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Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an arrhythmogenic disease that manifests as syncope
or sudden death during high adrenergic tone in the absence of structural heart defects. It is primarily caused by
mutations in the cardiac ryanodine receptor (RyR2). The mechanism by which these mutations cause arrhythmia remains
controversial, with discrepant findings related to the role of the RyR2 binding protein FKBP12.6. The purpose of this study
was to characterize a novel RyR2 mutation identified in a kindred with clinically diagnosed CPVT.

Single-strand conformational polymorphism analysis and direct DNA sequencing were used to screen the RyR2 gene
for mutations. Site-directed mutagenesis was employed to introduce the mutation into the mouse RyR2 cDNA. The
impact of the mutation on the interaction between RyR2 and a 12.6 kDa FK506 binding protein (FKBP12.6) was deter-
mined by immunoprecipitation and immunoblotting and its effect on RyR2 function was characterized by single cell Ca®*

imaging and [*H]ryanodine binding.

A novel CPVT mutation, E189D, was identified. The E189D mutation does not alter the affinity of the channel for
FKBP12.6, but it increases the propensity for store-overload-induced Ca?* release (SOICR). Furthermore, the E189D
mutation enhances the basal channel activity of RyR2 and its sensitivity to activation by caffeine.

The E189D RyR2 mutation is causative for CPVT and functionally increases the propensity for SOICR without altering
the affinity for FKBP12.6. These observations strengthen the notion that enhanced SOICR, but not altered FKBP12.6
binding, is a common mechanism by which RyR2 mutations cause arrhythmias.

Introduction

Catecholaminergic  polymorphic  ventricular  tachycardia
(CPVT) is an arrthythmogenic disease that manifests as recur-
rent syncope or sudden cardiac death, under conditions of
exercise or emotional stress."? CPVT is diagnosed by an index
of suspicion and electrocardiographic demonstration of exer-
cise-induced polymorphic ventricular arrhythmias or typical
bidirectional ventricular tachycardia in a structurally normal
heart.? CPVT is predominantly caused by autosomal dominant

mutations in the cardiac ryanodine receptor (RyR2), although
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seven recessive mutations causative of CPVT have also been
identified in calsequestrin (CASQ2).? To date, at least 143
CPVT-associated mutations in RyR2 have been identified and
only a small portion have been functionally characterized.* The
disease-causing mutations in RyR2 are located in three dis-
tinct regions within the primary sequence of the channel; at
the N-terminus, central region and C-terminus, a pattern that
is shared by disease-causing mutations in the skeletal muscle
ryanodine receptor (RyR1). In RyR1 these mutations give rise
to the skeletal muscle diseases, malignant hyperthermia (MH)
and central core disease (CCD).}
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Figure 1. Phenotype associated with E189D. (A) Holter monitor record-
ing capturing bidirectional ventricular tachycardia in patient SM.

(B) Genealogy diagram. Males are denoted by squares, females by cir-
cles. Closed symbols indicate clinically affected individuals who are carri-
ers for E189D. Open symbols denote normal phenotype and genotype.

The cardiac ryanodine receptor (RyR2) is a large
homotetrameric ion channel, with each subunit composed of a
cytoplasmic and transmembrane domain. RyR2 is located in the
membrane of the sarcoplasmic reticulum (SR) and is responsible
for regulating SR Ca?* release. It is“well establishéd that under
normal conditions RyR2 is activated by Ca?* influx through the
L-type Ca?* channels, which are triggered by membrane depolar-
ization, in a process termed Ca**-induced-Ca**-release (CICR).®
It is also known that CPVT is caused by inappropriate openings
of RyR2 during diastole, and that these inappropriate channel
openings result in an increase in Na*/Ca?* exchanger (NCX)
activity, which depolarizes the cell membrane giving rise to
delayed after depolarizations (DADs).”® It is these DADs that
ultimately lead to cardiac arrhythmia.

However, the molecular mechanism that underlies the
inappropriate opening of RyR2 is less well defined, and remains
controversial. It has been proposed that CPVT RyR2 mutations
alter the RyR2 macromolecular complex; more specifically, that
these mutations reduce the affinity of RyR2 for the 12.6 kDa
FK506-binding protein (FKBP12.6).° It has been shown that a
number of CPVT mutations within the central and C-terminal
regions (522451, R2473S and R4496C) reduce the affinity of
RyR2 for FKBP12.6 at rest, and that FKBP12.6-null mice have a
phenotype that closely resembles that of CPVT mutant mice.'*!!
Based on these observations, Marks and his colleagues have
proposed a common model for the role of FKBP12.6 in CPVT.
This model states that FKBP12.6 is required to stabilize RyR2
and that a reduced affinity for FKBP12.6 binding, as a result of
CPVT RyR2 mutations, will therefore lead to a leaky channel."!

This mechanism hasrecently received additional support from
high-resolution structural data for RyR1. Using sub-nanometer
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resolution electron cryomicroscopy and comparative modeling,
Serysheva et al. mapped several MH and CCD mutations in
the 3D structure of RyR1."? They found that four mutations are
located within a surface pocket that is predicted to be the bind-
ing site for FKBP12.0 (a RyR1 binding protein homologous to
FKBP12.6), implicating a possible mechanism by which MH-
and CCD-associated RyR1 mutations dissociate FKBP12.0
from RyR1."*"* However, the role of this N-terminal region in
FKBP binding remains controversial as other researchers have
shown that CPVT mutant RyR2 channels display altered activ-
ity regardless of FKBP12.6 association. Multiple research groups
have also been unable to repeat or extend the data showing that
CPVT mutations reduce the affinity of RyR2 for FKBP12.6.5'

As an alternative to the FKBP12.6 dissociation hypothesis,
Jiang and Chen have proposed that CPVT mutations in RyR2
lead to alterations in intrinsic channel properties of RyR2.” By
measuring their responses to Ca?* overload, they have shown
that several CPVT mutations from all three mutation regions in
RyR2 decrease the threshold for spontaneous Ca** release or store
overload-induced Ca?* release (SOICR).”>" Interestingly, they
have also identified a CPVT mutation that results in an increase
in the threshold for SOICR, a suppression of function.?” Their
data therefore suggest that CPVT may arise from either a gain of
function or suppression of function in-SOICR.

In this study we identified a kindred with recurrent,
unexplained syncope and confirmed the diagnosis of CPVT.
Using genetic screening we identified a novel mutation in RyR2,
E189D. This mutation is the most N-terminal single mutation
thus far characterized in CPVT-and is located in close proxim-
ityto the proposed’ FKBP12:6 binding domain of RyR2. Using
cellular Ca®* measurements we show that the E189D mutation
causes CPVT by increasing the propensity for SOICR. Further
functional characterization of the E189D mutation shows that
it increases the sensitivity of RyR2 to caffeine activation and
enhances basal channel activity, similar to most of the other
CPVT mutations characterized previously. Importantly, we
found that the E189D mutation causes these changes in RyR2
without altering the affinity for FKBP12.6.

Results

Phenotypes associated with the RyR2 E189D mutation. The
index patient (DM) presented initially in 1978 (age 10) with
recurrent profound syncope on exertion or emotional stress.
Work-up failed to demonstrate any structural or reversible
cause. An exercise treadmill test demonstrated a brief period of
polymorphic ventricular tachycardia. The patient was started
on beta-blockers with moderate activity restriction and had no
further incidence of syncope. No formal diagnosis was made.
Twenty six years later, her son (SM; age 7) also began to experi-
ence exertion-induced syncope. Following a complete investiga-
tion for structural actiology, a Holter monitor was used to record
the patient’s electrocardiogram (Fig. 1A). During exercise, rapid
bidirectional ventricular tachycardia was recorded and CPVT
was diagnosed. This finding also led to a retrospective diagnosis
of CPVT being made in the patient’s mother, DM (Fig. 1B).
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Figure 2. Molecular genetics and degree of conservation. (A) The mutation predicts the replacement of glutamic acid with aspartic acid at position

Candidate gene approach reveals a novel RyR2 mutation
E189D. Sequencing analysis of both DM and SM revealed a
single point mutation (base shift mutation A567T) in exon
8 of the RyR2 gene (Fig. 2A). This point mutation predicts a
replacement of a glutamate residue for aspartate at position 189
(E189D). Residue E189 is located within a highly conserved
region of RyR2 which is conserved between different species and
receptor isoforms (Fig. 2B), suggesting an important role of this
amino acid sequence in the structure/function of the channel.
The remainder of the immediate family was tested and found
negative for E189D. Thus, patient DM likely represents a de novo
mutation. Alternatively, either parent may represent a germ line
mosaic for the mutation or patient DM may not be related to her
father.

The E189D mutation does not alter the association of
FKBP12.6 with RyR2. The molecular mechanism by which
RyR2 mutations lead to arrhythmia is a contentious issue, with
the field divided over the role of FKBP12.6. As the N-terminal
location of E189D places it in close proximity to the proposed
FKBP12.0 binding pocket of RyR1, we explored whether E189D
can influence the association of RyR2 with FKBP12.6. An equal,
fixed amount of cell lysate from HEK293 cells expressing RyR2
wt or E189D was used to co-immunoprecipitate varying input
amounts of cell lysate from HEK293 cells expressing FKBP12.6
(0, 0.3, 1, 3, 10, 30, 100% of maximum input). It is important
to note that HEK293 cells do not normally express FKBP12.6.
Figure 3 shows that the concentration dependence of FKBP12.6
binding to E189D is not significantly different from that of
FKBP12.6 binding to RyR2 wt (n = 3, p = 0.1-0.4) (Fig. 3B).
These data indicate that the novel E189D mutation does not
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decrease the binding of FKBP12.6 to RyR2, and implies that
other arrhythmogenic mechanisms are responsible.

E189D increases the propensity for spontaneous Ca** release
events. As E189D-does not alter-the“association of RyR2 with
FKBP12.6, we investigated whether it altered the propensity for
store-overload-induced Ca?* release (SOICR), another mecha-
nism proposed to underlie RyR2-associated arrhythmias. We cre-
ated stable-inducible HEK293 cell lines expressing either RyR2 wt
or E189D, under the control of a tetracycline repressor. Although
HEK293 cells expressing RyR2 wt or CPVT RyR2 mutants do
not express a full complement of other cardiac proteins, such
as triadin, junctin and calsequestrin, they have previously been
shown to very closely recapitulate the SOICR behavior of adult
cardiac myocytes from CPVT RyR2 transgenic animals.”?* The
distribution (Fig. 4A) and expression level (Fig. 4B) were deter-
mined by immunostaining and western blotting respectively, and
found to be comparable between RyR2 wt and E189D. Figure 5
shows the SOICR activity of these cells, measured using the
cytosolic Ca** indicator dye Fura-2AM, in response to increasing
external Ca?* concentrations (0—1 mM). Increasing the external
Ca?* concentration has previously been shown to be an effective
way to induce Ca?* store overload in HEK293 and cardiac myo-
cytes.” Figure 5A illustrates the response of a number of cells
to this regime; red cells represent those cells displaying SOICR.
Typical SOICR in a single cell is shown in Figure 5B with the
pooled averaged data shown in Figure 5C. These data show that
akin to previously characterized CPVT mutations, the E189D
mutation results in an increased frequency, from 100 + 4.8%
for RyR2 wt (n = 16) to 230 % 36% for E189D (n = 3) (p <
1.6 x 10°) and a decreased amplitude (76.7 & 2.7% for E189D,
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Figure 3. E189D does not alter the affinity of
binding of FKBP12.6 to RyR2. (A) Western blots
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10 30 100 showing the interaction between RyR2 wt or E189D
with various amounts of FKBP12.6 (values indicate %
of maximal input). The RyR2-FKBP12.6 complex was
co-immunoprecipitated using an anti-RyR antibody
followed by immunoblotting with anti-RyR (upper
part) and anti-FKBP12/12.6 (lower part) antibod-

ies. Results shown are representative of three
separate experiments. (B) Ratio of FKBP12.6 to RyR2,
calculated using densitometry of the protein bands,
normalized to maximal binding showed that there
are no significant differences in the level of protein
at any given FKBP12.6 concentration (p = 0.1-0.4).
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impact of E189D on the sensitivity of RyR2 to
Ca?* activation, we assessed the Ca?* depen-
dence of [PH]ryanodine binding. [PH]ryano-
dine binding is a good indicator of channel
activity, as ryanodine only binds to the open
state of the channel.'®” Figure 6A shows the
overall Ca** response of [?H]ryanodine bind-
ing to RyR2 wt and E189D. The EC, value
for Ca?* activation of [*H]ryanodine binding
to E189D is 0.18 £ 0.006 UM (n = 3), slightly
lower than that for-RyR2-wt (EC ;= 0.28 £

FKBP12.6 input (%)

=]
[
3 E 801 O RyR2 wt
< E A E189D
oz 607
e £
g;@_ 40 -

20 -

0 R 8 T

0.1 1.0 10 100

X 0.017 UM, n = 15) (p < 0.03).
E189D enhances the basal activity of
RyR2. Although the Ca** dependence of [*H]

ryanodine binding to E189D and RyR2 wt is

Fluorescent >

Phase image

WT E189D HEK

E189D

RyR2 wt

only slightly shifted, we have previously found
that the basal activity of CPVT mutant channels is mark-
edly increased.”®” To examine whether this is also the
case for E189D, we performed [’H]ryanodine binding in
the near absence of Ca?* and the presence of elevated KCl
concentrations. Increasing the KCI concentration (50—

m_ 1,000 mM) leads to an activation of RyR2 wt channels
RyR at very low Ca?* concentrations (3 nM), by an unknown

mechanism, but it likely reflects the destabilization of
the closed state of the channel. Figure 6B shows that
the E189D mutation enhances the basal activity of the
channel. For instance, at 800 mM KClI, the level of [’H]
ryanodine binding to E189D is 20.7 £ 1.2% (n = 3), sig-
nificantly higher than the level of binding to RyR2 wt
(10.1£0.73%, n = 8) (p < 3.5x 107). These data suggest
that E189D de-stabilizes the closed state of RyR2.

E189D increases the sensitivity to caffeine. Another

Figure 4. Expression of RyR2 wt and E189D in HEK293 cells. (A) Immunostain-
ing of RyR2 wt and E189D using an anti-RyR antibody. (B) Western blot of equal
amounts of cell lysate from RyR2 wt, E189D or HEK293 parental cells using an

property shared by CPVT causing RyR2 mutations is a
sensitization to caffeine,” which is also used to trigger
CPVT in transgenic animals.”” To determine whether

anti-RyR antibody.

n =3, compared to 100 £ 2.4% for RyR2 wt, n = 16, p < 0.005) of
SOICR. Control wt HEK293 cells that do not express RyR2 have
previously been shown to have no Ca** oscillations in response to
increasing external Ca?*.”

The E189D mutation in RyR2 causes [*H]ryanodine binding

to be activated at a slightly lower Ca?*. In order to determine the
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E189D also alters the sensitivity of the channel to caffeine,
we performed [*H]ryanodine binding in the presence of
a range of caffeine concentrations (0-20 mM). Figure 6C shows
that E189D significantly increases the sensitivity of the channel to
caffeine, resulting in a leftward shift in the EC for caffeine acti-
vation from 3.2 £ 0.08 mM (RyR2 wt, n = 4) to 1.6 £ 0.18 mM
(E189D, n = 3) (p < 0.0003). Hence, this observation indicates
that the E189D mutation sensitizes the channel to activation.
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Figure 5. E189D increases the propensity A
for SOICR. Stable, inducible HEK293 cells
expressing RyR2 wt or the E189D mutant
were grown on glass coverslips. Cells were
induced with 1 ug/ml tetracycline for 24
hours and loaded with 5 uM fura-2-AM in
KRH buffer for 20 min at room tempera-
ture. Cells were perfused continuously with
KRH buffer containing 0, 0.1, 0.2, 0.3, 0.5,
1.0 mM CaCl, or 1.0 mM CaCl, plus 5 mM
caffeine. (A) Typical images of oscillating
cells expressing RyR2 wt or E189D at vari-
ous [Ca?']. Oscillating cells are shown as
red. (B) Typical recording of Fura-2 ratios B
from RyR2 wt (green trace) and E189D (red
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determined from the amplitude of caf-
feine (5 mM) induced Ca?* release. Values
are normalized to RyR2 wt level (100%).
Data shown are mean = SEM from 3 or 16
separate experiments.
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disease caused by murations in RyR2 0
or CASQ2."* This study describes a
novel CPVT RyR2 mutation, E189D.
Molecular studies show that the E189D
mutation results in an “increase” in
SOICR, probably as a result of destabi-
lization of the channel, without altering
the affinity of RyR2 for FKBP12.6.
Role of FKBP12.6 in CPVT. The
role of FKBP12.6 in CPVT remains a
controversial issue, with new evidence
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leagues. They have shown that several
CPVT mutations reduce the binding
affinity of RyR2 for FKBP12.6 at rest,'”" and that FKBP12.6-
null mice exhibit a CPVT like phenotype.!! This assertion has
been challenged by George et al. who demonstrated that dis-
ease causing CPVT mutations (S2246L, N4104K and R4497C)
enhance RyR2 function independent of FKBP12.6 dissocia-
tion when expressed in HL-1 cells."® Chen and colleagues have
performed similar studies and found that a number of CPVT
mutations Q4201R, 14867M, S2246L, R2474S, R176Q/
T2504M, L433P and V4653F have no significant effect on the
RyR2-FKBP12.6 association when expressed in HEK293 cells.”
7 They also observed that FKBP12.6-null mice do not have an
increased susceptibility for stress-induced arrhythmia compared
to wt mice. Additionally, single RyR2 channels purified from
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FKBP12.6-null mice showed Ca**-dependent activation, gating
and single channel conductance similar to those of the wt mice.
Lastly, it was demonstrated that direct dissociation of FKBP12.6
from native canine channels does not alter the gating and con-
ductance of the channel.?® Recent structural modeling data for
RyR1, however, has complemented the common model proposed
by Marks, as it localizes a number of MH and CCD muta-
tions (E161, R164, R402 and 1404) to a proposed FKBP12.0
binding site,”* suggesting that these mutations may dissociate
FKBP12.0 from RyR1. Although these data are from two dif-
ferent isoforms of RyRs, both the sequence identity and pre-
dicted structural homology are highly conserved between RyR1
and RyR2.” However, the importance of the location of these
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residues in a binding site for FKBP is questionable, at least in
RyR2, as a previous study has shown that deletion of this region
(residues 0-305) does not markedly alter FKBP12.6 binding to
RyR2.%8 It is likely that the location of the FKBP binding site(s)
on RyRs will remain controversial until a complete crystal struc-
ture is obtained. Nevertheless, in this study, we show that the
novel CPVT mutation E189D does not decrease the binding of
FKBP12.6 to RyR2. This observation adds to the growing com-
mon evidence that CPV'T mutations do not alter the association
of FKBP12.6 with RyR2.

How does E189D cause CPVT? At least 143 CPVT RyR2
mutations have been identified, although a minority have been
functionally characterized.® These mutations are clustered in
the N-terminus (aa residues 164-433), the central region (aa
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Figure 6. The effect of E189D on [*H]Ryanodine binding to RyR2. [*H]
ryanodine binding to cell lysate prepared from HEK293 cells transfected
with RyR2 wt (open circle) or E189D (closed triangle) cDNA was per-
formed at: (A) various Ca** concentrations (0.2 nM to 0.1 mM), 100 mM
KCland 5 nM [*H]ryanodine. (B) Various KCl concentrations (50 to 1,000
mM), 3 nM Ca* and 5 nM [*H]lryanodine. Amounts of [*H]ryanodine
binding at various KCI concentrations were normalized to the maximal
binding measured in the presence of 800 mM KCl and 100 uM Ca?*.

(C) Various caffeine concentrations (0.01 to 20 mM), 43 nM Ca?* and
100 mM KCl. Data points shown are mean + SEM from 3 or 5 separate
experiments.

residues 2,246-2,504) and the C-terminus (aa residues 3,778—
4,959).! The C-terminal region is thought to comprise the chan-
29,30 3132 and the luminal

portion of the protein. It is perhaps not surprising, therefore,

nel pore, the site of ryanodine binding
that mutations within this region can destabilize the channel
and lead to inappropriate channel openings.?%° In contrast, the
N-terminal and central regions are located within the large cyto-
solic portion of the protein, distal from the channel pore. Three
dimensional modeling of RyR2 suggests that these regions lie
in close proximity to one another.’®?” Therefore, alterations in
these regions may destabilize the RyR2 channel by weakening
inter-domain interactions, and thus facilitating conformational
changes thatactivate the channel.”? The newly identified muta-
tion, E189D, is located within the N-terminal region. Recent
crystallography data from the N-terminus of RyR2 show that the
side chain of E189D is orientated very similarly to that of V186
which can also cause CPVT when mutated to M186. The high
resolution model suggests that the-longer side chain of V186M
bends and fills a‘deep sutfaceexposed pocket in the N-terminus
of RyR2 when mutated.?® The structure of V186M also shows
that the bending of this side chain does not cause any changes in
the overall structure or stability of the N-terminus. The authors,
therefore, suggest that V186M must be located at an interface
between domains and be important for domain-domain interac-
tions.*® The proximity and orientation of the side chain of E189D
to V186M suggest it may share a similar mechanism of destabi-
lizing RyR2. In support of this data Amador et al. have created
a homology model for the N-terminus of RyR2 based on high
resolution structural data from RyR1. This model predicts that
E189D would be located within B-sheet 10, which forms the cap
of the B-trefoil structure.?” In this model the location of E189D
is very close to R178C, a MH mutation in RyR1. Using nuclear
magnetic resonance to determine the structure, they found that
N-terminal fragments containing R178C do not display any
significant chemical shift perturbations, suggesting that like
V186M in RyR2, R178C does not cause any significant changes
in the structure of the NH2-terminal domain itself.?” Combined
these data suggest that E189D, V186M and R178C cause disease
(CPVT or MH) by altering domain-domain interactions or by
domain unzipping which have both previously been predicted to
be mechanisms of disease.”>%" It is also interesting to note that the
mutation itself, from glutamate to aspartate, is very conservative,
retaining the charge and hydrophobicity. It is possible, therefore,
that the size of the residue at position 189 is crucial for domain-
domain interactions, perhaps via salt-bridge formation.
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Clinical relevance. As the role of RyR2 and SOICR in
CPVT becomes better defined, it will allow for the develop-
ment of more specific, targeted drugs. Importantly it has been
shown that CPVT can result from either an increase or decrease
in SOICR.'** These opposing findings, within the same dis-
ease phenotype, have profound implications for the novel treat-
ment strategies in management of CPVT patients. Hence, it is
imperative to fully characterize each newly identified mutation to
determine the underlying mechanism, and to translate this to the
management of CPVT in patients. Although crucial for CPVT, it
still remains to be defined whether enhanced SOICR is common
to other ventricular arrhythmias, as clinical and experimental
evidence would indicate that these acquired conditions represent
complex interactions between electrophysiological remodeling,
structural alterations and possibly the myriad of RyR2 regulatory
proteins.***

Summary. This study identifies a novel CPVT RyR2
mutation, E189D. Characterization of this mutation serves to
strengthen the notion that altered FKBP12.6 binding affinity is
not a common mechanism underlying CPVT. It also reinforces
the hypothesis that the majority of CPVT causing RyR2 muta-
tions lead to enhanced channel activity and ultimately arrhyth-
mia, by increasing the propensity for SOICR, conceivably as a
result of intrinsie destabilization of the channel.

Materials and Methods

Human subjects. The investigation conforms to the principles
outlined in the Declaration of Helsinki. Informed consent was
obtained from all participants’in accordance with-the University
of Ottawa Ethics Committee. Participants were evaluated by
medical history, physical examination, electrocardiogram,
echocardiogram and exercise testing. Clinical assessment was
performed prior to knowledge of genotype.

Human molecular genetics studies. DNA was extracted using
standard procedures. The coding exons of RyR2 gene were ampli-
fied by PCR and subjected to mutation screening by single-strand
conformational polymorphism (SSCP) analysis. Exons display-
ing abnormal conformational patterns were directly sequenced.

Site-directed mutagenesis. The E189D mutation was inserted
into the mouse RyR2 cDNA using the PCR-based overlap exten-
sion method.”’ DNA sequencing was used to confirm the inser-
tion and fidelity of the surrounding PCR-amplified region. RyR2
wt or E189D mutant RyR2 cDNA were then subcloned into the
mammalian expression vector pcDNA3.

Generation of stable, inducible HEK293 cell lines. Stable,
inducible HEK293 cell lines expressing RyR2 wt or E189D were
generated using the Flp-In T-REx Core Kit from Invitrogen as
previously described.'® Briefly, the full-length cDNA encoding
RyR2 wt or E189D were subcloned into the inducible expres-
sion vector pcDNA5/FRT/TO. Flp-In T-REx-293 cells were
then co-transfected with pcDNA5/FRT/TO containing RyR2
wt or E189D and pOG44 vector encoding the Flp recombinase
in 1:5 ratios using the Ca?* phosphate precipitation method.
Transfected cells were washed with PBS 1 day after transfection
and allowed to grow for 1 more day in fresh medium. The cells
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were then washed again with PBS, harvested and plated onto
new dishes. After the cells had attached (-4 hrs), the growth
medium was replaced with a selective medium containing 200
Ug/ml hygromycin (Invitrogen). The selective medium was
changed every 3—4 days until the desired number of cells was
grown. The hygromycin-resistant cells were pooled, aliquoted
and stored at -80°C. Both cell lines were tested for RyR2 expres-
sion using western blotting analysis and immunofluorescence
staining (see below).

RyR2-FKBP12.6 assays
immunoblotting. Western blotting analysis were performed as
previously described.'® Briefly, HEK293 cells expressing RyR2wt
or E189D with similar cell densities were harvested and lysed in
lysis buffer (25 mM Tris/50 mM Hepes (pH 7.4), 137 mM NaCl,
1%  3-[(3-cholamidopropyl)dimethylammonio]-1-propanesul-
fonate (CHAPS), 0.5% soybean phosphatidylcholine, 5 mM
MgCl,) containing a protease inhibitor mix (1 mM benzami-
dine, 2 pg/ml leupeptin, 2 pg/ml pepstatin A, 2 pig/ml aprotinin,
0.5 mM PMSF, 2.5 mM DTT). Equal amounts of cell lysate
were incubated with glutathione-Sepharose, pre-bound with
GST-FKBP12.6 (RyR2 alone, Fig. 4) or protein G-Sepharose
pre-bound with anti-RyR antibody (34C) (for RyR2-FKBP12.6
binding assay, Fig. 3). For the RyR2-FKBP12.6 binding assay
varying amounts of FKBP12.6.containing cell lysate (0-100%)
were also added during the incubation. The resulting sepharose-

co-immunoprecipitation and

precipitates were washed with ice-cold lysis buffer three times,
each time for 2 min to remove unbound proteins. The proteins
bound to the sepharose beads were then solubilized by the addi-
tion of 40 ul of Laemmli’s sample-buffer*? plus 5% (v/v) 2-mer-
captoethanol “and-boiled” for- 5 min: The samples were then
separated by SDS-PAGE (6% for RyR2 or 16% for FKBP12.6).
The SDS-PAGE-resolved proteins were transferred to polyvi-
nylidene fluoride membranes (PVDEF) at 45 V for 18-20 h (for
RyR2) or 100 V for 2 h (for FKBP12.6) at 4°C in the presence
of 0.01% SDS according to the method of Towbin et al.?* The
PVDF membranes containing the transferred proteins were
blocked for 30 min with PBS containing 0.5% Tween 20 and 5%
(w/v) skimmed milk powder. The blocked membranes were then
incubated with anti-RyR (34C) or anti-FKBP antibodies (both
1:1,000) for 3 h and washed three times for 5 min in PBS con-
taining 0.5% Tween 20. The membrane was then incubated with
the appropriate horseradish peroxidase-conjugated secondary
antibody (1:20,000) for 30 min. After washing three times for 5
min in PBS containing 0.5% Tween 20, the RyR2 or FKBP12.6
proteins were detected by enhanced chemiluminescence (Pierce).

[*H]ryanodine binding. Preparation of cell lysate and equilib-
rium [*H]ryanodine binding were carried out as described previ-
ously.' Briefly, a binding mixture (300 L) containing 30 ul of
cell lysate expressing either RyR2 wt or E189D (3—5 mg/ml), 25
mM Tris/50 mM Hepes (pH 7.4), 5 nM [*H]ryanodine, a pro-
tease inhibitor mix and various concentrations of CaCl,, caffeine
and KCl as indicated, was incubated at 37°C for 2.5-3.5 hrs. The
binding mixture was diluted with 5 ml of ice-cold washing buffer
containing 25 mM Tris (pH 8.0) and 250 mM KCI and imme-
diately filtered through Whatman GF/B filters presoaked with

1% polyethylenimine. The filters were washed four times with
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5 ml of ice-cold washing buffer and the radioactivity associated
with the filters was determined by liquid scintillation counting.
Nonspecific binding was determined by measuring [°H]ryano-
dine binding in the presence of 50 UM unlabeled ryanodine.
Data shown are mean £ SEM for n experiments, and statistical
significance was evaluated using the unpaired Student’s t test.
Single cell Ca** imaging. Intracellular Ca** transients in stable
inducible HEK293 cells expressing the RyR2 wt or mutant chan-
nels were measured using single-cell Ca?* imaging and the fluores-
cence Ca?* indicator dye fura-2 acetoxymethyl ester (fura-2 AM)
as described previously." Briefly, cells grown on glass coverslips
for 24 hrs after induction by 1 ug/ml tetracycline (Sigma) were
loaded with 5 UM fura-2 AM in Krebs-Ringer-Hepes (KRH) buf-
fer (125 mM NaCl, 5 mM KCl, 1.2 mM KH,PO,, 6 mM glucose,
1.2 mM MgCl,, 25 mM HEPES, pH 7.4) plus 0.02% pluronic
F-127 (Molecular Probes) and 0.1 mg/ml BSA for 20 min at room
temperature. The coverslips were then mounted in a perfusion
chamber (Warner Instruments, Hamden, CT) on a Nikon Ti-S

microscope. Cells were perfused continuously with KRH buffer
containing various concentrations of CaCl, (0-1.0 mM) at room
temperature. Fura-2 fluorescence was captured every 4 seconds
through a Fluor x20 objective and a Chroma filter set using the
C-imaging software. Data shown are mean + SEM, and statisti-
cal significance was evaluated using the unpaired Student’s t test.
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