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Summary endoplasmic reticulum (ER) and its specialisation in muscle
. ) ~ called the sarcoplasmic reticulum (SR). The free?{Ca

1. In muscle, intracellular calcium concentration,yithin the lumen of the ER/SR (0.3 to 1.0 rARtis more
hence skletal muscle force anc_i cardiac output, gutated ‘than 1000-fold higher than in the cytoplasm. Thigdar
by uptale and release of calcium from the sarcoplasmigoncentration gradient is maintained by the SERCA*Ca
reticulum. The ryanodine receptor (RyR) forms the caIuwBump in the ER/SR membrane.
release channel in the sarlcoplasmic reticulum. _ Ryanodine receptors (RyRs) mediate most of the

2. The free [C,%] in the sarcoplasmic reticulum c+ rglease from the SR that occurs in muscle and
regulates the excitability of this store by stimulating the,eyrons. Three mammalian isoformséideen cloned and
Paz release channels in its membrane. This proceggquenced. RyR1 and RyR2 are predominantly expressed in
involves C&* sensing mechanisms on both the luminal angeletal and cardiac muscle respedly, and in most
cytoplasmic side of the RyR. In the cardiac RyR thes@ hanerons RyR2 is the dominant isofofrRyR3 is found to
been shown to be: a luminal %_a?ctr\/auon site (-site, 60 some @tent in most tissues. RyRs are normally triggered
M affinity), a cytoplasmic aox:auon site @-site, 0.9UM  py glectrical depolarisation of the cell surface membrane.
affinity) and a gtoplasmic C&-inactiation site (,Site, The different isoforms mediate thfent modes of
1.2pM affinity). o . . transduction from the electrical signal in the aoef

3. Cardiac RyR acmnon“by luminal Cca ogcurs by membrane to the chemical signal in the ER/SR. RyR2 and
a multi-step process dubbed *luminal-triggered“Cleed-  ryR3 are triggered by Eainflux through wltage sensiie
through. C&* binding to thel-site initiates brief (1 m;) C&* channels in the surface membrane (L-type channels
openings at a rate of up to 10 per secobdce the pore is cqjied dilydropyridine receptors, DHPRS) whereas RyR1s
open, luminal Cﬁ_ has access to thesite (producing Up t0 46 triggered by a direct conformational link between the
_?,O-fqld _prolonggtlon of openings) and to tyssite (causing RyRs and the DHPRSSince cytoplasmic Gais a RyR
inactivation a'F high leels of Qe% feed.—through). ~ agonist, the rise in cytoplasmic [Ch ([Ca2+]c) that

4. Revieved Pere. are: the evidence for the p”ncn'paéccompanies Carelease further astites RyRs, prading
aspects of the .Iumlnal—trlgg(_eredz @afeed—throu.gh positive feedback for CH release (this phenomenon is
model, the properties of the various“Geependent &ing  nown as C& induced CA' release, CICR. In respect of
mechanisms and their 8y role in controlling SR Ca  the rgeneratie rature of C&' release the ER/SR is
release in cardiac muscle. o considered to be a chemically excitablgaoelle?

5. The model makes the follong important The excitability of muscle ER/SR is substantially
predictions: There will be a close link between luminal ang,creased by increasing the luminal 2Cdoad (luminal
cytoplasmic rgulatior_1 of RyRs. An cofactor_that prolongs [ca?, [Ca2+]L)_4,7,8 Early studies on muscle cells and
channel openings triggered by cytoplasmic™Gaill also  iggjated SR esicles found that the rate of Caelease had

promote RyR aot'atiorl by luminal ca. . a dependence on [€4, that was too steep to beptained
6. Luminal M92 (1 mM) is essential for the control by, an increase in the [€4 gradient across the SR
of SR excitability in cardiac muscle by luminal®Ca membrane (seeviews 9,10). Thus, these studies indicated

7. The diferent RyR isofo.rms i_n skeletal and c_ardiaqhat [C§+]L must somehw control the C&* permeability of
m_u.scle will be controlleq quite dérently by luminal he membrane[Ca2+]L-dependent C4 release is belied
milieu. For example, [Mg]in the SR lumen({l mM) can 4 grive pacemaking and rythmicity in smooth and cardiac
strongly inhibit RyRZ by competing Wlth &dor theL-site musclé3and in neuroné.n heart, the free [G4] within
whereas RyR1 is not affected by luminal ¥g the SR most likely varies within the range.3 to 1.0 mM
during the normal beating/cle?3 but during SR werload it
can increase to 5 mif. The importance of [C4] in

Intracellular calcium stores are critical to the functiogardiac function is highlighted by the cardiac gtiimias
of most cell typed. C22* uptale and release controls associated with excessi[Ca*], .15
contraction in muscle and has an important role in synaptic
transmission and membranec#ability in neurons. The
primary intracellular stores in xeitable cells are the

Introduction
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Figure 1. The dicts of [Ca"-’“]C on the activity of RyR2. (Apingle channelacoding of a RyR2 in the presence of 100
[Ca2+]|_ and 2 mM cytoplasmic ATP (cytoplasm at -40 mV wagpect to the lumen). Channel opening (labelled O) is
marked by upwad current steps from the closed current level (labelled C). Exampldsaohel dwell-times in the open
and closed state arindicated by fand t, respectivel.y[Ca2+]C is indicated at the right of edrace along with the mean
open timgmean closed time and open probability of the channel. Increasinﬁ[@aaused activation of channel activity
(measued by open mbability, P,) via a large reduction in the closed dwell-times)( In addition, [Ca?*]C deceased the
mean open dwell-timgs ) which is indicative of a channel inactivating process. The inactivation is minor ceudparthe
activation so that activation dominates in theemll effect of [C&*] o (B) Grouped data showing the [@*e}c—dependence

of 1 taken from Lavet?

Insights into luminal C#t-activation from single channel
studies

Experiments on individual RyRs V& dotained ery
detailed information about the agtion and inhibition

it was not clear ho CICR would work in the context of an
isolated RyR (Could the EGaefflux through a channel
further stimulate that channel to operere more?). Hence,
in the folloving decade single-channel experiments were
interpreted in tw quite different vays. The “true luminal”

mechanisms  associated with luminal “Ca These pyhothesis attributed luminalgalation to C&* sites on the
measurements volved isolating SR vesicles from muscle|;minal side of the RyR® whereas the “feed-through”

and incorporating them into artificial lipid bilayérswhen hypothesis proposed that luminal Caermeates the pore
SR vesicles fuse with the bilayéne RyRs embedded in the 54 pinds tacytoplasmicCa2* sites?-23 In marshalling the
vesicle membrane become incorporated into the b”ayea{rguments for and against thesgpbthese%' it appeared
Once this happens it is possible to monitor their openingminal regulation of RyRs somelanvdved C&* sensing

and closing (gting) by measuring the current through thgnechanisms on both the luminal andoplasmic side of
membrane in response to an applied electrochemiGgk channel.

gradient. Single RyR channel currents are essentially Only recently has it been possible to wetathe
stochastic square aves that can be characterised by theircomple< interplay that ®ists between these mechanisms.
amplitude and by the dwell-time of channel open a”ﬂxperiments by Leer? led to the proposal of a unified
closed current leels (e.g.See Figure 1). Anwerall picture theory for actiation of cardiac RyRs dubbed “luminal-
of channel gating is encapsulated in the mean open %@gered C#& feed-through” which integrates the “feed-
closed dwell-timest(, andt,) and by the open probability through” and “true Iluminal’ ypotheses to provide a
(P, this is the fraction of time the channel is in gyaniitatie inderstanding of the Gapermeability of the
conducting stateeg. P, = 1, he channel ne closesP, = ER/SR. The proposal is that one luminaPCsite (-site)
0, the channel is completely inagi for further details see 54 two oytoplasmic CA&' sites @A- and I -sites) on RyR2
refergncelS). From_ these kinetic analyses, it has_ begsermine its regulation by luminal €a(Figure 2). The
possible to mak inferences about the mechanisSmRyRr2 can be opened by £ainding to either thé\-site or
underlying the gating processes of the RyR. __the L-site whereas & binding to thel,-site closes the
. Inthe early 1990, irestigations on isolated RyRs in channel, Inthe virtual absence of cytoplasmic%Gaas &
artificial bilayers found that the activity of RyRaisvindeed he case during cardiac diastole, the binding & @athe
modulated by [C#], ™ but just hav luminal C&" was | sjte on its own can awtite channel openings Gfl ms
doing this vas not understood. Sincalfiatd had shen  gyration at rates up to 16-sOnce the channel is open, the
that efflux of C&" from the lumen stimulates nearly all offlux of C&* from the luminal to cytoplasmic sides of the
the C&* r_elease from the cardiac SR, one couldlisage pannel (C& feed-through) increases [@bc in the
that luminal C& could flv through one RYR and yicinity of the A-site and produces up to 30-fold
stimulate the opening of nearby RyRs in the celwBl@r, proloneation of channel openings. In addition, the
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cytoplasmic C&™-inactiation site (,-site) causes a
reduction in channel open durations at higlele of C&*
feed-through. This kéew evaluates the \édence for the
principal aspects of the “luminal-triggered 2Cafeed-
through” model, the properties of the arious

T, or an increase in channel opening rate (opening rate =
1ft)) whereast (CIL ms) showed only a minor dependence
on [Ca"-"]C (Figure 3B, C).The A-site gating properties are
strongly affected by cafttors such as T, caffeine and
sulmazolet®3031 On their own these cattors do not

Ca&*-dependent gating mechanisms and their likely role imigger channel openings; insteadytdenction to enhance

controlling C&"* release from the SR.

A-s ti\ I,-site
I,-site
L-site

lumen

Figure 2. The process of “luminal-triggered €4 feed-
through” (after Laver 200724. Anillustration of the thee
C&* sensing sites that have been linked egulation of
cardiac RyRs by luminal C& the luminal activation site
(L-site 60 uM affinity), the cytoplasmic activation sité&{
sitg, 1-10 uM affinity) and the cytoplasmic E&inactiva-
tion site (,-sitg, 1 uM affinity). C&* binding at thel-site
is sufficient to activate channel openings velugon C&*
flow through the channel (Eafeed-though) causes either
additional activationvia the A-site or inactivationvia the
|-site Also shown is the so-called €&Vig?* inhibition
site (,-site, 10 mM dfinity, prevously referred to as the-
site). Thissite plays a role in cytoplasmiegulation of
RyRs.

A-site for [C&*] -activation

At an early stage RyRs were found to bevatdid by
UM [C&'] in the otoplasm?>26 It is nawv generally
recognised that this is mediated by a classytdpasmic
facing C&" sites referred to aA-sites?’ In the absence of
luminal C&* or cytoplasmic cofactors such aSRA[Ca*] .
activates RyR2 from a bas#&| of approximately zero t&
= 0.6 with a half-actiating [C&*]. (K,) of (5 M (Figure
3A).28:29 Activation is mediated primarilyia a decrease in
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RyR response to cytoplasmic arhe result is an increase
in both T, and opening rate which decreases thez*[kga

needed for actétion (this is shwn for the case of ATP in

Figure 3). In the presence ofTR 1, acquired a strong

dependence on [é‘élc (Figure 3B).

Although the precise location of th&-site is still
unknovn, mutation experiments carried out on RyR1
provide an indication of its general locationruficated
RyR1s comprised of only the C-terminal 1030 amino acids
(RyRC; aa4007-aa5037) formed %Cachannels with
A-sites? indicating that the\-site resides soméere in the
pore forming rgion of the RyR. Moreger, the aa4032 has
been linked to theA-site gating mechanism because the
E4032A substitution decreased RyR1 sevigjti to
cytoplasmic Cé*-activation by four orders of magnituéfe
(but also see Fessendetral3?)

|,-site for cytoplasmic G&/Mg?*-inhibition

It has been long ken that RyRs can be inhibited by
mM cytoplasmic concentrations of wdlent cations
including C&* and Mg* (L mM for RyR1 and110 mM
for RyR23% This inhibitory action is mediated by vio
affinity non-specific dialent cation sites, pwously dubbed
I-sites?’ In order to distinguish this process from the other
inactivation process (see next section) the sites am@ no
called | -sites and the process is referred to as inhibition
rather than inactéetion. Thel,-sites, together with thé-
sites, produce a bell-shaped dependencE ain [Cé*]c
(e.g. Figure 3A). Unlile the A-sites, the diadlent cation
affinity of the I -sites is undécted by the ytoplasmic
cofactors ATP and ctdine?”36 The precise location of the
I,-site is unknwn. RyRC does not exhibit &#Mg>*
inhibition3? indicating that thd,-sites reside somewhere in
the N-terminal 4007 amino acidsSeveral studies hee
implicated aal873-1903, aal641-2437 and aa615 with the
Il—sites.37 In cardiac muscle, the role of-mediated
inhibition is obscure because théirfy of thel,-site is at
least an order of magnitude aleote intracellular [C#]
and [Mg?*]. However, the skeletal muscle isoform is much
more sensitie © | ,-mediated inhibition and the binding of
cytoplasmic Md@* to this site has been proposed to be the
primary restraint on Ca release in resting sletal
muscle3®

| -site for [C&*] -inactivation

Early studies of SR C& release detected a
Ca*-inactivation mechanism that operates 8l [Ca?*]..
Measurements of global €aelease in skeletal and cardiac
muscle rgealed a phenomendh*! in which g/toplasmic
Ca&* causes rapid (< 100 ms) and partial ination of SR
Ca* release with a half-maximal effect at Qu81. The
kinetics of localised Ca release “C#& sparks” in cardiac
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Figure 3. The dkct of ATP and [C&']. on the activity of RyR2t +40 mV and 10M [C&?*], (from Lavef?). P, (A),

1, (B) and opening rate (1/) (C) were measued in the presence () and absencex) of ATP (2 mM). Data points show the
meanst sem of 3-9 measurements. The Z[Q@—dependent increase iR, at UM concentations is due to thé\-site
wheeeas the inhibition seen at mM concentrationsX{As due to the ;-site RyR2 gating properties associated with the
site wee grongly affected by PR, ATP increases RyR2 activation in response té*(l;&afor [Ca2+]C was decreaseddm

6 UM to 1 uM). Note that the  values heg where the membrane volgg gposes C# feed-though ae nuch smaller than
those in Figue 1B where the membrane volgg fivoured Ca* feed-through.

myogytes showed that termination of Taparks was due sites hae keen measured under conditions wheré*Ca
to inactvation with a refractory period of 40 m$. feed-through s either small or non-existent. Experimental
Curiously the advent of single channel recording did nastratgies that hee achieved this are: 1) to diminish orven
reveal a corresponding Chinactvation mechanism in reverse the lumen-to-cytoplasmic €aflux by applying
RyRs until recently when it as reported that under certainhigh [Caz"]C or positve membrane wltages and 2) to
experimental  conditions [G&. could substantially restrict analysis to channel properties of the closed pore
decreasa_.?* When RyR2 was astited by a combination when C&* feed-through is nomxéstent. Closed channel
of cytoplasmic ATP and Ca feed-through, T, was properties such as_. and opening rate should not be
relatively long (e.g. top trace in Figure 1A). Increasing influenced by C# feed-through because the closed channel
[Ca2+]C caused a decrease 1p (Figure 1A, bottom trace) cant conduct C&".

with a half-maximal déct atl pM (Figure 1B). These The earliest demonstration of luminal facing?Ca
results pointed to a €adependent inaatation mechanism  sites was that luminal Eaactivation could be abolished by
that operatesia a ¢ytoplasmic C&" site (thel,-site) with tryptic digestion of the luminal side of RyR2There is
UM affinity. Moreover, the |,-site produced only partial nov good evidence for at least dw Ca?*  sensing
inactivation (measured as a 20-40% reductiofPjhwhich  mechanisms for RyR2 aeétion on the luminal side of the
is consistent with the inawttion properties of the SR €a membrane. Gyok and Gyorle®® found that under
release in cells. This €ainactivation phenomenon seems conditions where the net &aflux was gtoplasmic-to-
to have escaped identification in single-channel studies fduminal, increasing luminal C& from 20 uM to 10 mM
some time. A likely reason for this is that it is medkby produced a 10-fold increase B. A subsequent study
Ca*-activation of RyR which occurswer the same range shaved that this could not beversed by returning [C4],

of [Ca2+]c. Reports from earlier single-channel studies, thab uM concentrationg* The nature of this Ca sensing
activation by [Ca@"]C caused shorter channel openings thamechanism was vealed to be dissociation of the luminal
activation by ATP or cafeinel®3%3! suggest that this Ca*-buffering protein, calsequestrin, from the RyR2 which
phenomenon had already been unknowingly observed. Ascurs when [C%T]L exceeds 2 mM. This mechanism could
yet, the amino acid residues comprising thesite are come into play when SR becomesvedoaded in

completely unknown. pathological situations of stress or cardiac ischaemia and
] ) N reperfusion. In muscle, calsequestrin is trapped in the SR so
L-site for luminal C&"-activation that it can reassociate with the RyR once?[;areturns to

physiological lgels.

A second sensor for luminal &a(L-site, Figure 2)
has been identified which gelates RyR2 activity in the
physiological range of [C#], and at lgels up to 2 mMé*
 the absence of cytoplasmic LaATP and C# feed-
rough (analysis was restricted to opening rates), RyR2

A clean measurement of the lumirsile mediated
gaing properties is difcult to achiee kecause the [C4,
required to open the channel can also sustaimvehdeCa?*
feed-through that could produck-site mediated afing
phenomena. Therefore, the gating properties of the Iumiri[
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Figure 4. The dkcts of ATP on the [C%f’],_-dependent gating of RyRZafter Laver>%) (A) The open probability of RyRs
(100 nM [C&"] . and voltaye = 40 mV) in the presence of 2 mM AP @nd in its absenceo|. Also shown & the core-
spondingt, (B) and opening ates(C). Solid and dashed curves show the fit to the data of the “luminajeeg Ca?*
feed-though” using paametes gven elsavhere?* The data points show meansem of 3-18 measurements. Hill fits (not
shown) to the opening rateweal that 2 mM ATP increases the maximal opening rate frort 0.8 to 4.0+ 0.4 without
significantly changing, for [Ca?*] L (K,=45%8uM and 60+ 20 uM in the absence and presence of AEBpectively).

could be reersibly actvated by luminal C& albeit to a bell-shaped dependence on {ga&%212224|n the case of
much lesser extent than aoldkle with the A-site €.f. ATP, increasing [Cﬁ*]L from virtually zero to 10QuM (at
maximal opening rates of 1'$or luminal C&* (Figure 4C) -40 mV which &vaurs C&* feed-through) substantially
and 300 ¥ for cytoplasmic C# (Figure 3C)). Luminal increases the awgtty of the RyRs whereas a further
activation was mediated primarily by an increase in channéhcrease to 1 mM decreases channelvigti This bell-
opening rate with &, of 45 uM and Hill coefficient of 2 shaped dependenceasv also reflected i, which for
(Figure 4C). AP increased the opening rate by 4-fold b RyR2, had values of 1 ms, 30 ms and 10 ms fof‘|Caf
did not significantly change th&, (60 pM) or Hill 0, 100 and 1 mM, respeedly (Figure 4B).

coeficient (1.6). The K, and Hill coefficient walues This bell-shaped [C4] -dependence is clear
suggested the wolvement of multiple C# binding sites evidence for C&-dependent actition and inactiation
with an affinity of 60uM which means that there could bemechanisms. Seral pieces of evidence suggest that
one site on each RyR subunit. Theakigs were also found cytoplasmic structures mediate these effects. Firbtyh

to be independent ofoltage indicating that ions did not phenomena are closely correlated with the magnitude of
cross the membrane to get to their effector site; furth@z* feed-througt¥!?* Biasing the membrane oitage
supporting the proposition that thesite is indeed located against C&" feed-through shifts the bell-shaped

on the luminal side of the membrane. [Caz"]l_-dependence to higher concentrations. Second,
. heary C&* buffering of the cytoplasmic bath aliates
Cat* feed-through inactivation indicating that luminal G4 must be traersing

the cytoplasmic solution to reach the ineation site?!
Finally, the actating and inactiating effects of [C&T,
and [C&"] are not additie. Thus luminal C# does not
gffectt, at elevated [C&*]. andvice vesa?* indicating that
|H§1inal and gtoplasmic C& compete for the same
activating and inactiating sites.

Since the A-site is the only site lirdd to RyR

There is nw strong &idence that the Ga flux
through the RyR pore is digient to raise the local [é—faC
enough to cause aedtion of RyRs. Bilayer studies fa
shavn that C&* feed-through couples RyR openings suc
that the opening of one channel can increase the open
rate of adjacent RyRs by up to 20-féfef83"Coupling was

abolished by either rerad of luminal C&* or by \oltages . h I "
that oppose C% feed-through. Harever, for isolated RyRs activation by [C& ] there is little doubt that agttion by
’ ' Ca&* feed-through is caused by this site. It was originally

it has been generally accepted that tlieces of C&* feed- : - / )
through can only be obsed in the channel open statethOl_“tht that maoratl(_)n by [C& ]L.Was mediated by the
|,-site?? because until recently this was the only form of

ti h as.
Properties such &y Ca’*-dependent inhibition that had been clearly identified in

Activation of RyRs by C# feed-through will be RVRs. H it is nlikelv that thel .si molved
considered here first in channels that are modified By A . yRs. Hovever, it is unlikely that thel,-sites are iwolve

luminal inactvation because inaetition has a similar
because the effects of €afeed-through are nearly n " o 2
undetectable in the absence of stimulatingctfrs. In the [Ce ], sensitvity in RyR1 and RyRZ:#whereas the Ca

presence of 7P, caffeine and sulmazole, RyR activity has SSensitvity of the | -sites differ 10-fold between the dw

isoforms. On the other hand, thesite is at least 50-fold
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Figure 5. The dependence of [@@L—activation of RyR2 on A-site gating propertigsedicted by the “luminal-trigered

C&* feed-though” model illustrated in Bure 2 (A) [Ca2+]c—activation of RyR2 under conditions of @e@a®* feed-
through; Ghort dashgs RyRs activated by [C%é\]C alone and golid)- RyRs in the presence of a cofactor Whitcreases
channel open durations in a similar way to that shown for ATPigare 1B. (B) (short dashes and sdlidihe corespond-

ing effects of the cofactor (panel A) on FC]q-activation of RyR2 under conditions that favoPCieed-though. C) Bias-

ing the voltge aginst C&* feed-though by changing the menainie potential fromgolid) -40 mV to long dashes0 mv

and (@lternating dashgs-40 mV shifts the [C4] ,—dependence of RyR activity to higher levedsliq) Ca?*-activation

seen between 10 and 1AM is due to the action of thA—site whereas the decrease in RyR activity seen between 100 and
1000uM is due to the inactivating action of thgsite (D) (long dashesThe [C&] ,—dependence & at zeo membrane
potential in the absence of luminal Bgand Golid) in the presence of 1 mM [M{ L

more selectie for C&* than Mg* which is consistent with the pore iS20 nm (allowing for components of separation
the ion specificity of Iuminal inaetition (Laver within and perpendicular to the plane of the memi@ie

unpublished data would seem that the,-sites are located at the periphery of
o ) ) the protein or perhapsven on a adjacent inhibitory
Accessibility of A- and,isites to luminal CH protein.

Even though thé\- and | -sites hae smilar affinities  cytoplasmic agonists and luminal Eaactivation
for cytoplasmic C# the apparent affinities of these sites for

luminal C&* are more than 10-fold different. This As stated abee, [Ca2+]L—dependent actition of
difference is readily explained by the ralatiroximity of RyRs is markdly increased by enhancers of
these sites to the €gpore?! Ca?* emanating from the pore [Ca?*]-activation 1231 Early studies proposed thaflR
will diffuse into the cytoplasm and be sequestered kgaffeine or sulmazole created a conformational change in
buffering molecules. This leads to a decline infCaith  the RyR protein that unmasked a luminafGaensing sité.
distance from the porE€:*® Therefore C# sites that are The “luminal-triggered C4 feed-through” model points to
further avay from the pore will be less sensdi b the an alteratie explanation for the action of 2 When fitting
effects of C&" feed-through than sites near the pore. Bthe model to data such as that shown in Figure 4ag w
fitting the “luminal-triggered C4 feed-through” model to found that the ATP effects could bepéained by three
experimental data, C& feed-through was estimated tomodes of actioR? It increased thé-site mediated opening
increase [C&] to (1100 uM at the A-site and(2 uM at the  rate, increased, in response to Cabinding at theA-site
I,-site during C#& release” The calculations also placedand decreased the rate of ineatibn via the l,-site. A
the A- and | -sites at 11 nm and 26 nm from the RyR poresubstantial fraction of the T effect on Iuminal
respectiely. Given that the furthest point on the RyR fromCa*-activation was due to the enhanced effect of'Gaed-
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through onA-site actvation.2* This highlights the intimate with C&* for the L-site. As[Mg”]L is increased from 0O to
involvement of cytoplasmic and luminalgidation of RyRs 1 mM, the competitie kinding kinetics causes the half-
that occurs as a result of €éeed-through. activating [Cé*]L at thel-site to change from 60M to

More generally the “luminal-triggered Cd feed- 500 uM which is in the physiological range of ﬁ}aL.
through” model predicts thaany cofactor that prolongs Incorporating this effect into the model reinstates a
channel openings triggered by [Et‘_l% will promote RyR substantial [C%T]L—dependence oP_ at zero volts (Figure
activation by luminal C&*. This is illustrated in Figure 5 (A 5D, solid line). Luminal M&" does this because as FC]@

& B) which shows predictions of the “luminal-triggeredincreases, luminal Mg becomes a lessfettive antagonist
C&* feed-through” model. In this xample an agonist of L-site actvation.

causes a slight increase in channel setiyitto [Ca2+]C ) )

(Figure 5A). This leads to a ma increase in the dece Luminal control of skeletal and cardiac RyRs

of channel actiation by [Ca?"]L (Figure 5B).

This is highly relgant to the effects of RyR2
mutations associated with Sudden Cardiac Death (SC
which are known to enhance aetion by luminal C&".47 It
was proposed that SCD mutations in RyR2 lead to cardi
arrhythmias because thgromote spontaneous Caelease
from the SR when the store load is increased during peri
of stress orxercise?’ The model predicts that the enhance
luminal actvation of mutant RyR2 can result from change§
in gating associated with either luminal oytaplasmic
domains of the RyR.

The cowerse will be true for gtoplasmic antagonists
that shorten channel openings by {t}@ Poly-unsaturated
fatty acids (PURs) are RyR antagonists that reduce RyR
activation by [C&']..%849 According to the “luminal-
triggered C& feed-through” model, PU%s  will
substantially reduce RyR2 agion by [Ca?"]L and
alleviate the affects of storeverload hence protecting
myocardium againstverload-induced arrhythmias.

There appears to be littlavareness in the literature
the different vays that RyR1 and RyR2 could be
ulated by luminal Ca even though there are maehl

differences in he they are regulated by theytoplasmic
Hiilieu2s Given the close link betweenytoplasmic and
lyminal regulation of RyRs it auld be surprising to find
[gﬁt luminal regulation of the wisoforms was indeed the
ame. Onelear diference has recently come to light as a
esult of the diferent responses of RyR1 and RyR2 to
ATP2* Even in the absence of aaiing C&*, ATP can
trigger the opening of RyR1 but not RyR%® Hence, at
the [C&"]. and [ATP] present in resting muscle, RyR2
penings wuld be triggered mainly by €abinding to the
-site’* whereas RyR1 openings would be triggered by
cytoplasmic AP?! thus bypassing the role of thesite in
channel actiation. Preliminary data (har unpublished
data) shows that physiological luminal [Mg] (1 mM)
can strongly inhibit RyR2 by competing with Tdor the
L-site whereas RyR1 is not affected by luminal?Mgt
The role of luminal [M&'] in control of RyR2 by luminal these lgels. This indicates that RyRs inedktal and cardiac
Ca?* muscle will be found to be controlled quite differently by
luminal ions.
Even though the plsiological potential across the )
SR membrane is approximately z&anost measurements Concluding remarks

of [C& ] —regulation of RyRs hee been carried out at non- Luminal C#" regulates RyR2 adtity via Ca*

zero membrane potentials. This has been done to maintaiﬂiﬁding to the luminal-site and the ytoplasmicA- and
relatively large drving force on the conducting ions; thus -sites. Alterations in channeating associated with grof

I
ensuring that the current jumps signifying chanrsing .2

are large compared to the background electrical noise Thése sites will alter the galation of RyRs by luminal
. ) ) *. A unifying kinetic model has recently beervdeped
“luminal-triggered C&" feed-through” model makes the fying y b

th int i dicti that at ts th that males the first quantitatt pedictions of C&
ra ?r Interesting - prediction at at zerlty the permeability of the ER/SR. This model demonstrates ho
[C& ], —dependence ofP, is nearly flat wer the

. . ) luminal control of C& release can be changed by
physiological range of [C?e’t]L (0.3-1 mM, Figure 5C & D, h logical h fei PUK
long dashes) because the effects of feand I,-sites pharmacological agents such agRAcaffeine and PURS

: . L 2 .as well as RyR2 mutations associated with sudden cardiac
roughly cancel. According to this prediction, variations iNeath. The model predicts that 2Caand M@ are

store load should ka vey little effect on storexeitability; . . -
this is clearly not the case in cardiac muscle. This lthe effectively theyin andyangof SR excitability.
question as to what causes SRibility to increase with Acknowledgments
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