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Allosteric coupling of RyR calcium channels: Is it
relevant to the [patho]physiology of heart and

muscle?

Eduardo Rios'®

An examination of the phenomenon of coupled gating between ryanodine receptors, the Ca?* channels of the sarcoplasmic
reticulum of skeletal and cardiac muscle, essential for the execution of contraction upon electrical excitation. It asks whether
the phenomenon—pairs of channels or larger groups, reconstituted in bilayers, opening and closing together—reflects
allosteric interactions that require contact between channels, and whether the phenomenon occurs in vivo with sufficient
prevalence to be relevant to physiology and pathophysiology. The examination covers definitions, observations of coupled
currents, structural studies of channels, in purified or in native membranes, and quantitative modeling of the phenomena.

It concludes with a negative answer to the question whether a physiological role is proven, but a hopeful perspective on

further research.

Man does not realize how that which varies is a unity.
There is a harmony of opposite tensions as there is one of
bow and lyre.

-Heraclitus the Obscure.

(Epigraph in the article that first proposed allosteric
effects: Changeux, 1961).

Some scientific questions have a way of entering and leaving
the collective concerns of a research field, to then come back.
One of these is the role, in cardiac and skeletal muscle physiol-
ogy, of the intriguing “coupled gating” phenomenon exhibited
by RyRs, Ca2* release channels of the sarcoplasmic reticulum
(SR) reconstituted in bilayers, first demonstrated for skeletal
muscle channels by Andrew Marks and colleagues (Marx et al.,
1998). Here, I review the topic, asking specifically whether there
are robust demonstrations of relevance of the molecular phenomenon.

More specifically, I examine inter-RyR allostery, a term considered
fully in the next section, used here to name cooperative phenomena
(say, channel opening) induced mutually via a conformational
mechanism that requires physical contact. This definition separates
allostery from the cooperative channel opening that results from
RyR activation by Ca**—the basis of the cell-level calcium-induced
calcium release phenomenon (CICR; reviews by Endo [2009]; Rios
[2018]) and its paradigm, the Ca®* spark (Cheng et al., 1993).

The opening of these channels (RyR1 in skeletal and RyR2 in
cardiac muscle) allows Ca2?* to exit the SR and activate the

mechanochemical processes of muscle contraction. The on-and-
off engagement of the excitation-contraction (EC) coupling
community with allosteric interactions between RyRs is justified
by their potential roles in physiology and disease. The interac-
tions were initially suggested by the structural evidence of in-
terchannel contact in the orderly arrays (Franzini-Armstrong
and Nunzi, 1983) of skeletal muscle junctions between the
transverse (T) tubules and the SR. There, allosteric inducement
was seen (and still is) as one of perhaps just two plausible
mechanisms to activate RyR channels devoid of contacts with
voltage-sensing channels of the T tubules (described with Fig. 4,
below).

In spite of this head start in skeletal muscle, inter-RyR allo-
steric effects were quantitatively modeled first (Stern et al.,
1999) as a device to offset the self-sustaining tendency of Ca?*
sparks of cardiac muscle, so they would robustly terminate.
Because allostery can potentially synchronize channel opening
and closing, it has been envisioned as a way to organize and
discipline the operation of channel groups (say, both generation
and taming of Ca?* sparks; e.g., Sobie et al., 2002; Groff and
Smith, 2008). In turn, this coordination by allostery is seen as
providing a hub for modulation by ligands acting at RyR-RyR
interfaces. Specifically, the immunophilins FKBP12 and
FKBP12.6 have been proposed for the role (Marx et al., 2000);
various defects in this modulation have been associated with
cardiac disease (Wehrens et al., 2003; Lehnart et al., 2008)
and elicited work aimed at disease remediation in cardiac and
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skeletal muscle (Wehrens et al., 2004, 2005; Bellinger et al.,
2009). Allosteric interactions between RyR1 have also been en-
visioned, informally as yet, for activation of the “orphan” RyR1,
channels devoid of voltage sensors in the “skipping” pattern of
connections of the skeletal muscle T-SR junctions (Block et al.,
1988) illustrated with Fig. 4.

But, does reality agree with the many expectations and hy-
potheses? How good is the evidence that inter-RyR allostery and
its malfunction are actually behind this rich phenomenology?
This is the single concern and justification for the article.

For readers interested solely in the bottom line, my answer to
the focal question is no—inter-RyR allostery is a fact, but its
relevance for function has not been demonstrated. What makes
reading on worthwhile is the narrative of the collective work
that backs this answer, plus all the qualifications and recent
developments that enrich the conclusion, to one of continued
belief in the reality and relevance of the mechanism. Keeping these
apparently disjointed statements in mind will help one appre-
ciate and enjoy all the work that is in-between.

This examination is organized in six sections: “Allosteric and
allostery,” a brief review of the origins and meaning of the terms;
“The currents,” where the coupled gating data are reviewed;
“The channels,” with attention to structure and spatial contacts
of individual RyRs and their arrays; “The models,” where the
theoretical and computational approaches to these phenomena
are discussed; and “Conclusions” and “Perspectives,” where I
tried to summarize what is known, together with suggesting
possible approaches that might improve this knowledge. Text
boxes provide detail on quantitative approaches.

Given the wide range of work, and perhaps inspired by the
channels’ interactions, I undertook this meta-analysis in a gre-
garious, cluster-of-scientists mode. For that, I collected opinions,
references, illustrations, even unpublished work, from many
colleagues, who uniformly kindly and unguardedly responded to
my questions. The harvest was rich. I will quote some of their
opinions with attribution; others will be left uncredited, but it
should be clear that the article draws freely from the intelligence
and productivity of many researchers.

This article does not intend to be an exhaustive review; it will
inevitably omit valuable work. Besides, I delved into subjects
outside my experience. Therefore, the conclusions will be ten-
tative and open-ended. I welcome corrections, objections, dis-
agreements, additions, or any other comments. I suggest JGP
Letters to the Editor as an avenue.

Allosteric and allostery

The most authorized and entertaining account of these terms’
inception is in Changeux (2011), where J.-P. Changeux credits it
to his doctoral mentors Jacques Monod and Francois Jacob, in the
discussion of his presentation to a Cold Spring Harbor Sympo-
sium (Changeux, 1961). The term was proposed to qualify the
inhibition of the entry enzyme in a bacterial synthetic chain by
the final product, very different from its first substrate, hence
unlikely to be acting on the same site. Allosteric (another site)
was proposed as the logical alternative to the well-known
mechanism of enzyme feedback by its substrate or analog
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molecules. In that same terrific discussion, Bernard Davis re-
flected on the similarity of the allosteric regulation with the
properties of the binding of O, to hemoglobin, which alters
positively the affinity for the next O, molecule. Davis’s comment
incorporated positive feedback to the mix, stressed a similarly
virtuous outcome (maintain a metabolite in a narrow concen-
tration range in the negative feedback case, narrow the con-
centration swing needed for the effect—binding O,—in the
other), and planted the seed for the “MWC” quantitative model
(Monod et al., 1965) that justified, together with enzyme control,
the relationship between O, concentration and saturation of
hemoglobin.

A more restrictive meaning of allosteric is in the require-
ments for the “allosteric proteins” to which the MWC model
applies. These must be oligomeric, with at least one dyad axis of
symmetry (one about which a 180° rotation produces an iden-
tical structure). Valuable tools for our task emerge from these
precedents: individual RyRs are formed by four identical pro-
tomers in a closed ring; they therefore satisfy the MWC con-
ditions. Not unexpectedly, the depolarization-induced opening
of RyRls follows quantitatively the predictions of the MWC
model if the voltage-sensing Cays of the nearby T tubules take
the place of the allosteric ligands (Rios et al., 1993). The present
article, however, deals with interactions between RyR tetramers;
as we shall see, those between RyR1s follow the MWC requisites,
but the cardiac RyR2s’ apparently do not. In a look back at MWC
after 50 years, Changeux (2012) concludes that the MWC con-
ditions for allostery are sufficient (the property was found in
every allosteric protein where it was sought) but not necessary.
Thus, to encompass a wider range of phenomena, this article
gives allosteric its less restrictive meaning: a conformational
interaction with consequences for gating, away from the gated
pore.

The currents

Allosteric interactions between ion channels of diverse sorts
have been documented and/or hypothesized to explain their
function (Duke and Bray, 1999; Duke et al., 2001; Molina et al.,
2006; Naundorf et al., 2006; Dekker and Yellen, 2006; Dixon
et al, 2022; Navedo et al, 2010; rev. by Bray and Duke
[2004]). The examination here will be limited to interactions
between RyR1 isoforms and between RyR2 isoforms.

Coupled gating refers to a phenomenon first demonstrated by
Marx et al. (1998) for recombinant rabbit RyR1 expressed in and
purified from sf9 cells, observations rapidly repeated in native
RyR2 channels, purified from dog hearts (Marx et al., 2001).
Common aspects of the phenomenon seen in both studies are in
Fig. 1, in panels reproduced from Fig. 2 of Marx et al. (2001).
While bilayer reconstitution with microsomes or liposomes and
either isoform results more often than not in the incorporation
to the bilayer of multiple channels (M. Fill, personal communi-
cation), about 10% of the multichannel sets exhibit coupled
gating of a pair, while trios are seen in ~1% of cases in the ex-
perience of these authors.

Coupled gating was observed systematically and frequently
enough to quantify its features in only a few laboratories, while
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Figure 1. First report of coupled gating between RyR2 channels. Dog cardiac microsomes reconstituted in bilayers. (A and B) Ca®* current (flowing from a
trans chamber compartment—the SR-luminal side of the channels—with ~50 mM free [Ca?*], to a cis compartment with physiological cytosolic [Ca?*]) through
an individual channel, with an all-points current histogram in B, consistent with a single channel current of 4 pA. (C and D), Currents of 8 pA and histogram
suggest a pair of coupled channels. (E and F) Currents and histogram consistent with a trio of fully coupled channels. Note the absence in D and F of any peak for
individual openings, and in the 12-pA peak in F a skew, with a “tail” toward lower values that suggests partial closings. Figure minimally modified from Fig. 2 of
Marx et al. (2001), reproduced by courtesy of Andrew Marks. Fig. 1 is reprinted with permission from Circulation Research.

many other groups—I am told—observed the behavior only
occasionally. Fig. 2, reprinting Fig. 2 in the data-rich report of
Gaburjakova and Gaburjakovd (2010), illustrates the depen-
dence of coupled gating of native rat RyR?2 on cytosolic [Ca?*]. As
the study demonstrates with robust statistics, this Ca2* depen-
dence is similar to that of channels gating independently. To
complete this sampling of classic datasets, Fig. 3 (reproducing
Fig. 3 in Porta et al. [2012]) illustrates coupled gating of RyRls
from rabbit skeletal muscle.

These three examples have in common currents through
two or more channels that are not gating independently. In all
three, the channels are passing current from trans to cis,
i.e., in the normal direction of physiological Ca?* release (as
reconstitution is rigged so that the SR = luminal side of the
channels faces the trans side of the bilayer). The current is
driven by the difference between a [Ca2*]izans of ~50 mM (a
concentration grossly greater than the physiological [Ca®*]sg
of 1mM or less) and a [Ca?*] ;s near the physiological range for
the cytosol.

Rios
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The phenomena depicted in the three illustrations have
substantial differences. Gating of two or three cardiac channels
in Fig. 1, C and E, is perfectly coupled; channels always gate to-
gether, as ascertained by the lack of intermediate peaks in the
all-points histograms in Fig. 1, D and F. Full coupling with these
characteristics was also visible in the records of currents
through RyR1 channels in the 1998 report of Marx et al. In
contrast, the records of current through coupled cardiac chan-
nels in Fig. 2 (Gaburjakova and Gaburjakova, 2010) show fre-
quent flickering to states OC (or CO) from 00. The difference
with the records in Fig. 1 is not attributable to composition of
solutions or electronic filtering. Marta Gaburjakova suggested
species difference (rat in her study vs. dog in the other) as an
explanation. It could also be due to lower pass filtering in the
experiments of Fig. 1, as bilayer chambers with larger apertures
were used there (again, information from M. Gaburjakova). The
differences are yet greater with the currents through RyR1
channels in Fig. 3 (Porta et al., 2012). These are currents
through multiple channels, which may engage in coupled gating
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Figure 2. RyR2 channels gating together retain their sensitivity to Ca?*. Rat cardiac microsomes reconstituted in bilayers. Ca?* currents flowing from trans
to cis driven by a similar [Ca2*];;ans as in Fig. 1. (A and B) Panels A and B show currents from channels in a low-activity and a high-activity category, respectively,
differing in Pype, at physiological [Ca?*].is by more than an order of magnitude. The activation by [Ca?*] has similar half-effect concentrations and maximal
activations in both categories, also similar to those found with independently gating channels. Note here clear transitions to the CO/OC configuration, frequent
starting from 00 but essentially absent starting from CC. Figure minimally modified from Fig. 2 of Gaburjakova and Gaburjakova (2010), reproduced by courtesy
of Marta and Jana Gaburjakova. Fig. 2 is reprinted with permission from Springer Nature.

intermittently, usually by pairs (as in Fig. 3 B) but sometimes in
greater synchronous groupings (Fig. 3 C).

The detailed analysis from J. Copello’s lab (see also Box 1)
revealed a complexity that was not present in the earlier results
(Marx et al., 1998; Marx et al., 2001; Ondrias and Mojzisova,
2002; Gaburjakova and Gaburjakovd, 2010), including bilayer
reconstitutions resulting in a mix of channels in which some
were seen to gate independently while others gated concertedly,
partially or fully coupled.

Do these engrossing phenomena have any claim to being
physiological? The [Ca?]ians in these classic examples is far
from it. The closest the experiments with Ca2* currents have
come to the <1 mM physiological luminal range is 5 mM
(Gaburjakova and Gaburjakové, 2010); at this [Ca?*], the cur-
rents had similar properties to those recorded at higher con-
centrations. From the existing evidence (which includes
structural data discussed later), a tentative conclusion is that the
phenomenon can occur at physiological concentrations, not just
in bilayers but also in vivo. Also suggestive of physiological op-
eration is the demonstration by Porta et al. (2012) that coupled
gating requires the presence of ATP and Mg?* at physiological
concentrations in the cytosolic (cis) solution (or what was
thought to be physiological, now revised down for cardiac ATP:
(Eisner and Murphy, 2024; Rhana et al., 2024). A caveat re-
mains, revisited with the Models section: the variety of coupled
gating modes noted in the previous comparison, together with
their scarcity, suggests that some of the observed interactions
may not occur in vivo often enough to be relevant.

What is the mechanism of coupled gating? Two RyRs passing
Ca?* from lumen to cytosol next to each other will inevitably
experience mutual influences due to their penchant for ac-
tivation by Ca2* (a.k.a. CICR) and perhaps Ca2?*-dependent
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inactivation. A fast Ca?*-activated opening of “channel #2” after
“#1” could look like allosterically coupled gating of the pair. How
to tell one from the other? A demonstration of coupled gating
with currents carried by CICR-disabling Ba?* is the gold stan-
dard. The original description of the phenomenon with RyR1
(Marx et al., 1998) included the statement that the phenomenon
was observed with Ba2* as carrier, but no data were presented.
Coupled RyR2 current with Ba2* as carrier was reported for two
channels in Marx et al. (2001), but the most robust evidence is in
Gaburjakova and Gaburjakové (2010), where permeation of Ca%*
and Ba2* is demonstrated in detail. Differences in gating kinetics
of individual vs. coupled channels, described in the same ar-
ticle, are reasonably taken as additional evidence of allosteric
coupling.

While the existence of the coupled gating phenomenon seems
indisputable, the initial excitement that drove many labs to its
study waned years later because of the difficulty to elicit it with
sufficient frequency, and because, in the view of many, it could
not be reliably distinguished from a form of CICR. Its occurrence
with Ba?* has been especially difficult to reproduce (M. Fill,
personal communication); its presence with physiological
[Ca®*]jumen Was only observed with Cs* currents, and in that case
convincingly demonstrated to be mediated by CICR (Laver et al.,
2004). Adding to the skepticism, Alexandra Zahradnikov dis-
puted the relevance of this coupling, based on the ability of
models that assume allosterically independent RyRs to explain
quantal properties and other aspects of Ca?* sparks in cardiac
muscle (Zahradnikov3 et al., 2010).

In my view, the robust demonstration of coupled Ba?* cur-
rents through cardiac channels (Gaburjakova and Gaburjakova,
2010), and the apparent independence of the phenomenon from
luminal-to-cytosolic Ca®* flow (seen with RyR1 by J. Copello’s
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team, personal communication) are sufficient evidence of the
allosteric, Ca?*-independent nature of the coupling interaction.
That the phenomenon is difficult to demonstrate, and that
models can ignore it and still reproduce observations in situ can
be evidence of irrelevance but not of nonexistence. The balance
of the evidence shows that inter-RyR allostery is real.

Box 1. Cooperativity ratio

JGP

Figure 3. RyR1 channels show partial cou-
pling. Reconstituted microsomes from rabbit

skeletal muscle, passing Ca?* current, as in Figs.

3 1and 2, from a trans compartment with ~50 mM
2 1 ‘ free [Ca2*]. Unlike the previous examples, these
‘ authors report a requirement for Mg?* and ATP

1 ! M wﬂmww ol \ M Lﬂ at physiological concentrations in the cis com-
s m 1 ﬂJ[ ‘ i L | B | l partment for the occurrence of coupled gating.

(A) As interpreted by the authors, one channel
gates independently and three others join in
synchrony. (B) Two independently gating chan-
nels are intermittently joined by two pairs of

o I 5 pA coupled RyRs independent of each other, con-
tributing individual currents of ~5 pA. (C) Au-

‘ thors identify 10 levels of current, from “fully

: ‘ coupled” channels, which in their terminology
| means that no channel is gating independently,

' but coupling is not complete or obligatory, as

1 J revealed by a CR measure (Box 1) different from
. | | 0. Fig. 3 of Porta et al. (2012) reproduced by

courtesy of Julio Copello. Fig. 3 is reprinted with
permission from American Physiological Society.

bt v

FKBPs raise the stakes

The excitement caused by the initial descriptions of the phe-
nomenon was enhanced by tantalizing observations of effects of
the immunophilins FKBP12 and FKBP12.6, small peptidyl-prolyl
isomerases that are targets of the immunosuppressants FK506
(Liu et al., 1991) and rapamycin (Brown et al., 1994). Both FKBP12

Establishing actual coupled gating requires some work, as two independent channels can gate synchronously now and then, just by chance. When coupling is
partial, as in Fig. 3, its presence is established by measures of the separation between the actual distribution of open states and the binomial distribution of N

identical channels gating independently with individual probability p:

P(m open) =

N! N-m
m!(N-m

Pm-p) )

Porta et al. (2012) use a “cooperativity ratio,” CR (Krouse and Wine, 2001), justified in an Appendix of Porta et al. (2012), as a measure that emerges from the

amplitude histograms.

CR=

(k-1) @72
2k DD,

(2)

where k is the maximum number of open channels in the record, and the ®s are the fractions of time at current levels indicated by the subindex. For the two-
channel case, it can be easily verified, using Eq. 1, that CR equals 1 for identical independent channels, 0 in the fully coupled case (Fig. 1, simply because ®, = 0), and
positive <1 in cases of partial gating (for these verifications, it is useful to remember that 0! = 1).

Rios
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and FKBPI2.6 bind stoichiometrically to the RyRl tetramer
(Jayaraman et al., 1992), but only FKBP12.6 binds with high af-
finity to the cardiac isoform (Timerman et al., 1996; Lam et al.,
1995). Marx et al. (1998) reported that the addition of FKBPI2 to
the cis side of a bilayer chamber with recombinant RYR1 chan-
nels gating independently had the dual effect of removing
subconductance states—an effect previously demonstrated
by Brillantes et al. (1994)—and inducing coupled gating.
Conversely, removal of the immunophilin by the addition of
rapamycin uncouples channels functionally—although, these
authors stated, the channels remained physically together
(Marx et al., 1998).

FKBPs were found to be associated with the RyR1 early in the
chronology of structural exploration, bound to a peripheral re-
gion of the tetramer (Wagenknecht et al., 1996; Samsé et al.,
2009) later refined to a location counterclockwise from every
corner, next to the tandem Repeat 12 and the SPRY domain
cluster (refer to Fig. 5 for a summary of RyR structure). The
location is similar for bound FKBP12.6 on RyR2, and is precisely
within the region of intertetramer contact and overlap identified
by Cabra et al. (2016). This border location is therefore consis-
tent with the proposed involvement of the immunophilins in
intertetramer allostery, as is their enzymatic activity, a chiral
isomerization that can potentially cause significant conforma-
tional changes.

Substantial functional roles of FKBPs in skeletal muscle were
demonstrated in the early 2000s by the groups of Robert Dirksen
and Susan Hamilton. In “dyspedic” (RyR-lacking) myotubes,
Avila et al. (2003) expressed RyR1 with a V-G replacement at
position 2,461, a mutation that prevents binding of FKBP12
(Gaburjakova et al., 2001), and found a 50% reduction in Ca>*
release. The effect was firmly assigned to the missing im-
munophilin because the alternative V-I replacement (which by
substituting an isoleucine transforms the local RyR1 sequence to
that of RyR2) prevented the binding of FKBP12 but not that of
coexpressed FKBP12.6, and the coexpression rescued the func-
tional deficit. Tang et al. (2004) confirmed the effect on a mouse
engineered for skeletal muscle-specific ablation of FKBP12, while
also showing other deficiencies, in a complex phenotype. While
Avila et al. argued for the loss of coupled channel opening as
preferred mechanism of the EC coupling loss, the complexity of
effects revealed by these early studies detracts from the value of
FKBPs as tools to identify and evaluate allosteric coupling. FKBPs
are definitely players of skeletal muscle EC coupling, but their
role in allostery is difficult to isolate.

The focus on FKBPs increased as pathophysiological im-
plications were proposed for their variable occupancy of the RyR
tetramers (Marx et al., 2000). The proposal included that
phosphorylation by PKA at serine 2808, enhanced in heart
failure, caused dissociation of FKBP12.6 from RyR2, which re-
sulted in appearance of substates, disappearance of coupled
gating, and an overall increase in propensity of the channel to
open (with consequences for increased Ca>* leak from the SR and
diastolic instability). Thus, the question of coupled gating and its
functional implications became subsumed within the broader
excitement, and later controversy on the roles of the immuno-
philins and phosphorylation. A summary of the controversy is in
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an editorial by Donald Bers (2012) for Circulation Research. Spe-
cifically, the “stabilizing” roles proposed for FKBPs were ques-
tioned by Xiao et al. (2007), who showed that neither the absence
nor the removal of FKBP12.6 induced subconductance states or
changed the activation properties of RyR2, effects also found to
be absent when examining the consequences of FKBP suppres-
sion on spontaneous Ca?* release in RyR2-expressing cultured
cells. In agreement, Guo et al. (2010) found that just 10-20% of
intact myocytes from rats and mice have a bound FKBPI2.6,
which, even accepting the “stabilization” role proposed, severely
challenges the relevance of this protein to physiology and
pathophysiology.

Considering the abundant but contradictory evidence, I
conclude that the requirement of the immunophilins for coupled
gating has not been demonstrated. This conclusion, however,
does not exclude all relevance of these proteins to either function
or spatial arrangement of RyR2s, as considered in the following
section.

The channels

As written above, the initial enthusiasm for coupled gating
ebbed circa 2012 due to the difficulties inherent to its study
in bilayers and its overlap with the robust CICR mechanism.
However, structural studies using selective crystallization,
multiple avenues to super-resolution, and the paradigm-
changing direct detection electron microscopy (with the
near-atomic resolution that it provides and the resulting
computational modeling that it enables) have come to the
rescue. As outcomes, they elucidated the contacts between
RyRs in ever-increasing detail and provided striking argu-
ments for the existence of contact-mediated effects, thus re-
newing interest in inter-RyR allostery.

The skeletal muscle RyRs were studied first
The systematic contact between RyRs was first visualized
in electron microscopic images of skeletal muscle (Franzini-
Armstrong and Nunzi, 1983; Block et al., 1988), revealing “feet”
(as the channel initial silhouettes were named) placed in two-
row, two-dimensional paracrystalline arrays, which populated
the SR sides of “triad” junctions where SR meets T tubules. This
arrangement is illustrated in Fig. 4. The array of RyRs and
voltage-sensing DHPRs in one T-SR junction was later proposed
as a functional unit, the couplon (Stern et al., 1997). Additionally
in cultured BC3H1 cells, in some types of muscle fibers, and in
most fibers during differentiation, junctions are formed by as-
sociation between wide SR cisternae and the surface plasma-
lemma (rather than T tubules); in them, feet are arranged in
large plaques of multiple rows, with the same disposition and tilt
angles of the adult. The ability to form these ordered arrays is an
intrinsic property of RyR1, which does not depend on chaper-
ones, a specific scaffold or a muscle context (reviewed by Yin
et al. [2008]).

Progress continued with the goals of increased resolution and
imaging in situ and in different functional situations, applying
tools like single-particle EM of purified receptors (Samsé et al.,
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Figure 4. Components of a junction between an SR terminal cisterna and a transverse (T) tubule. (A) Freeze-dried junctional SR membrane from guinea
pig showing RyR1 tetramers of ~28-nm sides. (B) Tetrads of particles (Cays) in a freeze-fractured T tubule membrane from toadfish muscle, presented with the
same orientation and magnification. (C) Canonical couplon in which every other channelis in contact with Cays (orange elements). The stoichiometric overlap of
Cays and RyRs, first proposed by Block et al. (1988), was confirmed by direct observation by Xu et al. (2024); see Fig. 7 below. The diagram illustrates chirality or
handedness, as viewed from outside the cell, in the way RyR tetramers make mutual contact. This orientation, conventionally called right-handed, has the
intertetramer approaches occurring at the tetramers’ edge, to the right-hand side of every corner. The contacts are said to be antiparallel, as the corners of
the tetramers involved are on opposite ends of the contact segment. The overlapping Cays make the contact asymmetric, a feature relevant for the dynamics of

the interactions. Relabeled Fig. 1 of Rios et al. (2019), which includes images from Block et al. (1988).

2009), x-ray diffraction of crystals of domains or domain groups
that yielded partial atomic structures (Yuchi et al., 2015; Amador
et al., 2009; Tung et al,, 2010), various approaches to imaging
native muscles including EM tomography (Wagenknecht et al.,
2015; Wagenknecht et al., 2002), and advances in direct detec-
tion cryo-EM tomography (Zalk et al., 2015; Yan et al., 2015; des
Georges et al., 2016; Efremov et al., 2015).

RyR imaging provided evidence of

allosteric control

Using the tools above, combined with well-planned choices of
conditions for imaging, the structuralists were able to produce
observations with mechanistic implications for gating. These
purely structural studies with functional implications continue a
long line of insightful imaging work, like the paradigmatic first
report of the stoichiometric arrangement of RyRs and voltage
sensors (Block et al., 1988; see Fig. 4), which supported the

Rios
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conformational control of the Ca®* release channels at an early
time. This early evidence was interpreted first as supporting the
direct or “orthosteric” type of action of voltage sensors on RyRs
implicit in the “toilet plunger” model of Chandler et al. (1976),
which proposed a stopper of the channel pore with a rigid handle
operated by T membrane voltage; but the consensus soon
evolved to a subtler, allosteric connection between Cayl.1
sensors and RyR1 channels (Rios et al., 1993; reviewed by
Hernandez-Ochoa and Schneider [2012]).

A significant contribution by structuralists in explicit
support of inter-RyR allosteric coupling was the observation
of a downward movement of the distal cytosolic RyR1 do-
mains, likened to a swivel or flexion, away from the T mem-
brane (Samsd et al., 2009; see also Efremov et al., 2015; Steele
and Samsé, 2019), which results in a decrease by 1 nm or
greater of their distance to the SR membrane. This movement,
which occurs together with widening of the cytosolic vesti-
bule (patent in the side view of Fig. 5) and opening of the
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Figure 5. Structure of RyR1. The sequence map at top identifies domains and segments named following des Georges et al. (2016), in color code that is
maintained in the diagrams and labels. The side view has two of the four protomers removed for clarity. The “top” or “en-face” view is as seen from the cytosolic
side. The arrows on the en-face view are color-coded, except for three set in black for visibility. In the side view, the double-dash circle (indicated by a curved
arrow) encloses the control hub that includes the binding sites of the three canonical agonists: Ca*, ATP, and caffeine. “Sol” stands for the multiple a-solenoid
regions, regarded as a relatively inert, convoluted stem from which globular domains hang like fruits. NTD and CTD stand for N- and C-terminal domains, both of
which line a central cytosolic-side vestibule. The large SPRY (SP1a kinase and ryanodine receptor) stretch is subdivided into three domains. The tandem Repeats
12 and 34 are also known as P1 and P2. While the diagrams represent RyR1, RyR2 is highly similar. The ellipse at top right in the en-face view marks the domains
believed to participate in RyR2-RyR2 “oblique” contacts (cf. Fig. 8), namely, Repeat 12, SPRY1, and the associated protein FKBP12, which in RyR2 could be
replaced by RyR12.6. They occupy approximately one third of the edge, leftward of every corner. The diagrams are a gift from Filip Van Petegem (University of

British Columbia, Vancouver, Canada).

channel pore, could mediate coupled gating if coerced on a
linked neighbor RyR1.

Additionally, FKBP12 was found to be associated with high
occupancy in rabbit RyR1 under closed-state conditions (Steele
and Samsé, 2019), a conformation in which the cytoplasmic RyR
cap was at a “high,” upward angle (i.e., toward the T membrane).
In contrast, the FKBP12-bound RyR structure imaged under
open-pore conditions had the characteristic downward flexion
of the cytoplasmic cap, while the closed, FKBP12-free RyR
(“apoRyR”) showed an intermediate angle. Interpreting the
flexion angle as a measure of the free energy of the channels,
the observations suggest a greater energy difference between
open and closed when the immunophilin is bound. The greater
energy change could result in increased stability of the closed
state. For this interpretation to hold, additional assumptions
are needed, regarding, among others, the energy barriers op-
posing the transition. We get more deeply into the energetics of
coupling in the Models section.

Suggestive observations relevant to allosteric coupling are
illustrated in Fig. 6 (Chen and Kudryashev, 2020). They were
made by averaging subsets (“subtomograms”) of cryo-electron
tomograms of rabbit muscle native membranes in the then

Rios
Allosteric coupling of RyRs and physiology

thinnest-possible slices of frozen tissue, milled down to
~100 nm by a focused ion beam (“cryo-FIB,” Marko et al., 2007;
Wagenknecht et al., 2015). Most images show both leaflets of the
SR membrane. As shown earlier by Renken et al. (2009) and
Wagenknecht et al. (2015), the visible membrane exhibits cur-
vature, downward concavity. As seen in Fig. 6 A, bottom, the
curvature changes measurably with putative activation. Thus,
on average in the apoRyR images the curvature was 1/(50 nm),
while in the images of so-called ryRyR1 (obtained in the presence
of Ca?* and ryanodine, corresponding to an open pore in high-
resolution images of des Georges et al., 2016), the curvature
increased to 1/(35 nm). This observation made with purely
structural approaches is yet another with potentially profound
functional implications. Indeed, if channel opening associates
with (or induces) a local increase in membrane curvature, and if
this curvature does not change abruptly over short spaces, the
increase will invade membrane under the nearby channels.
There, a reciprocal effect, predictable by conservation of energy,
should take place: the increased curvature should induce or fa-
cilitate channel opening. Such effect would thus provide an ad-
ditional, unexpected allosteric coupling mechanism, favoring a
spatial “contagion” of both open and closed states. The energetics
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of this hypothetical, membrane-mediated allostery is considered
in Box 2, in the next section.

Other notable observations in the study of Chen and
Kudryashev (2020) include visualization of transmembrane
densities that are distinct from the transmembrane “pore” do-
main, insensitive to the functional state and noticeable between
the SR membrane leaflets (green arrow in Fig. 6 A). Also visible
are intra-SR extensions that move toward the channel axis upon
activation (movement indicated by short red arrows in panels A
and C). The nature of these densities and extensions is unknown,

Rios
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Figure 6. RyR1-RyR1 structures in native
membranes. (A) RyR1 in TC-enriched SR frac-
tions from rabbit muscle. Images, obtained from
cryo-electron tomography and subtomogram
averaging, reached a resolution of 17.5 A. ryRyR1
names preparations in high Ca?* and ryanodine,
presumably an open channel configuration.
Views are through the middle slice of the re-
construction (top panels) and at the level of
intra-SR extensions (bottom panel). In the left
panel, the outer domains in the mushroom cap
are displaced downward from their positions in
the closed structure (in red oval; movement also
indicated by red arrows). In the lower panel, arcs
in red trace the fitted curvatures of the SR
membrane. (B) Rendering of apoRyR1 and
ryRyR1 (mirror-flipped) viewed from the cyto-
plasm. Again, red arrows mark regions that move
the most, in this case on the putatively open
structure. (C) Section through the isosurface,
with plane indicated by the dashed line in B. Red
arrows indicate movement of the SR extensions
(dark orange circle: apoRyR1; blue, ryRyR1). Ex-
tensions are visible also in-between the SR
membrane leaflets (green arrow in A). Repro-
duced with minor modifications from Fig. 4 of
Chen and Kudryashev (2020) by courtesy of
Misha Kudryashev.

but the authors ascribe them to transmembrane helices or helix
bundles, assigned tentatively to stretches of the protein se-
quence not allocated to known domains in present RyR1 models.
Goforth et al. (2003) discuss functional and structural changes
due to interactions between transmembrane proteins and
membrane lipids.

By averaging subtomograms that showed two tetramers
in contact, and fitting a suitable atomic model, Chen and
Kudryashev (2020) identified five stretches involved in the
closest contacts. These are 15- to 25-residue-long helices located

Journal of General Physiology
https://doi.org/10.1085/jgp.202513877

920z Areniged 60 uo 3senb Aq ypd-228€16202 dBl/8yzGs61/..8€152029/1/8G L /Hpd-8oie/dBl/Bio-sseidnij/:dny woy pepeojumoq

9 of 22



JGP

Box 2. Energetics of curvature change
The strength of this possible and plausible coupling mechanism can be gauged, tentatively, from the energy change in the measured bending. Helfrich’s equation
(Helfrich, 1973) evaluates the bending energy of a homogeneously curved patch of membrane of area A as

(1/2) Ax (2H - H,)” (3)
where k is bending rigidity, and H and Hy, are the mean and spontaneous curvature, respectively (a term proportional to Gauss curvature that cancels in the
differences is omitted). Assuming k = 20 kT and Ho = O, the change from 1/35 to 1/50 nm~! requires 14.2 kT per channel. (If instead one assumed that the
spontaneous curvature is the one observed with closed channels, 1/50 nm?, the result would be 12.5 kT).

A useful term for comparison is the energy associated with activation of one channel, presumably by the electrically driven movement of four voltage
sensors. This energy can be roughly estimated under three assumptions: (1) all 4 DHPRs engaged by one RyR1 must move to cause it to open, (2) only one of the 4
voltage sensing domains in the DHPR pseudotetramer is involved, and (3), 2 charged residues in the moving S4 helix must traverse the membrane electric field in the
process. Assumption (1) is arbitrary, unpublished work of my laboratory favors 3 sensors as a sufficient minimum, instead of 4. Assumptions (2) and (3) are informed
by work of Bernhard Flucher’s group (Pelizzari et al., 2024; Heiss et al.,, 2025). Under these assumptions, if 4x1x2 elementary charges undergo a 100 mV change, the

energy input is 0.8 eV or 30 kT, not much greater than that required for the curvature change.

between residues 2950 and 3254, a region immediately
C-terminal to Repeat 34 (also known as P2) in one of the
a-solenoid regions near the center of the protein sequence
(see map in Fig. 5).

This assignment of interacting stretches was largely con-
firmed by a study of Xu et al. (2024), who also applied the cryo-
FIB method to visualize mouse triad junctions in situ. This study
achieved multiple feats: it captured both Cayl tetrads and RyR
tetramers in their native membranes; it identified, averaged,
and visualized Cay1-RyR1 “supercomplexes,” and it imaged
multichannel RyR arrays in the native SR membrane in near-
native couplon formation.

Of the above, the most significant accomplishment is perhaps
the imaging together and in situ of the complex constituted by
the tetrad of DHPRs and the RyR. The contact of these essential
couplon components had been assumed, based on a variety of
evidence, for nearly 50 years (starting with the aforementioned
“plunger” model of Chandler et al., 1976). The study by Xu et al.
(2024) finally revealed the complexes for all to see, as well as
their “skipping” pattern in the checkerboard array of RyRs. The
work also started to unravel the structural details of the inter-
action and affirmed the allosteric properties of the RyR, with its
ostentatious cytoplasmic cap as complex antenna for the re-
ception of multiple signals.

For the purposes of the present article, Xu et al. (2024) ach-
ieved two relevant advances. They roughly confirmed the sites of
inter-RyR contacts proposed by Chen and Kudryashev (2020),
with details illustrated in Fig. 7: they also produced a coarse-
grained molecular dynamics simulation of four RyR1 tetramers,
which shows them converging spontaneously to a multimer with
native checkerboard pattern (i.e., corner-to-corner, in the right-
handed configuration diagrammed in Fig. 4).

This convergence does not just confirm the intrinsic ten-
dency of RyRs to adopt their trademark pattern but contributes
separate evidence of allosteric gating, as the tendency to the
native assemblage was found more consistently when the sim-
ulation was done with tetramers in the open configuration. This
component of the study can be questioned for starting at rela-
tively short intertetramer distances, and with relatively low
angles between tetramers. Less biased starting points, however,
would demand a too costly extension of the simulation times, as
candidly disclosed to me by the authors. In spite of these qualms,
the observation not only supports allosteric gating but also
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provides a definite indication that allostery operates by favoring
the open state (key to The Models, below). (Xu et al. [2024]
conclude that “...the activated RyR1 then activates the neigh-
boring RyRls instantly,...through physical coupling.” Based on
other evidence and arguments developed in the present article, I
disagree with the certainty in that conclusion).

RyR2 poses additional possibilities

and unknowns

RyR2 is highly homologous with RyR1, with overall sequence
similarity of 80-85%. RyRs share overall dimensions and domain
structure (e.g., Peng et al., 2016), but in contrast to the strict
checkerboard arrangement of junctional RyR1s, RyR2s appear in
a variety of groupings. They are present within three structures:
peripheral couplings with the plasma membrane, dyad junctions
with transverse tubules, and corbular SR, not associated with
exterior membranes (Franzini-Armstrong et al., 1999). Key to
the issue of allosteric interaction, these RyR2 clusters are seen to
contain more units than the RyR1 couplons, but are less compact,
and a regular skeletal muscle-like arrangement of RyR2 has
never been visualized (Hayashi et al., 2009; Baddeley et al.,
2009; Asghari et al., 2014). Additionally, RyR2 has a higher
sensitivity to activation by Ca?* (Murayama and Kurebayashi,
2011), which enables the essential role of CICR in contractile
activation of cardiac muscle. This propensity for activation by
Ca?* constitutes a first obstacle to the identification of cardiac
channel cooperativity based on allosteric interactions, rather
than mediated by Ca2".

Substantial progress regarding RyR2 grouping is credited to
the laboratories of Montserrat Samsé and Edwin Moore. Ex-
ploiting the natural tendency of purified RyRs to aggregate,
Cabra et al. (2016) examined EM images of spontaneously paired
RyR2s from pig heart. Fig. 8 A shows averages of five classes of
pairs, aligned on one of the components, prepared in high Ca?*.
The varying blur in the component not used for alignment de-
fines the flexibility of the interaction. By comparison with im-
ages of preparations in low Ca?*, not shown here, high Ca?* does
not seem to introduce major changes, an observation that differs
from the effects found by Xu et al. (2024) in their MD simu-
lations of RyR1. The oblique configurations are so named because
the orientations of the partners differ by 12°—another remark-
able difference with the pairings of RyR1. The oblique-rigid motif
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Figure 7. Self-organizing of RyR1 in native membranes. (A) Slice of an average of subtomograms showing paired tetramers in ultrathin frozen lamellae of
rat skeletal muscle. Scale bar, 20 nm. (B) Averaged map of dimeric RyR1 tetramers in situ, showing both T tubule and SR membrane. A near-atomic model of
RyR1-FKBP12 is fitted into the map. (C) Enlargement of the contact site in panel E, with nearest residues Lys3™®> and Leu3™3 indicated. Gly*'%2, in red, is a
reported site for a mutation associated with premature death in two patients. (D) Initial and near-final frames of a trajectory movie of a coarse-grained MD
simulation of RyR1s in the open state. Residues ranging from 2951 to 3240 are shown in red. Note that the contact sites are located immediately to the right of
every corner, in contrast to the “left-handedness” of RyR2-RyR2 contacts noted with Figs. 5 and 8. Images are reproduced with minimal annotation changes in
panels from Fig. 3 and frames from Supplemental Movie 4 in Xu et al. (2024). Shared by courtesy of Guohui Li, Yun Zhu, and Fei Sun. Fig. 7 is reprinted with

permission from The American Association for the Advancement of Science.

(Fig. 8 A) is most interesting because of the substantial overlap of
the component image contours, about 20 nm?, which tells of an
intimate interaction conducive to allostery. As noted for RyR],
the handedness of the RyR2 averages in the pair was always the
same (albeit left-handed), and the interactions were again
antiparallel.

As done with RyR1, Cabra et al. (2016) modeled the rigid in-
teractions of RyR2 by overlaying a near-atomic structure of RyR1
(nota typo). The adjoining pairing (Fig. 8 A) put in contact bulky
groups that seem unlikely to establish energetically favorable
interactions. Most interesting were the correspondences in the
oblique pairing, with a detail in Fig. 8, C and D; the pairings
involve Repeat 12 (a.k.a. P1, adjacent to the vertex), SPRY1, and,
when present, bound FKBP12.6. In en-face views from the cyto-
sol, these three groups occupy about one third of the tetramer’s
edge, counterclockwise from the vertex. Using exclusively this
oblique pairing, Cabra et al. were able to arrange clusters of
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tetramers in rows of alternate orientation (Fig. 8 E), which
overlapped with arrays described in muscle of scorpions
(Loesser et al., 1992).

If this “oblique-rigid” interaction occurred frequently in vivo,
it could constitute a basis for inter-RyR allostery. However, and
unlike the native inter-RyR1 contacts in the skeletal muscle
couplon, this dimer does not satisfy the MWC requisite sym-
metry (invariance on a 180° rotation). As stated by Changeux
(2012), this is not a fatal impediment, but it adds to the odds
against a relevant allosteric interaction between cardiac RyRs.

The advances with purified receptors were matched well
by studies in situ. EM tomography in rat hearts, single car-
diomyocytes, and human ventricle tissue showed variegated
arrangements, going from arrays to smaller and disordered
groupings and to isolated tetramers (Asghari et al., 2014). These
distributions were altered by conditions of preparation,
including [Mg?*] and phosphorylation. Fig. 9 shows selected
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Figure 8. Pairwise contacts of cardiac RyRs. Transmission electron microscopy averages of RyR2 from pigs’ hearts, purified, incubated in 100 uM Ca?*, and
negatively stained. (A) Averages of contacting pairs (selected by techniques that exclude chance proximity), classified in five groups and aligned on one member.
CTS—center to side. The subindex (f or r) distinguishes a rigid and a flexible association mode, the latter evident in the fuzziness of the nonaligned member of
the pair. (B) Near-atomic model of the oblique interaction (structure includes FKBP12). Note that in this view from the cytosolic side, the interaction RyR2-RyR2
is left-handed (compare with RyR1-RyR1 interactions in Fig. 4 and 7). (C and D) Enlargement of the boxed region in B, indicating the antiparallel contacts
between domains P1 (or Repeat 12), SPRYL, and FKBP12. (E) Diagram of a hypothetical array, built exclusively on the basis of the oblique interaction, which
requires alternation between rows with mutual tilts of 12°. Panels from Fig. 2 and 4 in Cabra et al. (2016), reproduced by courtesy of Montserrat Samsé. Fig. 8 is

reprinted with permission from Elsevier.

frames from videos that visualize reconstructions of rat car-
diomyocyte dyads from tomograms (Asghari et al., 2020).
Backed by robust statistics, the images illustrate the main out-
comes of the study, as follows: interactions of RyR2 clusters are
indeed diverse, and mutable in response to external agents.
Mutual positions range from proximity to a variety of contacts,
including pairings described as “side-by-side” (similar to the
“adjoining” category of Cabra et al, 2016) and “array-like”
(roughly consistent with Cabra’s “oblique,” “corner-to-corner,”
and “corner-to-side” categories). Fig. 9 A shows a dyad with what
the authors call “model” RyRs (i.e., reconstructed from tomo-
grams). The corresponding histogram of nearest-neighbor dis-
tances, shown in the original figures, features two peaks, at 28
and 34 nm, corresponding, respectively, to side-to-side and
array-like pairings. Exposure to saturating FKBP12.6 put most
pairwise interactions in the side-to-side category (Fig. 9 B),
while a phosphorylation cocktail turned most into array-like
pairings (Fig. 9, C and D).

In a tour de force, Asghari et al. (2020) managed to record
Ca2* sparks from individual clusters that they then fixed and
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imaged by electron tomography. They found that the sparks
from FKBPI12.6-saturated channels, predominantly in side-to-
side interactions, had lower frequency than the untreated
preparations, while phosphorylation increased their frequency
by several-fold, as well as the spark signal mass. The effect
of phosphorylation was greater in the presence of FKBPI12.6
(Fig. 9 D), an observation contrary to the claim that phospho-
rylation removes the immunophilin from RyR2.

The studies with RyR2 offer a mixed bag of possibilities and
problems for interchannel allostery. The loose groupings, to-
gether with the greater propensity of RyR2 for Ca?*-mediated
opening, favor coupling mechanisms based on activation by
Ca?*. On the other hand, RyR2 engages in intricate contact in-
teractions, the topology of which changes in living cells together
with the channels’ proclivity to open, with exposure to the im-
munophilins and phosphorylation. That the effects of these
agents include only minor shifts in cluster density does not
support mediation by Ca%* and favors instead an allosteric
mechanism for the functional changes. However, the generally
loose and variable aspect of the native clusters suggests that the
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Figure 9. Cardiac RyRs in their native membrane. Selected frames from reconstructions of dyads and RyR tetramers derived from tomograms of rat
ventricle. (A) Junctional SR membrane, representative of a resting myocyte, showing a variety of tetramer pairings. (B) Different junction, after exposure to
saturating FKBP12.6. (C) After exposure to a phosphorylation cocktail. (D) Phosphorylation plus saturation with FKBP12.6. For a correlation with properties of
Ca®* sparks recorded before structural imaging in the same preparations, see text. Frames from videos 1, 4, 2, and 6, respectively, of Asghari et al. (2020),

reproduced by courtesy of Edwin Moore.

role of allostery is minor, compared with the robust and well-
understood gating actions of Ca?*.

The models

The abundant literature of models of Ca?* release from the SR
attempts in skeletal muscle to reconstruct the cellular Ca?*
transient of EC coupling, while in cardiac muscle, it sets more
numerous and bigger simulation tasks, ranging from the events
in the single molecule to the electromechanics of the working
heart in all its complexity. The discussion here will stay nar-
rowly focused on gauging roles of allosteric coupling.

RyR-RyR interactions underlying Ca?* sparks
Early modeling attempted to reproduce the charismatic Ca?*
spark phenomenon found in myocytes (Cheng et al., 1993;
Tsugorka et al., 1995; Nelson et al., 1995), and the modeling
continued more recently for neurons (Vierra et al., 2021). To
grasp the difficulties found in the process, it seems fair to rec-
ognize that Ca2* sparks, now seen as a paradigm of cooperative
gating, had their multichannel origin established only after a
laborious process (e.g., Klein et al., 1996; Cannell et al., 1995;
Blatter et al., 1997; Jiang et al., 1999; Shirokova et al., 1996). Their
cooperative nature was only settled by the demonstration (Rios
et al.,, 1999; Soeller and Cannell, 2002; Baylor, 2005) that they
require Ca®* fluxes much larger than what one RyR could pro-
vide (Mejfa-Alvarez et al., 1999; Kettlun et al., 2003). This con-
sensus opened the spigot for models of their mechanism.

Rios
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Allostery in skeletal muscle couplons
The panorama of intermolecular allostery in skeletal muscle is

rich and complex: physiologically, RyR1s are activated to open by
an allosteric interaction with Cayl.l (Rios and Brum, 1987;
Tanabe et al., 1988; Nakai et al., 1996) and modulated and per-
haps caused to close by calsequestrin (Canato et al., 2010;
Sztretye et al., 2011). These interactions can be described as
operating along the functional axis of the couplon, either in the
forward direction (as depolarization-induced Ca>* release)
or retrogradely, in the effects of the presence of RyR1 on
Cayl.1 gating, demonstrated by Nakai et al. (1996), and in the
modulation of RyRI1 gating by calsequestrin. In contrast to
these robust axial effects, transversal inter-RyR1 allostery
has not been invoked in gating models. In fact, the only
quantitative proposals for mechanically transmitted inter-
RyR effects that I know of are either to establish the skipping
pattern of RyR-Cayl contacts (Rios et al., 2019) or to recruit
the skipped RyRs in the checkerboard -- but invoking Ca?",
rather than allostery as the final activator (Stephenson,
2024). As summary, I paraphrase an observation by Woll
and Van Petegem (2022): it is surprising that inter-RyRI1
allostery has been so difficult to demonstrate, and there-
fore absent from models, considering that this is the sole
interaction that physically resists purification protocols,
unlike other mechanical links known to affect gating. Later
in this section, I will describe how the methods used to model
inter-RyR2 allostery can be adapted to the more hopeful task
of modeling allosteric interactions between RyRls in the
skeletal muscle couplon.
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Curvature change as additional allosteric factor

Chen and Kudryashev (2020) demonstrated a measurably
greater curvature in the open channel configuration (Fig. 6). The
study also revealed transmembrane “extensions” or processes,
presumably emanating from the RyR separate from the pore
regions, the convergent movements of which could explain, to a
degree, the changes in membrane curvature.

Under the simple assumption that this change extends to
membrane regions under neighboring RyRs, the phenomenon
may contribute to synchronization of channel opening, thus
constituting an additional allosteric coupling mechanism. In-
deed, that the opening of channel #1 causes the curvature of the
underlying membrane to increase implies that the energy of an
open channel #1 and its associated membrane is lower when said
membrane is more curved. If this change in curvature extends to
neighboring channel #2, it will favor the neighbor’s opening.
Deliberately simple calculations in Box 2 suggest that the change
in curvature associated with RyR1 activation implements a sig-
nificant allosteric coupling for both opening and closing.

Allostery in models of the cardiac couplon

As stated, the modeling of Ca?* signaling in the heart has been
more persistent, complex, and ambitious than for skeletal
muscle; indeed, it starts from molecular gating, then takes on
subcellular junctions, myocytes, syncytia of atria and ventricles,
the conduction system, and the whole organ, in assumed
“health” and various “disease” conditions. Qu et al. (2022) pub-
lished an extensive review of this large modeling field. Here, I
will just examine models that invoke allosteric interactions in
addition to the ubiquitous effects of Ca?*.

To my knowledge, the first of such models was proposed by
Stern et al. (1999). Curiously, the allosteric effect there was in-
cluded as a way to achieve timely termination of Ca?* sparks,
without concerns for their activation. Even though this contri-
bution crystallized a collective effort, with ideas from earlier
work on skeletal (Stern et al., 1997; Rios et al., 1993; Shirokov
etal., 1993) and cardiac muscle (Jafri et al., 1998; Imredy and Yue,
1994; Keizer and Levine, 1996), the one to formalize the scheme
was bound to be Mike Stern, as he had warned the field about the
difficulties of CICR termination even before Ca%* sparks were
known (Stern, 1992).

While the addition of allostery to the cluster model allowed a
better fit to spark termination, a greater consequence was the
adoption and generalization of the formalism in subsequent
work. A characteristic of Stern’s 1999 approach is that it is mo-
lecularly detailed, suitable to analyze groups as small as pairs
(hence adequate to interpret the pauci-channel phenomena in
bilayers), but also scalable to larger sets. Other models renounce
the detailed approach in favor of features designed for clusters. A
good example is the approach by Sobie et al. (2002), which ac-
complished impressive simulation of sparks but included allo-
stery via terms that depended on collective rather than detailed
properties of the cluster (i.e., fraction of channels open or
closed).

Stern etal. (1999) incorporated allostery by introducing a free
energy of interaction between neighboring tetramers that alters
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their gating transition rates. The magnitude of the term de-
pended exclusively on the states of the RyRs in contact. To
maintain microscopic reversibility in an energetically closed
system, this term must be symmetrical, i.e., if the energy of open
“tetramer 1” included a term ¢ contributed by closed “tetramer 2,”
the same ¢ had to be added to the energy balance of tetramer
2 when states of the pair were reversed. While microscopic re-
versibility is desirable for a purely allosteric transition when no
external sources of energy are present, it is by no means re-
quired if Ca?* gradients (Rengifo et al., 2002; G. Conradi Smith,
personal communication) or electrical sensor movements are
added to the mix.

The 26 years passed since the introduction of quantitative
allostery as a hypothesis, specifically for cardiac muscle, has not
seen much progress in answering whether it has any physio-
logical or pathophysiological relevance. The problem is difficult
for cardiac RyRs for multiple reasons: the prominent role of
activation by Ca*, in tandem with marked Ca2* depletion during
Ca?* release (e.g., Sobie et al., 2002; Sobie and Lederer, 2012),
which makes formal accounting for CICR more difficult, the
practical barriers to gathering currents in the ion’s absence, and
the lack of evidence of biochemically well-defined, stoichio-
metric inter-RyR2 links (as reviewed in the previous section).
The extant research also failed to reveal a definite pharmacologic
intervention that could prevent allostery or promote it. In spite
of these difficulties, here I will recall in some detail contributions
by Groff and Smith (2008) because they offer predictions that
can be compared with experimental observations and because
their clear formalization provides tools that should help in fu-
ture modeling work.

As argued, skeletal muscle provides the more favorable sce-
nario, both for having relevant allostery and for its demonstra-
tion. For these reasons, as I describe the existing modeling
formalism for cardiac RyRs, I will note their suitability to skeletal
muscle couplons and stress the simplifications that result from
dropping the Ca?*-dependent components, which is appropriate
for skeletal muscle.

The simulation of coupled channel currents
The approach starts from a state diagram of the channel, which
in this case will simply be

-
C e 0 (4)

with unidirectional transition rates reflecting the intrinsic ten-
dencies to open or close the isolated channel. When two channels
are considered, they could evolve independently as shown in
Scheme 1 at left, or gate in coupled fashion, which first implies a
shift in the equilibrium of the transition, favoring for instance
the opening of one when the other is open (i.e., the state 00 of
the pair favored over OC and CO). The assumption is made
consistent with physics by assigning it to a change in free
energies—an oo of the pair of open channels more negative
than the gy applicable when one channel is open. More on the
theory is presented in Box 3.

In sum, the model assumes changes in free energy that enter
as exponential factors modifying the intrinsic transition rates, as
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The closed «<— open equilibrium of “channel 1” is altered in favor of the open state when free energy e (in units of kT), applicable when the allosterically coupled
neighbor is open, is less than o0, applicable when the neighbor is closed. The change in equilibrium constant is represented as a factor e~(®0-€cc), 51 to favor the 00
state. Similarly, if “closed” were promoted by a closed partner, the term (gcc-g0c) would be negative. Assumptions that favor CC or 00 are not mutually exclusive.

To introduce kinetics, an adjustable factor v (the “splitting coefficient,” Stern et al., 1999) is added to one of the transition rates, and (1 - v) to the opposite
one so that the rate of the transition can be adjusted without changing the equilibrium. In Scheme 1, the allosteric energies are represented by the matrix &.
Microscopic reversibility requires that eco and o be equal. Given the equality, and considering that eco and €oc only appear in differences, they can be made equal

to zero without any loss of generality.

in the transitions at right in Scheme 1. These rules can be gen-
eralized to channel arrays, where one tetramer may be linked to
multiple others. As the simplest extension, Groff and Smith
develop in detail the case of three channels. With Fig. 10, I share
their example, together with two versions suitable for skeletal
muscle couplons: a four-channel case (Fig. 10 B) in which every
tetramer links to two others, and a generalized 2N-channel ex-
ample (Fig. 10 C), in which every tetramer except the two pairs at
both ends is conformationally linked to three others.

In both the three-channel example and the four-channel
couplon, one channel is allosterically linked to two others;
therefore, in both cases the allosteric energy in every channel
consists of two additive terms. When the top channel in Fig. 10
A goes from closed to open, in a starting configuration with the
other channels closed, it experiences a change of energy 2(eco -
gcc); the same difference would apply for the four-channel
skeletal muscle couplon (Fig. 10 B) if channel #1 were to open
from an all-channels closed configuration.

Adding Ca2+ to allostery. To include activation by Ca2*, the
two-state scheme (Eq. 4) channel is changed to

ktcn

c=0 (5)

where c is the local [Ca?*] at the cytosolic side, and 7 is the
cooperativity of binding. At variance with the computation of
allosteric effects, which emerge only from the set of mechan-
ically linked channels, ¢ must be computed collecting the con-
tributions of every open channel. This calculation is fraught,
mainly because all open channels in the cluster contribute to the
local [Ca?*], with contributions determined by diffusion over
various distances, conditioned by the presence of buffers, mobile

k+

v A J

k™
CC - CO

«

and fixed. The difficulties are usually negotiated by assumptions
that simplify the buffer properties, ignore the transients (by
assuming that they are fast relative to the gating times), linearize
the equations for buffered diffusion (which allows for combin-
ing by the addition of the multiple sources), and flatten the
couplon geometry.

With these simplifications, the evolution in time of any array
of N channels with defined allosteric pairings and optional Ca?*
sensitivity can be described as an N-valued Markov chain 5(t), a
succession of vectors or sets S of state values (one value, say C or
0, per channel) determined by rules that depend only on the
present set of states. (The case for assuming this memoryless
feature of Markov chains is clearly stronger for the skeletal
muscle system, where Ca?* activation—a process with “mem-
ory”—is absent). Box 4 details the simulation technique, in-
cluding matrix methods put together by Greg Smith that
simplify the calculus and its scaling to large clusters.

Fig. 11 pairs currents from coupled cardiac channels (selected
from Figs. 1 and 2) with three-channel simulations by Groff and
Smith (2008). Even though the simulations were not intended to
fit particular records, they match reasonably well the currents
recorded by Gaburjakovd and Gaburjakova (2010), except for
dwell times that are much shorter in the simulation. Straight-
forward changes in parameter values, say, of the basic rate
constants, would bring the times into better agreement. Of note:
the agreement is better with the assumption that allosteric in-
teractions stabilize both the 00 and CC pairwise configurations
(which requires that both £o0 and ec¢ be <0).

Models like those of Stern et al. (1999) and Groff and Smith
(2008) cannot reproduce prima facie the flicker-less currents
reported by Marx et al. (2001), as shown in Fig. 1, or Marx et al.

k*e“”'( €00 —€oc)

oC -, > 00

gCO k*e*(l“’)( Eoc—€00)

oc 00

cc

Schemel. Left: state diagram of a pair of 2-state channels gating independently. Center: the matrix of allosteric energies. Right: transitions linking two states
of the pair, with allosteric factors (from Text Box 3) included in the transition rates.
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Figure 10. Allosteric model rules in example couplons. (A) Trio of RyRs, where each one interacts pairwise with the other two, transitions from config-
uration CCC to OCC. As indicated, the corresponding change in energy of the channel at top is Ae = 2(go0 - £0c) in kT units. e”2¢ enters as a factor the calculation
of the rate of the forward transition. (B) Four-channel couplon, with the rules of interaction satisfied by RyR1s in skeletal muscle (RyRs of one color only interact
with RyRs of the other color.). Under these rules, the opening of channel 1 has the same energy cost as the example in A. (C) Generic opening transition in a
generic 2N-channel couplon with skeletal muscle array interaction rules. The energy cost of the transition represented, eoc + €00 - 2€cc, depends on both the
initial and final array configurations. Panel A copies an example in Fig. 3 of Groff and Smith (2008).

(1998). The simple thermodynamic resource for suppressing the
dwell times in CO/OC—the assumption of a high free energy in
these states—would make the transitions unacceptably slow.
The alternative is a direct CC <— 0O conversion, contemplating
a collective path to opening distinct from the individual molec-
ular trajectories (a view, in passing, more consistent with the
central idea in the MWC model of allostery, for which transitions
are simultaneous). Again, the absence of flickering could be due
instead to increased filtering imposed by a bilayer of larger
surface area.

Box 4. Monte Carlo simulation with kinetics

Higher level models of cardiac Ca?* release. The modeling of
currents through channels in small groups, comparable to bilayer-
reconstituted currents, was taken one step further, to simulate
Ca?* sparks (Williams et al., 2011; Sobie et al., 2002; Sobie and
Lederer, 2012; Stern et al., 1999; Groff and Smith, 2008).

Matching the many forms of Ca?* release in heart muscle
required complex assumptions that do not illuminate the rele-
vance of allosteric coupling. Still, an overview of the work is
useful, both to identify the difficulties and to preview experi-
mental design that could finally probe inter-RyR2 allostery.

The simulations are carried out as in Gillespie (1976), with operational details described in the Groff and Smith (2008) article. The evolution of the system is built via
a series of successive stochastic decisions that require calculating transition rates for every channel in the set, to then decide what channel makes the transition.
The decision is reached via lottery—a random variable uniformly distributed between 0 and 1is applied to a segment of length 1 partitioned among the N channels
according to their calculated rates.

To introduce kinetics consistent with the collection of calculated rates, the time of each transition is computed as the inverse of the sum of the
individual rates.

Matrix algebra efficiently keeps track of the changes in interaction energies. The tools, for an N channel set, start from a state vector S, say [1,0,0,0] for N = 4,
when only channel #1is open. S and its complement, [0,1,1,1] in the example, put together as columns 2 and 1, respectively, constitute a 2 x N matrix  that changes
to %; as channel i makes the transition. An “adjacency” N x N matrix, A, represents the rules of contact; its element a,, is 1if channels m and n interact, 0 otherwise.
Thus, for the trio in Fig. 10 A, the 3 x 3 matrix A has ones everywhere and zeros in the diagonal, whereas for the four-channel couplon in Fig. 10 B, it is

With these simple devices, plus the 2 x 2 matrix of energies € defined in Scheme 1, the energy change when channel i makes its transition is just
£. (2;A%; - 'AS), where (') indicates transposition and (.) an element-by-element multiplication followed by summation of all four elements in the 2 x 2 result
matrix. The state-dependent rate of the transition in the channel of interest is calculated as the product of the intrinsic rate by the negative exponential of this value.
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Figure 11. Current records and simulations. (A) Ca2* current through a bilayer-reconstituted coupled RyR2 pair from dog heart in the presence of [Ca2*]s
~100 pM and [Ca2*];rans ~50 mM. (B) Ca2* current through a coupled RyR2 pair from rat heart, classified as “low activity,” in the presence of [Ca?*] ;s = 170 pM
and [Ca2*]rans ~50 mM. C; and C,, model currents, assuming the array of three channels represented in Fig. 10 A, with g9 = -0.8 and &cc = €oc = £co = 0 (Cy) or
gcc = €00 = -0.8 (Cy). The shaded bars represent the probability of configurations with m channels open. Panels A and B reproduce panels from Figs. 1 and 2.
Panels C; and C, are reproduced from Fig. 3 in Groff and Smith (2008) by courtesy of Greg Conradi Smith. Fig. 11 is reprinted with permission from Elsevier.

Groff and Smith (2008) assume 25-channel “Cartesian”
(i.e., square) arrays, with allostery between next neighbors as
described above, and Ca?* activation that specifies the increase
inlocal [Ca®*] experienced by one channel when others are open,
in any combination. The sum of these contributions, which like
the set of allosteric energies must be recalculated at every step,
constitutes a computational load that, as also shown in the
studies of Sobie et al. (2002), can be replaced by a simpler “mean-
field” calculation. In it, the channel-by-channel calculation is
eschewed in favor of a simpler accounting of averaged local
[Ca?*] and allosteric energies that depend only on the number of
open (and closed) channels. Mean-field simplifications proved
crucial for simulating arrays with large numbers of channels.

Either detailed or mean-field, these simulations produce re-
lease events consistent with the basic properties of Ca?* sparks
and show how allostery can modify them. The clearest emergent
is the effect of interactions that stabilize closed pairs (i.e., large
negative ecc) as insurers of robust spark termination. Of course,
coupled opening (large negative eo0) favors spark formation.
Also, stabilization (of open or closed pairs) always promotes the
generation of spark-type events, as opposed to spread-out, un-
coordinated openings.

Rios
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Most encouraging for defining the role and relevance of al-
lostery is the exercise that Groff and Smith called “washout of
allosteric interactions,” whereby they plotted spark parameters
(duration, interspark interval, and frequency) as they progres-
sively weakened the interaction. The washout effects compare
favorably with observations, by J. Lederer and others, of the
effects of the immunophilins and their ligands on spark pa-
rameters and general stability of Ca?* release (e.g., Wehrens
et al., 2003; Brillantes et al., 1994; Lehnart et al., 2008). My
enthusiasm for this systematic approach is tempered by the
observation, repeated in different scenarios, that most changes
in parameters resulting from allostery can be offset, copied,
enhanced, or reversed by adequate changes in the strength of
coupling by Ca?*, even without any resort to inactivation or
more exotic assumptions.

Conclusions

(1) There is no robust evidence of a substantial role of inter-RyR
allostery in skeletal or cardiac muscle physiology. There is,
instead, good evidence that RyR channels can and do interact
allosterically.
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(2) The channels interact when reconstituted in bilayers; the
interactions are difficult to observe and even more difficult
to identify as truly allosteric—occurring without mediation
by Ca?*. In a few laboratories, the interaction has been ob-
served with Ba2* currents, which excludes CICR effects. They
have also been observed at close to physiological [Ca2*], with
properties similar to those of independently gated cur-
rents. These observations leave open the possibility of a
physiological role.

(3) The profiles of coupled currents vary with the observing
laboratory and RyR isoform. Specifically, the number of
coupled channels varies and the degree of interaction ranges
from full coupling (seen with RyR2) to partial interactions
(RyR1). This difference detracts from the possible relevance
of these phenomena as it is opposite to the structural evi-
dence of more regular and tighter pairings in native channel
clusters of skeletal muscle.

(4) The inter-RyR interactions stand on a firm structural basis:
the intrinsic ability of purified RyR tetramers to form
ordered two-dimensional arrays, which, in the RyR1 case,
mimic those found in native muscle.

(5) RyR1and RyR2 tetramers show different dimerization rules:
multiple interaction geometries are found for the cardiac
isoform, but only the checkerboard interaction is found in
native skeletal muscle junctions. The divergence extends to
the RyR domains involved in the interactions, which notably
include FKBP12.6 (or presumably FKBP12 when present) in
RyR2-RyR2 contacts, but not in the inter-RyR1 contacts.

(6) Clusters of RyR2 in native membranes show different con-
tact patterns, the prevalence of which varies with phos-
phorylation and the presence of FKBP12, correlated with
changes in spark frequency and mass. These groupings are
relatively loose, more suitable for activation by Ca?* than
allosteric interaction. So, again, there is interestingly mod-
ulated cooperativity, but no evidence of allostery.

(7) Molecular level modeling, developed for RyR2 groupings,
has not contemplated inter-RyR allostery in isolation, but
only as a complement to the established connections medi-
ated by Ca2*. Molecularly detailed models describe well the
observations with few coupled channels in bilayers; when
applied to larger clusters, they provide for reliable termi-
nation of Ca?* sparks, and tailor their other features. I see
this as proof of concept, but not of the actual operation of
inter-RyR2 allostery in physiology.

(8) Recent studies confirm the decades-old picture of skeletal
couplon structure, with its checkerboard array of RyRs and
skipping overlap by DHPR voltage sensors, add evidence of
an increased bending of the SR membrane, and, by MD
simulations, show an increased “comfort” in the polymeric
array upon channel opening. Both properties should be
considered as mechanisms for pairwise coupled gating that
favor the open state.

Perspectives
In sum, the promise of a significant role of inter-RyR allostery
has been strengthened by the recent studies of structure, but
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there is still no robust evidence for it. What can be done? What
sort of experiments or modeling can best probe the issue and fill
this knowledge gap?

To probe inter-RyR2 allostery

So that I can end on a hopeful note, I will start from the cardiac
field. There, I find the weakest evidence of allostery and the
greatest difficulties to demonstrate or disprove its role. The main
confounding factor is the pervasive control of gating by Ca?*,
made worse by the occurrence of Ca** depletion at the source,
which makes the flux through open channels and the resultant
feedbacks variable. The agonist cannot be removed, because
without Ca®* there is no cardiac EC coupling. Additionally, the
loose and variable rules of clustering seem contrary to the tight
contacts required for allostery. In particular, the most durable
pairing does not satisfy the MWC allosteric protein criteria.

In spite of these challenging prospects, there is promise.
Think of the continued improvement of optical approaches,
which have now and for some time beat the “optical limit” of
spatial resolution; or the possible development of molecular
probes and mutational approaches at the increasingly precisely
defined sites of interchannel contact. Interventions of this sort
could be combined with the procedure delineated by Groff and
Smith (2008) in their simulated washout of allosteric interac-
tions, whereby they quantify the effects on spark statistics of
progressively removing the interaction energy, as if the gradual
removal of an agonist were abolishing allostery in a graded
manner. If such an agonist existed, the richness and precision of
the predictions would provide a robust test of validity of the
assumptions. Groff and Smith put some faith on FKBPI12.6 as
agonist, and in the ability of RyR phosphorylation to gradually
remove it. But much evidence runs against those views. Still, the
“washout” predictions of Groff and Smith could be used to test
whether mutational interventions or agonists are indeed alter-
ing an allosteric mechanism.

To probe inter-RyR1 allostery

The prospects are more hopeful for skeletal muscle, where the
structural basis for contact and interaction is solid, and Ca?*
release can be used as readout without concern for interference
by Ca2*-dependent activation or local depletion (e.g., Zhou et al.,
2005). What to ask for in a test? The simulated opening of
channels in arrays of normal size (in the few-to-60-tetramer
range) should match the detail of events at the couplon level;
additionally, their simulated ensemble currents should be
compared with the whole-cell Ca?* release transient, a phe-
nomenon that has been recorded and quantified by many labs in
a variety of conditions, most precisely under voltage clamp.

In addition to matching the kinetics of Ca?* release, which
will require additional assumptions about inactivation, the
simulations should recreate a defining property of skeletal EC
coupling: Ca?* release is graded with membrane voltage. The
gradation should prevail at the nanodomain level; i.e., the indi-
vidual couplons should respond incrementally to increasing
depolarization, rather than by growing recruitment of fully
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activated couplons, as in cardiac muscle. In plain terms, Ca?*
sparks, which occur when all channels in a couplon are acti-
vated, should not appear in the simulations. This condition
seems difficult to satisfy, as a mechanism that couples channel
openings is inherently explosive.

In other words, the successful model will have to realize the
idea of a hierarchy of channels, first formulated cogently by
Knox Chandler’s group as follows: “...a single voltage-gated SR
channel, which is controlled by an apposing voltage sensor in the
membrane of the transverse tubules, and adjacent SR channels that
are not associated directly with voltage sensors but are slaved in an
obligatory fashion to the voltage-gated SR channel. Coupling from the
voltage-gated channel to its slaves could involve Ca, as suggested by
Rios and Pizarro (1988), or some other messenger” (Pape et al.,
1995). Because the hypothesis of mediation by Ca?* has been
proven wrong, we are left with allostery as the alternative
“messenger” of choice.
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