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Abstract Evidence obtained in the last two decades

indicates that calsequestrin (CSQ2), as the major Ca2?-

binding protein in the sarcoplasmic reticulum of cardiac

myocytes, communicates changes in the luminal Ca2?

concentration to the cardiac ryanodine receptor (RYR2)

channel. This review summarizes the major aspects in the

interaction between CSQ2 and the RYR2 channel. The

single channel properties of RYR2 channels, discussed

here in the context of structural changes in CSQ2 after

Ca2? binding, are particularly important. We focus on five

important questions concerning: (1) the method for reliable

detection of CSQ2 on the reconstituted RYR2 channel

complex; (2) the power of the procedure to strip CSQ2

from the RYR2 channel complex; (3) structural changes in

CSQ2 upon binding of Ca2? which cause CSQ2 dissocia-

tion; (4) the potential role of CSQ2-independent regulation

of the RYR2 activity by luminal Ca2?; and (5) the vizu-

alization of CSQ2 dissociation from the RYR2 channel

complex on the single channel level. We discuss the

potential sources of the conflicting experimental results

which may aid detailed understanding of the CSQ2 regu-

latory role. Although we mainly focus on the cardiac

isoform of the proteins, some aspects of more extensive

work carried out on the skeletal isoform are also discussed.
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Introduction

The cardiac ryanodine receptor (RYR2) channel plays a

key role in excitation–contraction (EC) coupling in the

heart, providing the pathway for release of Ca2? from the

sarcoplasmic reticulum (SR) required for activation of

cardiac contraction. It is becoming increasingly evident

that the Ca2? release by RYR2 channels is governed not

only by cytosolic Ca2? but also by Ca2? in the lumen of the

SR (luminal Ca2?). The first evidence of a regulatory role

of luminal Ca2? was reported by Fabiato and Fabiato [1, 2].

They showed that the magnitude of Ca2? release was

scaled by the Ca2? loading of the SR. These findings are

easily explained by an increase in the Ca2? gradient across

the SR membrane; and thus, increased amplitude in the

Ca2? current. However, studies on muscle cells and iso-

lated vesicles have revealed that the rate of Ca2? release

was increased by luminal Ca2? too steeply (non-linearly) to

result merely from the enhanced Ca2? current (for review,

see [3, 4]). Therefore, the additional mechanism that

obviously comes into play has been debated; and the reg-

ulation of the RYR2 channel by luminal Ca2? appears the

most feasible explanation. Indeed, experiments on the

RYR2 channel reconstituted in the planar lipid membrane

(BLM) revealed that luminal Ca2? significantly enhanced

the channel activity [5–11]. Considering the fact that Ca2?

could permeate the channel, the observed effect of luminal

Ca2? was interpreted by two principal mechanisms. The
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‘‘true luminal’’ model attributed luminal regulation to the

Ca2? binding sites located on the luminal face of the RYR2

channel, or on associated proteins; whereas, the ‘‘feed-

through’’ model proposed that luminal Ca2? passes the

channel pore in the lumen-to-cytosol direction and binds to

Ca2? sites located on the cytoplasmic channel face.

Although the pioneering single channel studies selectively

supported only either one of these suggested mechanisms;

recently Laver [12–14] has developed a hybrid model

where interplay between the ‘‘true luminal’’ and ‘‘feed-

through’’ mechanisms has been proposed (Fig. 1). The

molecular nature of a luminal Ca2? sensor of the RYR2

channel has been extensively studied in the last two dec-

ades, and currently, it is accepted that calsequestrin (CSQ),

as one of the major Ca2?-binding proteins in the SR, could

play this role. CSQ was first identified in the early 1970s in

skeletal muscle (CSQ1) [15, 16] and then later in cardiac

muscle (CSQ2) [17]. The CSQ2 is the solely expressed

isoform in the cardiac muscle [18] and has been detected as

filamentous matrices anchored to the junctional face

membrane in the vicinity of the RYR2 channel [19–21].

Thus, it is feasible that the CSQ2 proximity to the RYR2

channel ensures that high Ca2? concentrations are stored

quite close to the site of Ca2? release [22]. CSQ2 interacts

with the RYR2 channel either directly [23, 24] or via

scaffolding proteins such as triadin and junctin [20]. Both

of these proteins span the SR membrane and bind by their

luminal domains to both CSQ2 [25, 26] and the RYR2

channel [20]. In addition, triadin and junctin also interact

with each other, forming a quaternary complex between

themselves, the RYR2 channel and CSQ2 [20] (Fig. 1). As

a low-affinity and high-capacity Ca2? binding protein,

CSQ2 was originally thought to play a role as a Ca2?

storage site in the SR, however, extensive experimental

evidence has shown that the role of CSQ2 extends well

beyond that of a simple Ca2? buffer. It is well recognized

that Ca2? in the lumen of the SR extensively regulates the

RYR2 activity, and as CSQ2 is Ca2? dependent and

localized in the vicinity of this channel, it has been sug-

gested to be its putative luminal Ca2? sensor [9, 10, 20,

27]. This new regulatory role of CSQ2 was originally

proposed by Ikemoto et al. [28], who suggested that the

binding of Ca2? to CSQ produces a conformational change

in this protein, which subsequently causes a conformational

change in the RYR channel leading to variations in SR

Ca2? release. This hypothesis has recently been refined,

since it was found that Ca2? predominantly controls

binding between CSQ2 and triadin/junctin by weakening

the electrostatic interactions [9, 20]; and thus, CSQ2-tria-

din/junctin interaction is thought to provide a molecular

basis for regulation of the RYR2 channel by luminal Ca2?

[27, 29]. The question of whether triadin and junctin

equally transmit the signal from CSQ2 to the RYR2

channel is still unresolved. Some studies have concluded

that the CSQ2-triadin binding is essential for regulation of

the RYR2 channel by luminal Ca2? [9, 30]; however, direct

evidence from the BLM experiments which can reliably

separate triadin and junctin roles in the CSQ2-RYR2

functional interaction is still lacking. It is noteworthy that

this type of study was performed on the skeletal isoform of

the RYR channel (RYR1), and therein it was clearly shown

that junctin alone, but not triadin, mediated CSQ1 inhibi-

tion of the reconstituted RYR1 channel [31]. As further

support for the role of CSQ2 as a Ca2? sensor, it has been

shown that mutations in CSQ2 are equally deleterious as

mutations in the RYR2 channel in causing catecholamin-

ergic polymorphic ventricular tachycardia (CPVT) by

changing the RYR2 sensitivity to luminal Ca2? [32–35].

Fig. 1 Proposed mechanisms of the RYR2 regulation by luminal

Ca2?. The first (a), ‘‘true-luminal’’ model proposes the existence of

luminally located Ca2?-binding activation sites on the RYR2 channel,

or on associated proteins such as calsequestrin (CSQ2) that could play

the role of a luminal Ca2? sensor. CSQ2 is anchored in the vicinity

of the RYR2 channel by two membrane proteins: junctin (J) and

triadin (T). The second (b), ‘‘feed-through’’ model goes without

Ca2? binding sites on the luminal domain and explains the activation

effect of luminal Ca2? by binding of Ca2? ions which permeate from

the SR lumen to Ca2? sites located on the cytosolic face of the RYR2

channel. The third (c), ‘‘luminal triggered Ca2? feed-through’’ model

combines both the previously suggested mechanisms into one. This

model suggests that both luminal and cytosolic Ca2? sites mediate the

channel activation, and that these sites are functionally coupled by the

flow of Ca2? from the SR lumen. T—triadin, J—junctin, CSQ2

cardiac calsequestrin, red dot—Ca2? ion, SRlumen—lumen of sarco-

plasmic reticulum, RYR2—cardiac ryanodine receptor
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CVPT is a familial disorder characterized by adrenergically

mediated arrhythmias which often lead to sudden cardiac

failure and death (reviewed by [36]).

Here we provide a brief overview of what we know, and

do not know, about the functional role of CSQ2 in the

sensitization of the RYR2 channel to luminal Ca2?. The

single channel properties of RYR2 channels are of partic-

ular importance, and are discussed in the context of

structural changes in CSQ2 following Ca2? binding. Our

aim is to highlight current controversies in this field and

endeavour to identify further ones. Discussion of potential

sources of conflicting results will be beneficial in detailed

understanding of the role CSQ2 plays in the responsiveness

of the RYR2 channel to luminal Ca2?. Herein, we focus on

the cardiac isoform of the proteins; however, due to more

specific work done on the skeletal isoform, we also discuss

some aspects of this isoform.

In our review, we focus on five inter-related questions

concerning the CSQ2-RYR2 interaction which can poten-

tially form the basis for future studies:

1. How can the presence of CSQ2 on the RYR2 channel

be reliably assessed in BLM experiments?

2. How effectively can we strip CSQ2 from the RYR2

channel complex?

3. What structural changes in CSQ2 cause the dissocia-

tion following Ca2? binding?

4. What is the role of CSQ2-independent regulation of

the RYR2 channel by luminal Ca2??

5. How can the CSQ2 dissociation process be visualized

on the single channel level?

Unresolved questions

How can the presence of CSQ2 on the RYR2 channel

be reliably assessed in BLM experiments?

A biochemical approach has documented that CSQ2 can be

completely released from the RYR2 channel complex by a

high concentration of luminal Ca2? ([Ca2?]L) [20].

Although a similar situation has been found for the CSQ1-

RYR1 complex [37, 38], here increased ionic strength was

defined as an additional effective CSQ stripping factor

[37]. Therefore, CSQ2 dissociation from the RYR2 channel

complex can easily occur when either [Ca2?]L is widely

manipulated during BLM experiments or the ionic strength

of solutions used to isolate SR crude microsomes is sub-

stantially increased. This can bias interpretation of

experimental results, and several groups have documented

that regulation of the RYR2 channel by luminal Ca2? is

considerably influenced by CSQ2 [9, 10, 24, 27, 39]. Here,

it is important to note that the SR crude microsomes

isolated by the standard procedure with moderate ionic

strength of isolation buffers contain a detectable amount of

CSQ2, and this has been confirmed in several studies by

Western blotting [8, 24, 40]. According to a recent study,

this portion of CSQ2 represents only approximately 5 % of

the total amount originally present in the ventricular tissue

[40]. This indicates that CSQ2 found in the SR microsomes

was most likely tightly bound to RYR2 channels. Impor-

tantly, this implies that the CSQ2-RYR2 functional

interaction could be preserved in the SR crude microsomes,

at least under some conditions. From this, one can assume

that RYR2 channels could be incorporated into the BLM

with associated CSQ2, and it is not inevitably to add this

protein either as recombinant or purified in each BLM

experiment to restore the natural CSQ2 status of reconsti-

tuted RYR2 channels. However, at this point we must

again emphasize that CSQ2 can be lost during the isolation

procedure or the BLM experiment whenever the appro-

priate, and so far not completely identified, conditions for

CSQ2 stripping are met. Supporting this concept, Qin et al.

[9] stated that in their hands a discrete population of control

RYR2 channels did not initially have CSQ2 attached. This

conclusion, however, was based on comparison between

the activity of control RYR2 channels which were never

exposed to the CSQ2 stripping procedure and those with

added CSQ2 upon the stripping. This issue was also dis-

cussed in the work of Beard et al. [37] for the RYR1

channel. These authors argued that since a considerable

number of RYR1 channels failed to respond functionally to

the CSQ1 stripping procedure, they all lacked associated

CSQ1. However, in both cases, the absence of CSQ was

determined only intuitively without direct evidence. This

clearly indicates that a reliable molecular tool for detection

of CSQ2 on the particular RYR2 channel reconstituted in

the BLM should be established. One promising, but still

not ideal approach, which has been partly tested on the

RYR1 channel is the effect of CSQ antibody on channel

activity [37]. The antibody added to the luminal face of the

RYR1 channel substantially reduced the channel activity,

most likely by binding to attached CSQ1. This inhibition

did not occur when channels were stripped of CSQ1 and

this was observed in all cases when CSQ1 was reassociated

upon the previous stripping. In our opinion, it is extremely

worthwhile to also test this method on the RYR2 channel

complex, because it is likely that binding of the antibody to

CSQ2 complexed with the RYR2 channel will lead to

similar changes in the channel activity. This method using

a potential molecular probe to detect CSQ2 in the partic-

ular RYR2 channel complex should be further explored in

sufficient detail, and the experimental conditions necessary

to detect the effect on the channel activity must be strictly

specified. Undoubtedly, this is critical for making an

objective conclusion about the presence of CSQ2 in the
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RYR2 channel complex which will consequently eliminate

conflicting interpretations of the experimental results on

the regulation of the RYR2 channel by luminal Ca2?.

How effectively can we strip CSQ2 from the RYR2

channel complex?

For both skeletal and cardiac muscles, two common con-

ditions under which CSQ completely dissociates from the

RYR channel complex have been identified. The first is

high [Ca2?]L and the second is increased ionic strength of

solutions [20, 37, 38]. When the RYR2 channel complexes

were only solubilized by detergent, a considerable fraction

of CSQ2 remained associated with triadin and junctin at

[Ca2?]L \ 1 mM. Moreover, 20 mM [Ca2?]L was shown

to sufficiently disrupt all CSQ2 protein-binding interactions

[20]. This biochemical study provided direct evidence of

the stripping power of high [Ca2?]L. However, interpreta-

tion of the outcomes requires ultimate caution when

applying this approach to the BLM experiments. Specifi-

cally, the biochemical study did not monitor the time

course of the stripping procedure, and the ionic composi-

tion of buffers used for biochemistry is not similar to that

used for BLM experiments. All of these factors can easily

modify the stripping power of high [Ca2?]L to an unknown

extent. These conditions which could influence the CSQ-

RYR interaction are certainly better explored in the CSQ1-

RYR1 interaction, where the precise correlation between

biochemical and BLM experiments has been determined

[37, 38]. Specifically, [Ca2?]L C 4 mM effectively disso-

ciated CSQ1 from the RYR1 channel complex, and this

therefore prevented its reassociation; whereas CSQ1

always remained attached in the range of 1–3 mM [Ca2?]L.

The BLM experiments further, although indirectly, con-

firmed these results. The RYR1 channels were irreversibly

activated after at least 3 min exposure to 5 mM [Ca2?]L

and at least 9 min after exposure to 4 mM [Ca2?]L. In

contrast, exposing the channels to 2 mM and 3 mM

[Ca2?]L did not cause irreversible change in channel

activity within the time frame of these experiments. Similar

results were obtained when increased ionic strength of

solution was used as the dominant stripping factor [37].

Here, the reconstituted RYR1 channels were visibly acti-

vated in 2–5 min when [Cs?]L was increased from 250 to

500 mM. For the RYR2 channel complex, efficacy of

CSQ2 stripping by high [Ca2?]L or high ionic strength

employed in several recent studies was tested only at the

single channel level, and no biochemical evidence sup-

porting the functional data was provided. It appears from

these measurements that 5 mM [Ca2?]L [27, 41] or

500 mM [Cs?]L [24] were strong enough to release CSQ2

from the RYR2 channel complex incorporated in the BLM;

however, the exposure to 10 mM instead of 5 mM [Ca2?]L

within 10 min seemed a more reliable stripping method [9,

10]. The CSQ2 dissociation was attributed to irreversible

changes in channel activity and this intuitive idea was

further supported by adding CSQ2 to the RYR2 channel

complex when [Ca2?]L was decreased to a level favouring

CSQ2 reassociation. This manoeuvre completely reversed

the effect of high [Ca2?]L and channel activity returned to

its initial level. Combining results obtained for the RYR1

and RYR2 channels, it can be concluded that 5–10 mM

[Ca2?]L or 500 mM [Cs?]L is sufficient to dissociate all

CSQ from the channel complex. However, our recent

results obtained from BLM experiments do not fully sup-

port this conclusion [11]. In order to correlate the

functional effects of luminal Ca2? (0.005, 1, 8, 15, 26,

53 mM) with the presence of CSQ2, we tested whether

8 mM [Ca2?]L removed CSQ2 from the RYR2 channel

complex. On the basis of observations mentioned above,

we suggested that 8 mM [Ca2?]L has only limited power to

strip CSQ2 from all studied RYR2 channel complexes

under our experimental conditions. It could be argued that

some RYR2 channel complexes did not respond to the used

stripping procedure because CSQ2 had been dissociated

from the channel complexes during SR microsomes prep-

aration. However, we can conclude that it is unlikely,

because all studied channels were activated by cytosolic

and luminal Ca2? in a similar manner and no heterogeneity

in channel properties was observed which otherwise could

have pointed to a different CSQ status of studied RYR2

channels [9, 39]. In order to identify the source of this

CSQ2 stripping power controversy, we compared the

composition and the ionic strength of the solutions used.

Specifically in our study, the ionic strength of the luminal

solution was 216 mM and in other studies this varied from

29 to 380 mM. Therefore, it is unlikely that the ionic

strength enhanced the power of luminal Ca2? to dissociate

CSQ2. Importantly, we found that in contrast to previous

studies, we did not mix luminal Ca2? with Cs? to increase

the signal/noise ratio. Whether Cs? ions can boost the

CSQ2 stripping process remains to be elucidated, but in

this regard it may be beneficial to test if it is possible to

strip residual CSQ2 with other metals such as Cu2? or

Mn2? which have greater affinity than Ca2?, as discussed

below.

Here, it is important to note that the third CSQ stripping

condition has also been recognized. In this case, although

CSQ1 binding to the RYR1 channel complex is eliminated

by low [Ca2?]L of approximately 100 nM–100 lM

because of CSQ1 depolymerization, a residual amount of

CSQ1 in the monomeric state remains attached [24, 42].

This specific stripping method can reasonably be applied

only to the RYR1 channel complex because CSQ1 is

mostly polymerized [9, 42, 43], while CSQ2 is mostly

monomeric at 1 mM [Ca2?]L and physiological ionic

2938 M. Gaburjakova et al.
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strength [24]. Furthermore, the RYR1 regulation by CSQ1

depends on its association with CSQ1 polymers and not

with any residual monomers [24, 42], while the RYR2

channel appears to be predominantly regulated by mono-

meric CSQ2 [9, 24].

What structural changes in CSQ2 cause the dissociation

following Ca2? binding?

Structural changes in CSQ upon Ca2? binding have been

studied by several groups [16, 17, 44]. The discovery of

CPVT mutations in CSQ2 has triggered many recent

studies focused on CSQ2 structure but there are still many

gaps in knowledge which need to be addressed [36, 45–47].

Since CSQ has a dual role as a Ca2?-buffer and modulator

of RYR function, its structure and metal binding properties

appear very closely intertwined. It has been suggested

that CSQ2 undergoes polymerization just like the CSQ1

isoform although it requires higher [Ca2?] in vitro [43,

48–50]. Circular Dichroism (CD) studies show that at a

very low [Ca2?] of\0.1 mM, CSQ2 has low CD ellipticity

and it increases with increasing [Ca2?] [51]. This indicates

that CSQ2 exists in a less structured, most likely a molten

globular state up to *0.1 mM [Ca2?] and at around

*0.3 mM [Ca2?] CSQ2 undergoes a key structural tran-

sition forming compact monomers ready to undergo

polymerization with further increase in [Ca2?] beyond

1 mM. It has been proposed that with increasing [Ca2?],

CSQ2 monomers first form a front-to-front dimer and then

two such dimers undergo back-to-back stacking leading to

a polymeric structure [43, 48, 49, 52, 53]. The physiolog-

ical role of these Ca2?-mediated structural changes is

further supported by the fact that CPVT mutations affect

CSQ2-Ca2? interaction and its polymerization/aggregation

properties [48, 49, 54–56]. The unique structural properties

of CSQ2 which could have implications for RYR2 function

are discussed below.

Sites for interaction with Ca2? and RYR2 channel on CSQ2

The CSQ class of proteins is distinct in its Ca2? interaction

as they lack any rigid Ca2?-binding motif such as EF-hand

[52] or double-clamp [57]. Recent structural studies have

shown that Ca2? binds to the acidic residues on the surface

without any uniform Ca2?-binding geometry, and this

varies depending on local structure [43, 50]. Such Ca2?-

binding mode with low affinity makes dissociation suitable

to facilitate Ca2?-release during contraction. However, the

exact role of the unique highly acidic C-terminus com-

posed of aspartate and glutamate residues is not currently

known, as the X-ray crystal structures published to date do

not include this region [50, 52]. The highly acidic C-ter-

minus might play a key role in either Ca2?-binding/release

or interaction with the RYR2 channel complex. Another

important structural feature which has not been clarified is

monomeric compaction. Although structural data from

various groups has indicated that CSQ2 monomers undergo

a key structural change with increasing [Ca2?] before their

3-dimensional conformation becomes favourable for

polymerization [17, 48, 54, 56], detailed structural analysis

is still lacking. This conformational transition is a Ca2?-

mediated hydrophilic collapse occurring at *300 lM

Ca2?, which is in the physiological range of Ca2? oscil-

lation. This transition cannot be visualized by

crystallography, but it could most likely be resolved by

nuclear magnetic resonance (NMR) although NMR appli-

cation to CSQ2 is very challenging due to its large size,

aggregation/polymerization and dynamicity in the presence

of metal ions. Furthermore, the site(s) on CSQ2 for its

interaction with the RYR2 channel complex has not been

clearly defined.

Physiological importance of CSQ2 polymerization

and depolymerization

Few recent structural studies have indicated that cation

mediated CSQ2 polymerization is dynamic and that CSQ2

can undergo reversible polymerization and depolymeriza-

tion [43, 49, 58]. Furthermore, the critical role of CSQ2 in

the dynamic buffering capacity of the cardiac SR is also

supported by studies using the CSQ2 knockout mouse

model [55, 59, 60]. In a recent study, Lee et al. [61] showed

at the cellular level that CSQ2 undergoes dynamic poly-

merization-depolymerization and that this is influenced by

junctin. In contrast, based on in vitro studies it has recently

been suggested that CSQ2 polymers may not exist in

normal hearts [40] and also only play a limited role in

RYR2 function regulation. However, earlier EM studies

suggest the presence of CSQ2 in dense thread-like bodies

in the T-tubules [62–64] which can be formed only by

CSQ2 polymers or aggregates. One of the major compli-

cations in understanding CSQ2 polymerization and

depolymerization is that this occurs in vitro at high [Ca2?]

(above 1.0 mM) [43, 49, 54]. However, this could indicate

that dynamic polymerization of CSQ2 is important during

higher physiological demand. As there is currently no clear

consensus concerning [Ca2?] range (both free as well as

bound) inside the cardiac SR, a physiological role for the

CSQ2 polymer, or at least a tetramer or octamer or

aggregate, cannot be ruled out. In addition, it is currently

uncertain whether it is the monomer or polymer structural

form of CSQ2 which interacts with the RYR2 channel

complex. The Ca2?-dependent structural changes of CSQ2

are illustrated in the model in Fig. 2. If the function of

CSQ2 is to keep Ca2? in close proximity to the RYR2

channel complex for release, then the CSQ2 polymeric

Cardiac CSQ-RYR functional interaction 2939
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form with a high amount of bound Ca2? should interact

with the RYR2 channel complex. Alternatively, the benefit

of CSQ2 monomer binding to the RYR2 channel complex

may help to keep the RYR2 gate closed during the

refractory period after Ca2? release [65].

Role of other metal ions in the CSQ2-RYR2 interaction

Structural changes in CSQ2 upon interaction with many

cations other than Ca2? have been reported by several

groups [17, 48, 54, 56, 66]. Many cations such as Lan-

thanum (La2?), Cadmium (Cd2?), Manganese (Mn2?) and

Zinc (Zn2?) interfere with Ca2? binding to CSQ1, and

this indicates that they may have higher affinity for cat-

ion-binding sites on CSQ1 than Ca2? [16, 67]. Detailed

study on the effect of various metal ions on CSQ2

structure is lacking. High concentrations C300 mM of

monovalent metal ions such as K? and Na? can alter

CSQ2 conformation at the monomer level but not lead to

polymerization/aggregation [54, 56]. The Cs? has been

shown to affect CSQ1 structure, but its effect on CSQ2

has not yet been studied. Although divalent cations,

including Mg2?, Ca2?, Sr2?, and Ba2?, can cause

monomeric compaction of CSQ2, only Ca2? can cause

aggregation/polymerization of CSQ2 [56]. However,

many polyvalent cations such as Mn2?, Ni2?, Cu2?, and

Zn2? can change both CSQ2 conformation at the

monomer level and also cause aggregation/polymerization

[56]. Although Cu2? and Mn2? are specifically unique

causing CSQ2 aggregation/polymerization at very low

concentrations [56], competition between Cu2?/Mn2? and

Ca2? ions in causing structural changes in CSQ2 has not

been studied. Here, it must be pointed out that metal ions

which can cause CSQ2 aggregation/polymerization at

lower concentrations than Ca2? may be more powerful in

stripping residual CSQ2 bound to the RYR2 channel

complex in BLM experiments. Several studies have found

that CPVT mutations alter Ca2? selectivity and poly-

merization of CSQ2 [48, 54, 56]. The D307H and P308L

mutations showed a biphasic aggregation pattern (wild-

type CSQ2 is monophasic) with increasing [Ca2?] and in

addition showed the sensitivity to increasing [Mg2?] [56].

The L167H and R33Q mutations largely impaired Ca2?

sensitivity, while they can aggregate by many transition

metals including Cu2? and Mn2?. The role of Ca2?

selectivity of CSQ2 under normal physiological condi-

tions and in the above CPVT situation is currently not

understood. Furthermore, the role of cations other than

Ca2? in the CSQ2-RYR2 interaction has not been

investigated. This lack has most likely resulted from the

fact that it has been generally assumed that the SR does

not contain other cations, even though some studies have

suggested that the SR may contain Mg2?, Zn2?, and Fe3?

[68–70].

Fig. 2 Proposed model of CSQ2 polymerization. The centre of each

domain of the CSQ2 molecule is hydrophobic and must undergo

hydrophobic collapse to form the domains. The core region of CSQ2

at the interface between the three domains is acidic and can only be

neutralized by Ca2? before the three domains can come together to

form a compact monomer. The C-terminal acid rich region of CSQ2

is *28 amino acids long and can most likely bind more than 15 Ca2?

ions (CSQ2 has the capacity to bind 40–50 Ca2? per monomer). High

affinity sites on the CSQ2 surface bind Ca2? first, and then low

affinity sites will bind Ca2?. The ‘‘Physiological range of Ca2?

oscillation’’ indicates the range in which CSQ2-RYR2 interaction

may occur, and dotted lines indicate extreme Ca2? concentrations that

might be important only during higher physiological demand

2940 M. Gaburjakova et al.
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CSQ2 may influence CSQ2-independent luminal

Ca2?-mediated RYR2 function

Although many recent studies have shown that the modu-

lation of RYR2 activity by luminal Ca2? could be mediated

by CSQ2 [9, 10, 27], it has been proposed that luminal

Ca2? can also regulate RYR2 function in a CSQ2-inde-

pendent manner. However, it has to be pointed out that by

virtue of its low affinity Ca2?-binding and rapid dissocia-

tion, CSQ2 can modulate luminal Ca2?. Therefore, the

RYR2 function can be influenced; (1) directly by structural

changes in CSQ2 and (2) indirectly by Ca2? binding to

CSQ2, thus altering free [Ca2?] inside the SR and modu-

lating RYR2 function. Importantly, there is also a body of

evidence, mostly derived from knockout and mutation

studies, which implicates triadin and junctin in direct reg-

ulation of the RYR2 channel; thus, it seems that the roles of

triadin and junctin are more complex, and not limited only

to anchoring CSQ2 and transmitting signals from it [21, 31,

71–75]. Although only three studies were found which

examined the RYR2-triadin/junctin functional interaction

using the BLM technique, when summarized these showed

that triadin and junctin added together or alone to the

luminal face of the purified RYR2 channel activated it in a

[Ca2?]L independent manner [27, 39]. Furthermore, the

RYR2 channel derived from junctin null mice exhibited the

altered sensitivity to luminal Ca2?, being more inhibited at

[Ca2?]L \ 1 mM and more activated at [Ca2?]L [ 1 mM

compared to the wild type RYR2 channel. This was

explained by the direct activator-inhibitor action of junctin

on the RYR2 channel with crossover at [Ca2?]L, similar to

that in resting cardiomyocytes [75]. This finding thus

indicates the new role for junctin as an additional luminal

Ca2? sensor. It is clear that future detailed studies are

needed to systematically describe the direct effect of both

triadin and junctin on RYR2 function, in order to under-

stand the physiological importance of these effects and

their contribution to overall CSQ2-independent luminal

Ca2?-mediated regulation of the RYR2 function. This is

dealt with in more detail below.

What is the role of CSQ2-independent regulation

of the RYR2 channel by luminal Ca2??

Although it is strongly supported that CSQ2 communicates

the changes in [Ca2?]L to the RYR2 channel, the direct

activation of RYR2 channels by luminal Ca2? in a CSQ2-

independent manner is still debated. In particular, single

channel studies have demonstrated that even purified

RYR2 channels lacking associated triadin, junctin and

CSQ2 responded to increased [Ca2?]L from 10 lM to

2 mM by significant activation [3]. This clearly indicates

that the luminal Ca2? sensor is also intrinsic to the RYR2

channel and it must be located directly on the luminal

loops. Recently, Dulhunty et al. [39] have published new

data consistent with this idea. These authors showed that

CSQ2-stripped RYR2 channels were substantially acti-

vated by luminal Ca2? manipulated in the similar range of

0.3–1.5 mM. In contrast, Gyorke et al. [27] demonstrated

that the purified RYR2 channels were not sensitive to

luminal Ca2? ranging from 20 lM to 5 mM, when cardiac

triadin, junctin and CSQ2 were not added to the luminal

solution to recover the luminal Ca2?-sensing complex. A

possible explanation for this apparent controversy could be

the presence of Mg2? in the cytosolic solution, which we

have recently shown diminished effects of luminal Ca2?

even at 53 mM [Ca2?]L when CSQ2 was most likely

absent from the native RYR2 channel [11]. An interesting

study presented by Qin et al. [9] has clearly identified

potential sources of these experimental controversies. They

revealed that activation of CSQ2-stripped RYR2 channels

was dependent on the concentration of cytosolic Ca2?

([Ca2?]C) used as a sole activator or, as we thought, on the

extent of channel activation. More specifically, CSQ2-free

RYR2 channels were responsive to luminal Ca2? ranging

from 10 lM to 10 mM only when the [Ca2?]C was

increased from 1 lM to 100 lM. This led to dramatic

RYR2 activation from almost the minimum to the maxi-

mum achievable level under the given experimental

conditions. From this, it can be concluded that the action of

luminal Ca2? on the CSQ2-free RYR2 channel is apparent

only under certain experimental conditions that enhance

channel activity. However, when we compared all pub-

lished studies, we found that the situation is more complex.

While the effect of luminal Ca2? was observable only for

CSQ2-free RYR2 channels maximally activated solely by

cytosolic Ca2?, in other cases when [Ca2?]C ranged from

100 pM to 6 lM and additional activators such as ATP or

sulmazole were present the stimulatory effect of luminal

Ca2? was also observed for negligibly activated channels.

Taken together, although all the studies outlined above

collectively provide support for the existence of CSQ2-

independent regulation of the RYR2 channel;, the physio-

logical relevance of this process remains to be elucidated.

Qin et al. [9, 10] have speculated that this mechanism is not

of major physiological consequence because it does not

discriminate between luminal Ca2? and Mg2?. This is in

sharp contrast to the CSQ2-dependent mechanism. In this

respect, it is noteworthy that the absence of CSQ2 in

humans and CSQ2-null transgenic animals has been asso-

ciated with susceptibility to CPVT arrhythmias [76–78]. At

the single channel level, this could be explained by the

recent observation of Dulhunty et al. [39], who found that

the CSQ2-stripped RYR2 channels were activated more

strongly by luminal Ca2? than when CSQ2 was attached to

the channels. This indicates that RYR2 channels without
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CSQ2 appear to be more sensitive to the activation effect

exerted by luminal Ca2?, and this was suggested to be the

primary culprit for delayed-after-depolarizations leading,

as large enough, to extra action potentials and severe car-

diac arrhythmias [79, 80].

How can the CSQ2 dissociation process be visualized

on the single channel level?

On the single channel level, several studies of CSQ2-

dependent regulation of the RYR2 channel by luminal Ca2?

have been done, yielding variable and in some aspects,

controversial results [9, 10, 27, 39]. As a first, Gyorke et al.

[27] showed that native RYR2 channels were irreversibly

activated when luminal Ca2? was increased from 20 lM to

5 mM. The channel activity declined to its initial level solely

after the addition of recombinant CSQ2 to the luminal bath.

Thus, this observed potentiation of the native RYR2 channel

was likely related to the dissociation of CSQ2 from the

channel complex. In contrast, Qin et al. [10] showed in a

similar study that the dissociation of CSQ2 resulted in the

RYR2 inhibition and reassociation of CSQ2 in channel

activation, and they attributed this discrepancy to the dif-

ferent activation status of the CSQ2-free channel. Indeed, in

the first study, the CSQ2-stripped RYR2 channels exhibited

moderate activity (Po = 0.36) induced by 6 lM [Ca2?]C,

3 mM ATP and 0.9 mM Mg2?, while in the later one,

CSQ2-free RYR2 channels were activated only negligibly

(Po = 0.001) solely by 0.75 lM [Ca2?]C. Importantly, we

found an additional aspect that should be considered in this

regard and it is [Ca2?]L. Gyorke et al. [27] added CSQ2 to the

luminal bath when [Ca2?]L = 20 lM, while Qin et al. [10]

performed their experiments at 1 mM [Ca2?]L. Considering

that Ca2? regulates CSQ2 protein folding in a monomeric

state [43], it is likely in the aforementioned studies that CSQ2

acquired different conformations and could have regulated

the RYR2 channel differently. Our proposal is further sup-

ported by the attractive idea of Beard et al. [38] for the CSQ1-

RYR1 interaction. Particularly, these authors suggested that

the changes in RYR1 activity induced by the increase in

[Ca2?]L from 1 to 2 mM, which apparently did not lead to

CSQ1 dissociation from the channel complex, could be

partly attributed to changes in the CSQ1 conformation

induced by luminal Ca2?. This hypothesis has potential

physiological significance, and should be further tested

focusing on the detailed description of the CSQ2-RYR2

interaction from both functional and structural aspects.

Noteworthy, we found that some preliminary results have

already been shown in the work of Qin et al. [9]. They clearly

observed the activation of the RYR2 channel when luminal

Ca2? was manipulated from 10 lM up to 1 mM, which most

likely did not disrupt the CSQ2-RYR2 interaction; and fur-

thermore, this behavior had not previously been observed

for CSQ2-stripped RYR2 channels, thus pointing to the

CSQ2-dependent mechanism.

As mentioned above, CSQ2-dependent regulation of the

RYR2 channel by luminal Ca2? has resulted in certain

experimental discrepancies. It is surprising that a similar

situation is noted for the RYR1 channel, where also both

activation and inhibitory effects of the CSQ1 dissociation

have been reported [37, 38, 81].

These differences in CSQ1-RYR1 functional interaction

have been explained by the existence of two mechanisms.

Firstly, RYR1 inhibition is induced via interactions of

CSQ1 with skeletal triadin and junctin in a phosphoryla-

tion-independent manner; and secondly, RYR1 activation

is induced by binding of phosphorylated CSQ1 directly to

the channel [23, 81]. It is currently unknown if both

mechanisms of CSQ1 regulation operate in vivo; however,

in the context of the RYR2 channel, the phosphorylation

status of CSQ2 has not previously been considered as a

potential source of controversial results.

Summary

During the past two decades, several new observations

have indicated that CSQ2 is important in communicating

the SR Ca2? load to the RYR2 channel and, as a result of

this regulation, it is important in determining Ca2? release

from the SR, and cardiac contraction. This conclusion has

been drawn from a variety of experiments examining Ca2?

release in cardiomyocytes, the Ca2? release from SR

microsomes and the activity of the RYR2 channel recon-

stituted in the BLM. The most reliable evidence has come

from the BLM experiments, although we are still unable to

directly detect the presence of CSQ2 on the RYR2 channel

complex reconstituted in the BLM. These studies have

demonstrated that the significant changes in RYR2 gating

caused by transient increase in [Ca2?]L were reversible

only following addition of CSQ2 to the luminal channel

face. Combined with biochemical observations highlight-

ing the Ca2? dependence of the CSQ2-RYR2 interaction,

these results indicate that the changes in RYR2 activity

caused by luminal Ca2? may be presumably attributed to

the CSQ2 dissociation from the channel complex; and thus,

it is highly likely that CSQ2 plays an active role in com-

municating changes in [Ca2?]L to the RYR2 channel. In

this regard it is important to emphasize that the precise

molecular mechanism involved in this process is still not

fully understood. New observations often lead to additional

questions, mainly due to apparent contradictions; and

therefore, the determination of the functional interaction

between the RYR2 channel and CSQ2 together with its

modification in normal and in disease states, is likely to be

a prominent focus of research over the next few years.
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As a first, it is important to consistently describe the

different biophysical aspects of CSQ2-RYR2 channel

interaction from both functional and structural point of

view at [Ca2?]L less than 1 mM, and further carefully

consider the interpretation of these obtained results in a

physiological context, since the BLM situation is not

exactly equivalent to the intact cell. Currently, it is

becoming evident that CSQ2 dissociation-induced changes

in RYR2 activity may not be of physiological importance;

because it is highly unlikely that the dissociation of CSQ2

from the junctional face membrane is caused by normal

physiological changes in [Ca2?]L (\1 mM). However,

during Ca2? overload (metabolic inhibition, ischemia/

reperfusion, digitalis poisoning, and the early stage of heart

failure), when the [Ca2?]L is increased above the normal

level, the contribution of CSQ2 dissociation to the

observed enhanced Ca2? release could be significant, and

this remains to be investigated. On the other hand, when

the SR Ca2? load is normal, the effect of CSQ2 on RYR2

function may depend only on the Ca2? binding status of

still associated CSQ2, and, thus, the CSQ2 conformation,

and this provocative scenario suggested by Beard et al. [38]

for CSQ1-RYR1 interaction, has to be seriously consid-

ered. Finally, the direct effect of luminal Ca2? on the

activity of the RYR2 channel that is not mediated by CSQ2

should be explored in greater detail, because of its possible

physiological importance. In this regard, we should focus

on the effect of physiological [Ca2?]L (\1 mM) on the

activity of the native RYR2 channel complex, including

triadin, junctin and/or CSQ2.
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