-aminopyridine were added in the extracellular solution. A glass pipette
with a resistance (R;,) of 2-3 MQ was filled with (in mmol/L) 110 CsCl, 6
MgCl,, 5Na,ATP, 10 Hepes, 15 TEA-C|, 0.2 Fluo-4 pentapotassium, pH
adjusted to 7.2 with CsOH. In loose-seal experiments, cells were loaded
with fluo-4-AM and the pipette electrode with R, of 4-6 MQ was filled
with (in mmol/L) 120 TEA-Cl, 10 Hepes, 0.01 TTX, 20 CaCl, and 0.01
FPL64176, pH adjusted to 7.4 with TEA-OH, and was gently pressed
onto the cell surface to form a low-resistance seal (R;=20-30 MQ). The
patch membrane voltage (Vp) was determined based on the resting po-
tential (RP) and command voltage (Vcom) by Vp=RP-Vom(Re-Rp)/R..

2.3 Confocal Ca’?"imaging

Ca*"imaging was recorded as previously described.’” In whole-cell
patch clamp experiments, the Ca>" indicator Fluo-4 pentapotassium salt
(200pmol/L) was already included in the pipette solution. In loose-patch
and Ca’"wave experiments, cells were loaded with 10pumol/L fluo-4-
AM (Invitrogen) in 37 C for 5 min in extracellular solution. After the in-
cubation, cells were washed with extracellular solution. Ca®"imaging
was recorded with a Zeiss LSM-510 inverted confocal microscope (Carl
Zeiss) with 488 nm laser excitation and a 40X 1.3 N.A. oil-immersion ob-
jective. All images were acquired along the long axis of cells in line-scan
mode at a sampling rate of 0.768 ms/line for sparklet-spark experiments
and 15.36 ms/line for other experiments. Local [Ca*"] was determined
by the formula [Ca*"] = kq-R/(kg/Co+ 1-R), where R is the relative fluo-
4 fluorescence normalized by the resting level, ky= 1.1 uM is the appar-
ent dissociation constant of fluo-4, and Cy=100nM is the resting
Ca®" concentration.

We measured the sparklet-spark latency only for the first spark trig-
gered during a depolarization. The latency was determined by tracing
back from the upstroke of a spark to the first datum point that fell below
the SD of baseline. Given that the LCC-RyR coupling is a stochastic pro-
cess, a significant portion of the latency data, represented by the first bar
of the latency histogram, were too short for a sparklet to be visually
identified (for example, see the right panel of Figure 3A). However, this
does not influence the reliability of the latency histogram, which follows
an exponential distribution. The apparent rate constant (k) for RyRs to
respond to LCC Ca’'sparklets was determined by fitting the
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distribution with the formula N = Noe™, where N is the number of ob-
servations and Ng is the N when t = 0.

2.4. Electrocardiography

Mice were lightly anesthetized with isoflurane (1%) and placed supine
on a heated pad of 37°C. Needle ECG electrodes were placed under
the skin to record from a Lead | configuration. After a 20-min baseline
period, epinephrine (2mg/kg) was injected intraperitoneally.
Arrhythmias were defined as either non-sustained ventricular tachycar-
dia (VT) (e.g. a series of 4-10 consecutive repetitive ventricular ectopic
beats) or sustained VT (e.g. a run of 11 or more consecutive repetitive
ventricular ectopic beats).

2.5 Data analysis and statistics

All data are expressed as mean * SE unless otherwise indicated. The lin-
ear mixed effects model (by R program and lme4) or % test, where ap-
propriate, were applied for unpaired samples to determine statistical
differences. Bonferroni correction was applied when more than two
groups were compared to the same control. Curve fitting was per-
formed using Sigmaplot software (Systat Software, Inc). Fitted data were
compared using the u test. P<0.05 was considered statistically
significant.

3. Results

3.1 FKBP12.6-knockout increases LCC-RyR
coupling fidelity

In order to test the effect of FKBP12.6 on the in situ RyR response to
LCC Ca*"influx, we sought to trigger discrete Ca*" sparks by minimal
LCC activation in ventricular cardiomyocytes from wild-type (WT) and
FKBP12.6 knockout (FKO) mice. In cardiomyocytes loaded with the
Ca**indicator fluo-4, we recorded LCC Ca®* current (I cc) using the
whole-cell patch clamp technique (Figure 1A). Neither the | cc density
(Figure 1B) nor its voltage dependence (Figure 1C) differed between WT
and FKO. By Boltzmann fitting of the activation curves, we determined
that the probability of LCC activation at -40mV in both FKO and WT
groups was only around 0.003 (Figure 1C). The low probability of LCC
openings at the near-threshold depolarization allowed us to compare
the frequency of solitary RyR Ca*" sparks triggered probabilistically by
LCCs (Figure 1D). We found that the frequency of Ca>" sparks triggered
by the depolarization from -50 to -40 mV was significantly higher in FKO
than in WT (Figure 1E). Due to the low probability of LCC openings, the
majority of Ca®" spark should be activated by a single LCC, confirming
that the Ca*"influx through a single LCC is capable of triggering a
Ca”spark.38 Because the I cc at -40mV (I40), calculated based on
Boltzmann fitting, was comparable between FKO and WT groups (Figure
1F), the higher frequency of Ca”sparks in FKO reflected increased RyR
response to LCCs. We therefore derived the LCC-RyR coupling fidelity
by calculating the Fypanc per unit Lag (Fspari//-40, Figure 1G), and found that
the coupling fidelity was significantly higher in FKO than in WT.

To exclude any possible influence of SR Ca®*" load on the above re-
sults, we measured the Ca®'transient induced by rapidly applying
20mM caffeine, which opens RyRs simultaneously and allows stored
Ca®tin the SR to diffuse into the cytosol The caffeine-induced
Ca** transient amplitude was the same in WT and FKO cells (Figure 1H),
indicating that the SR load was not altered in FKO cells. It has been re-
ported that the gain of excitation—contraction coupling is increased by

early reverse Na*/Ca** exchange (NCX) activated during depolariza-
tion.>? To avoid possible involvement of NCX, we applied minimal de-
polarization (from -50 to -40mV) when the Na™ channels were blocked
by tetrodotoxin. Therefore, under our experimental conditions, the
increased coupling fidelity in the FKO group was attributable to
increased responsivity of RyRs to /| cc.

3.2 FK506 and rapamycin increases LCC-
RyR coupling fidelity in WT but not FKO
cells

In heart cells, both FKBP12 and FKBP12.6 bind to RyRs but their bind-
ing affinity differs.”**%*" In order to check whether FKBP12 has a com-
FKBP12.6

pharmacological experiments with 30 umol/L FK506 and 10 pmol/L
18,19

pensatory effect to knockout, we performed
rapamycin, both are known to dissociate FKBPs from RyRs.
Agreeing with previous reports,'”?%*? neither FK506 nor rapamycin
changed the [ cc (see Supplementary material online, Figure S1). We
found that both FK506- and rapamycin-treatments increased the LCC-
RyR coupling fidelity (Fspari/lLcc) of WT cardiomyocytes to the same
extent as that caused by FKO (comparing Figure 2A with Figure 1G). In
contract, neither treatment could further change the Fyp./lLcc in FKO
cells (Figure 2B), suggesting that FKBP12 did not exert a compensatory
effect. The fact that FKBP12.6 knockout and FK506-/rapamycin-treat-
ment have the same effect on Fyp,// cc indicated that the knockout-/
treatment-induced increase in RyR responsivity was fully attributable

to FKBP12.6 dissociation.

3.3 FKBP12.6 absence accelerates RyR

response to a single LCC

The whole-cell detection of Ca®*" sparks usually involves out-of-focus
events, and may also induce global feedback of CICR, particularly when
the RyRs are sensitized. In order to further quantify the role of FKBP12.6
on LCC-RyR signalling, we visualized Ca>" sparklets from LCCs and trig-
gered Ca®" sparks from RyRs by confocal imaging by loose-seal patch
clamp.37’38 When the patched membrane was depolarized from resting
potential (RP) to -10 mV, line-scan imaging focused at the pipette tip de-
tected that Ca®" sparklets from LCCs (blue arrows in Figure 3A) acti-
vated Ca** sparks from RyRs (red arrows in Figure 3A) in a stochastic
manner. For those Ca*" sparklets that successfully triggered Ca**
sparks, the latency from the onset of an LCC sparklet to the takeoff of a
triggered RyR spark varied, exhibiting exponential distributions in both
WT and FKO groups (Figure 3B). The apparent rate constant (k) for
RyRs to respond to LCC sparklets was then determined by fitting the
distributions with the formula

N = Noe ™ ,

where N is the number of observations and Ny is the N when t=0. The

fitting showed that the k was 29% higher in FKO cells than in WT cells
(Figure 3C), indicating that the LCC-RyR signalling was accelerated after
FKBP12.6 knockout.

In order to exclude any chronic compensatory effect of FKBP12.6
knockout, we further measured the LCC-RyR coupling latency with
FK506 or rapamycin treatment in WT cardiomyocytes to acutely dis-
sociate FKBP12.6 from RyR. Similarly with FKO cells, both FK506 and
rapamycin accelerated LCC-RyR coupling rate (Figure 3D—F).
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Figure | FKBP12.6 knockout increases LCC-RyR coupling probability by near-threshold depolarization. (A) Currents were triggered from -50 mV to dif-

ferent depolarizations (<40 mV to +60 mV) in WT and FKO cardiomyocytes

. Red curves were currents triggered at to -40 mV. (B) Whole cell |, c density in

WT and FKO cardiomyocytes. (C) The activation curves derived from the I -V curves in (B). The G/Gmax at -40 mM (insert) was determined by fitting the

data with Boltzmann equation G/Guax+1/[1-+exp(a-bV)], where a and b are

fitting constants. (D) Representative recordings showing that a 300 ms depolar-

ization from -50 to - 40mV (upper panels) under the whole-cell patch clamp condition activates Ca>" sparks in a probabilistic manner (middle panels). In

order to identify individual sparks clearly, the original images were high-pas

s filtered by subtracting a smoothed image (kernel size 10 umx50 ms) (lower

panels). (E) The frequency of Ca>" sparks at-40mV in WT and FKO cardiomyocytes. Data from >23 cells from >6 mice in each group. (F) The l,cc density
at -40mV was determined by [,cc =G(V—VR), where G is the LCC conductance, V is the membrane potential and Vy is the reverse potential. (G) The fre-
quency of Ca** sparks per unit I cc (coupling fidelity = Foori/l ). The unit for Fopau/licc is pm” T.s- 1-pA' 1~pF4 (H) SR Ca”* load measured as the ampli-
tude of Ca’" transients evoked by 20mM caffeine under the whole-cell patch clamp. Data were from>7 cells from 3 mice in each group. *P<0.05 and

*P <0.01 vs. WT.

3.4 B-adrenergic stimulation further
accelerates RyR response to a single LCC
in FKO cells

Next, we sought to probe whether the absence of FKBP12.6 influences
the in situ RyR response to the stimulation of B-adrenergic receptors
(BARs). In the whole-cell experiment, BAR stimulation will increase the

LCC open probability, making it unreliable to quantify RyR response by
near-threshold coupling fidelity (Fspar/lcc)- By the loose-patch activation
of Ca?" sparks, we measured the coupling latency from LCC sparklets
to RyR sparks when BARs was activated by 1 umol/L isoproterenol (ISO,
Figure 4A). Normalized exponential fitting of the LCC-RyR latency distri-
bution (Figure 4B) showed that the LCC-RyR coupling latency was
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Figure 2 FK506 and rapamycin increases LCC-RyR coupling probability in WT but not FKBP12.6 knockout cells. (A) The effect of FK506 and rapamycin
treatment on coupling fidelity in WT. (B) The effect of FK506 and rapamycin treatment on coupling fidelity in FKO. Data from >23 cells from >6 mice in

each group. *P <0.05 and **P <0.01 vs. Control.

shortened after ISO treatment and further shortened in the ISO-treated
FKO group. Compared with the WT group, the k of RyR response was
accelerated by 78% in the ISO-treated FKO group (Figure 4C). Because
ISO and FKO alone increased the k by 33 and 29%, respectively, the 78%
increase of k indicated that FKBP12.6 knockout and BAR stimulation
additively sensitize the RyR response to Ca®" triggers.

3.5 Destabilization of CICR due to the
absence of FKBP12.6

We then tested the stability of the CICR system at the whole-cell level
by analysing intracellular Ca®* activity after 30 pulses of field stimulation
at 2 Hz in mouse cells. To avoid the possible toxic effects of laser scan-
ning, we only imaged the cells during and after the last three beats. WT
cells without ISO treatment usually displayed synchronized Ca** transi-
ents with clean diastolic background between successive stimulations
and thereafter (Figure 5A, upper). The treatment with 1 uM ISO moder-
ately increased the chance for WT cells to develop Ca>" waves after
field stimulation (Figure 5B white and striped white bars). Although FKO
cells without ISO treatment also tended to keep regular Ca*" transients,
most FKO cells treated with 1SO fell into chaotic Ca®" waves (Figure 5A,
lower and Figure 5B grey and striped grey bars). This result suggested
that the CICR system loses stability under B-adrenergic stimulation in
the absence of FKBP12.6.

To further test whether the cellular alterations described above pre-
dispose FKBP12.6 knockout mice to cardiac arrhythmias, we performed
electrocardiography (ECG) in WT and FKO mice before and after cate-
cholaminergic challenge by intraperitoneal administration of epinephrine
(Epi) (Figure 5C). At basal condition, neither WT nor FKO displayed ven-
tricular arrhythmias. Catecholaminergic challenge elicited few arrhyth-
mic events in WT mice, but led to more frequent ventricular
arrhythmias in FKO mice (Figure 5D).

4. Discussion

FK506-binding proteins, including FKBP12 and FKBP12.6, are important
modulators of RyRs."**** |n heart cells, FKBP12.6 binds RyRs with a
much higher affinity than FKBP12."*4%#1%5 |n the present study, we
investigated the role of FKBP12.6 in modulating RyR Ca”" release using
FKBP12.6-knockout mice and FK506/rapamycin pharmacology. Either of
these two experimental systems may have limitations: the acute

treatment with FK506/rapamycin may contaminate with FKBP12 effect,
while FKBP12.6-knockout strategy may involve chronic compensation.
Therefore, we have exerted both experimental systems for complemen-
tary. The acute treatment with FK506/rapamycin excluded the chronic
compensation and adaptation possibly associated with gene manipula-
tion, but might involve an effect of FKBP12 dissociation. This latter con-
cern was eliminated by the FKBP12.6 knockout results, which were fully
attributable to the absence of FKBP12.6. Both lines of evidence demon-
strated that FKBP12.6 dissociation (i) increased the CICR sensitivity and
activation probability of RyRs, (ii) further sensitized RyRs under f-adren-
ergic stimulation, and (iii) elevated the risk for heart cells to develop
arrhythmogenic Ca*" activity. Therefore, the presence of FKBP12.6
should play an important role in stabilizing the CICR system in intact
heart cells.

In previous studies, one of the problems keeping the role of FKBP12.6
from clarification is that RyRs are intracellular channels inaccessible to
direct electrophysiological measurements. Although lipid bilayers have
been widely used to study the interaction between FKBP12.6 and RyRs,
the experimental settings vary greatly from lab to lab. For example, an
experiment supporting FKBP12.6-modulation of RyR was done in the
presence of Mg*"and 50 mmol/L trans(luminal)-side Ca®*,** whereas
counteracting data were collected with symmetrical high concentration
of K™ without Mg?".*? Despite the differences in ionic composition, lipid
bilayer experiments cannot reconstruct the native environment of inter-
acting proteins, such as calsequestrin, junctin, and triadin. Therefore, the
results in lipid bilayers may not necessarily represent the in situ effect of
FKBP12.6.

In intact cardiomyocytes, early reports have shown that spontaneous
Ca®* spark amplitude is either decreased'® or unchanged®® after FK506
treatment. However, studies in FKO mice showed that Ca*" spark amp-
litude is either increased”® or unchanged®' in the absence of FKBP12.6.
We noticed that, in reports showing increased Ca*" spark amplitude,
spark duration and fullwidth at half-maximum (FWHM) were also
increased.”? Given that the Ca®* spark frequency was increased by sev-
eral folds, FKO cells display a lot of overlapping sparks and local wave-

2029 \vhich caused overestimation of Ca>™" spark amplitude, duration,

lets,
and FWHM. In the present study, we did not measure overlapping
sparks. Our measurement of spontaneous sparks showed that spark
amplitude, time-to-peak, FWHM, and full-duration at half-maximum

were comparable between WT and FKO cells (see Supplementary ma
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Figure 3 FKBP12.6 dysfunction accelerates the kinetics of LCC-RyR coupling. (A) Representative recordings from WT and FKO groups showing that de-
polarization to - 10mV from resting potential (RP) (upper panels) triggered Ca*" sparklets and Ca>" sparks (middle panels for images and lower panels for
time profiles) in a probabilistic manner. The blue and red arrows indicate the beginning of Ca”" sparklets and Ca®* sparks, respectively. (B) Distributions
(bars) and exponential fittings (curves) of the coupling latency in WT and FKO groups. (C) Rate constants of LCC-RyR coupling in WT and FKO.
(D) Distributions (bars) and exponential fittings (curves) of the coupling latency in WT under control and rapamycin-treated conditions. (E) Rate constants
of LCC-RyR coupling in WT under control and FK506-treated conditions. (F) Rate constants of LCC-RyR coupling in WT under control and rapamycin-
treated conditions. Data from >86 recordings in cells from >15 mice in each group. *P < 0.05 vs. WT or control.

terial online, Figure $2). However, when the RyR Ca”" release was acti-

vated by native LCC current under the loose-patch and whole-cell de-

polarization conditions, we did find that the rate constant and probability

of spark activation were significantly increased when FKBP12.6 was

absent, presumably due to increased open probability of RyRs. These
data indicated that the kinetic change of RyR activation is not reflected in
spontaneous Ca*"sparks. The mixture of in-focus and off-focus
Ca®" release events in spontaneous sparks makes it difficult to quantify
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Figure 4 FKBP12.6 knockout and B-adrenergic stimulation additively sensitize LCC-RyR coupling. (A) Distributions (bars) and exponential fittings (curves)
of the coupling latency in WT (upper), FKO (lower) cardiomyocytes bathed in 1 pmol/L ISO. (B) Comparison of normalized curves fitting in WT (black),
WT + SO (blue) and FKO + ISO (purple) groups. (C) Rate constants of LCC-RyR coupling in WT, WT + SO and FKO + ISO groups. Data from >104
recordings in cells from >15 mice. *P <0.05 and **P <0.01 vs. WT; #P <0.05 vs. WT + ISO.

RyR properties. Therefore, the difference in experimental design at least
partially explains why the role of FKBP12.6 in stabilizing RyR
Ca”" release is not detected in some studies.

In the present study, the triggering of RyR Ca** sparks by unitary LCC
current made it more feasible than previously to investigate RyR Ca*t-
sensitivity in intact cells. Our LCC-RyR coupling experiments provided
two lines of evidence for the enhanced Ca®" sensitivity of RyRs after
FKBP12.6 knockout or FK506/rapamycin treatment: (i) an increased
probability for LCC openings to activate RyRs, and (i) an accelerated re-
sponse of RyRs to single LCC Ca®" influx. Given that an LCC opening
has limited lifetime, a quicker response implies that a RyR has a higher
chance of being activated before the LCC closes. Therefore, the acceler-
ated coupling kinetics agreed well with the increased probability of LCC-
RyR coupling. Both measurements provided unequivocal evidence that
RyRs are sensitized to Ca*t triggers after FKBP12.6 dissociation. In other
words, the sensitivity of RyR activation is under tonic suppression by
FKBP12.6 under physiological conditions.

Guo et al*' reported that only <20% FKBP12.6 binding sites on RyRs
are occupied by FKBP12.6 in mouse heart cells. As each RyR has 4
FKBP12.6 binding sites on its 4 subunits, <41% RyRs would bind with
one FKBP12.6 molecule, <15% with 2,<2.5% with 3, and only <0.16%
RyRs would be fully occupied by FKBP12.6. The robust effect of
FKBP12.6 knockout could not be explained if multiple FKBP12.6 binding
was required to modify RyR behaviour. Therefore, we infer that single
occupation of the FPBP12.6-binding sites should be effective in stabilizing
RyR function. Based on the recent reports of RyR structure,*’* FKBP is
inserted into the gap between JSol (handle) domain and SPRY triangle.
Structural comparison using the data of RyR1-FKBP12 complex* and
FKBP-null R)/RZ34 suggested that the insertion of FKBP may adjust the

positioning of certain domains such that the BSol (HD2) domain can be
anchored onto the SPRY2 domain of the neighbouring protomer
(nSPRY?2) (Figure 6A and B). The putative HD2-nSPRY2 interaction thus
provides a possible mechanism for inter-subunit coordination (Figure
60). In this scenario, a single-subunit occupation of FKBP12.6 would be
expected to stabilize 2 adjacent subunits of a RyR, and a 20% occupation
of FKBP12.6-binging sites would stabilize ~59% (41 + 15+ 2.5+ 0.16)%
RyRs. This prediction explains the robust effect of FKBP12.6 knockout
on LCC-RyR signalling.

The role of FKBP12 in modulating RyRs in cardiac cells is another
emerging controversy. It is shown that FKBP12 binds RyRs with very low
affinity in heart cells,*" and overexpression of FKBP12 reduces the sensi-
tivity of RyRs to Ca>".* However, it has been reported that FKBP12 is a
high affinity activator of RyR2, sensitizing RyRs to cytosolic Ca*".*" In the
present study, we showed that FK506 did not further influence coupling
fidelity in FKBP12.6-null cardiomyocytes, suggesting that FK506-induced
FKBP12 dissociation had little effects on RyR sensitivity in intact ventricu-
lar cardiomyocytes.

The sympathetic system regulates heart function through ARs. It has
been reported that FKBP12.6 knockout mice develop severe arrhythmia
that leads to sudden cardiac death during exercise, well mimicking cate-
cholaminergic polymorphic ventricular tachycardia.”*** However, many
experiments do not support the above idea.'”?**’ It has been shown
that FKBP12.6 knockout neither promotes RyR activity nor causes ven-
tricular arrhythmias under stress conditions.”> To determine whether
and how FKBP12.6 interferes with the B-AR regulation of RyRs, we com-
pared the effect of ISO, a selective B-AR agonist, on the LCC-RyR sig-
nalling kinetics in WT and FKO cardiomyocytes. In both groups, ISO
treatment accelerated the coupling rate constant. The result that 3-AR
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Figure 5 FKBP12.6 knockout increases the global Ca®" release after field stimulation with ISO treatment and the ventricular arrhythmias after catechola-
minergic stimulation in mice. (A) Representative confocal images and their time profiles of the last 3 Ca>™ transients of 30 pulses of 2 Hz stimulation in WT
(upper) and ISO-treated FKO (lower) cardiomyocytes. Black arrows denote the timing of field stimulations. (B) Percentage of cells displaying Ca>" waves in
mouse cells under 2-Hz stimulation. The number of observations in each group is marked in the panels. *P <0.05 and **P <0.01 vs. WT; ##P <0.01 vs.
WT +ISO. (C) Representative echocardiographic recordings from WT (upper) and FKO (lower) mice before and after epinephrine (Epi) treatment.

(D) Percentage of mice with ventricular arrhythmias. # P <0.05 vs. WT + Epi.

regulation further accelerated the LCC-RyR signalling kinetics in FKO
cells provided in situ evidence at the molecular level that 3-AR stimula-
tion is able to sensitize Ca>™-induced RyR activation via an FKBP12.6-
independent mechanism. Because FKBP12.6 absence per se sensitizes
RyR activation, our results indicated that FKBP12.6-dependent and -
AR-mediated FKBP12.6-independent sensitization mechanisms cooper-
ate in an additive manner in ISO-treated FKO cells.

The effect of FKBP12.6 on RyR2 Ca*" release has also been investi-
gated previously by overexpressing the FKBP12.6 gene in rabbit'®*® or
rat™ cardiac myocytes, and by FKBP12.6-overexpression mouse mod-
els®>* FKBP12.6 overexpression decreases spontaneous Ca’' spark
frequency™®**! and SR Ca’"leak,'® which in turn increases SR
Ca’"load"®** and Ca®* transient peak.*®*” FKBP12.6 overexpression
also increases the degree of synchronicity of SR Ca®" release.*® Taken

together, FKBP12.6 overexpression stabilizes RyR2 and prevents arrhyth-
mogenic SR Ca”" leak at the cellular level, which is in agreement with our
findings by FKO cells. Furthermore, FKBP12.6-overexpressed mouse
model shows improved cardiac function after myocardial infarction,>
decreased ventricular tachycardia after catecholaminergic stimulation,”’
ameliorated post-thoracic aortic constriction (TAC) survival rates,>* pro-
tection against maladaptive left ventricular hypertrophy and reduced ven-
tricular arrhythmias after TAC>® The results from FKBP12.6
overexpression mouse model and our FKBP12.6 knockout model double
confirmed that FKBP12.6 exerts a protective effect on heart function.
CICR is intrinsically a positive feedback loop, and would be expected
to be explosive.”® However, the Ca*"release of RyRs in heart cells is
modulated precisely in the forms of both global Ca®* transients and local
Ca®" sparks. As the key mechanism to avoid the self-excitation of CICR
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interaction. (C) A hypothetic scheme based on the above information illustrating that the putative HD2-nSPRY?2 interaction provides a possible mechanism
for FKBPs to coordinate the allosteric activity among protomers. This HD2-nSPRY2 interaction may become destabilized without FKBP.

in heart cells, RyRs and LCCs are clustered to form discrete
CRUs.'>**>7 Within each CRU, the Ca*"influx through LCCs travels
across a ~15 nm junctional cleft, and activates RyRs in a stochastic man-
ner.”® Between CRUs, however, the longer distance prevents crosstalk
between adjacent CRUs."? In this scenario, the RyR sensitivity must be
limited within a certain dynamic range, or stability margin, such that the
RyRs respond promptly to Ca”" signals from LCCs but not to those
from adjacent CRUs. Based on our findings, B-AR stimulation and
FKBP12.6 dissociation both sensitized RyRs. When either of these

factors act solo, the chance of generating regenerative Ca”" activity is
kept at a low level comparable with that in wild-type/control conditions,
suggesting that moderate sensitization by FKBP12.6 dissociation per se
was still within the stability margin of the CICR system. However, when
both factors concur, the additive sensitization of RyRs causes chaotic
Ca®" waves in most cells, indicating that the sensitization of RyRs have
stepped beyond the stability margin of the CICR system. Once inter-
CRU CICR is enabled due to over-sensitization of RyRs, the intracellular
Ca’*release runs out-of-control, and Ca’"waves occur in a
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regenerative manner. The chaotic Ca** waves not only prevent cardio-
myocytes from rhythmic contraction and relaxation but also activate
Na'/Ca®" exchange and lead to arrhythmogenic —excitation.’
Therefore, preventing RyRs from the wave generation is a prerequisite
for the healthy operation of heart cells. The FKBP12.6-mediated sup-
pression of RyR sensitivity is a key mechanism to keep the CICR system
from wave generation and cardiac arrhythmia, allowing an indispensable

stability margin for dynamic regulation of blood pumping power.

5. Limitations

The constitutive FKBP12.6 knockout mouse model has limitations for
this study, since the chronic knockout might bring adaptive or compen-
satory effect. Recently, it has been reported that aged FKBP12.6 knock-
out mice (1-year old) develop cardiac dysfunction due to the activation
of the AKT/mTOR pathway.>® Although the above activation has not
been detected at the age of 3-month-old mice as the same age we used
in the present study, we should be cautious that other adaptation might
occur. Although we used FK506/rapamycin to acutely dissociate
FKBP12.6 from RyRs in order to exclude any adaptive effect that might
be brought about by the constitutive knockout of FKBP12.6, there was
still limitation, because FK506/rapamycin also dissociates FKBP12. The
perfect model for this study is cardiac-specific conditional FKBP12.6
knockout animal. Unfortunately, this model has not been available yet.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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