
Advances in Experimental Medicine and Biology 981

Joachim Krebs    Editor 

Membrane 
Dynamics 
and Calcium 
Signaling



Advances in Experimental Medicine and Biology

Volume 981

Editorial Board
Irun R. Cohen, The Weizmann Institute of Science, Rehovot, Israel
Abel Lajtha, N.S. Kline Institute for Psychiatric Research, Orangeburg, NY, USA
John D. Lambris, University of Pennsylvania, Philadelphia, PA, USA
Rodolfo Paoletti, University of Milan, Milan, Italy
Nima Rezaei, Tehran University of Medical Sciences, Tehran, Iran



More information about this series at http://www.springer.com/series/5584

http://www.springer.com/series/5584


Joachim Krebs
Editor

Membrane Dynamics
and Calcium Signaling



Editor
Joachim Krebs
MPI for Biophysical Chemistry
Göttingen, Germany

ISSN 0065-2598 ISSN 2214-8019 (electronic)
Advances in Experimental Medicine and Biology
ISBN 978-3-319-55857-8 ISBN 978-3-319-55858-5 (eBook)
https://doi.org/10.1007/978-3-319-55858-5

Library of Congress Control Number: 2018934719

© Springer International Publishing AG, part of Springer Nature 2017
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the
material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, express or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

Printed on acid-free paper

This Springer imprint is published by the registered company Springer International Publishing AG part of
Springer Nature.
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://doi.org/10.1007/978-3-319-55858-5


Preface

Calcium as a versatile carrier of many signals can lead to cell-specific Ca2+

signalosomes delivering Ca2+ signals with spatial and temporal characteristics.
These are especially true for membrane contact sites (MCSs) creating microdomains
where two membranes of different organelles are closely apposed to facilitate
molecular communication to promote Ca2+ signaling. The formation of MCSs is a
highly dynamic process which is important to regulate Ca2+ homeostasis controlled
by a plethora of Ca2+ channels, pumps, and exchangers. MCSs probably emerged
early during eukaryotic evolution (Jain A, Holthuis JCM (2017) BBA Mol Cell Res
1864:1450–1458). They could be visualized early on by electron microscopy (see
Fig. 1; Palade 1953), but their functional importance became evident much later.

Calcium controls a large number of cellular functions reflected by the numerous
proteins regulating Ca2+ homeostasis. The recent significant improvement of differ-
ent techniques to solve structures of large and complex proteins at high resolution
and their involvement in the function of different MCSs increased our understanding
of Ca2+ signaling to regulate cellular functions. This is due to highly specific
interaction of Ca2+ with proteins resulting in specific modulations of protein–protein
interactions which are followed by conformational changes of the participants. In
recent years, it became evident that calcium often fulfills its signaling function within
microdomains due to MCSs between different intracellular organelles such as the
endo/sarcoplasmic reticulum and mitochondria or between intracellular organelles
and the plasma membrane. Knowledge about the details of these dynamic processes
rapidly increased in recent years. In this book, we review the most recent develop-
ments by leading experts in the field. It is a state-of-the-art summary of our present
knowledge in this quickly growing field of calcium signaling in connection with
dynamic membrane processes. The book provides insight into the impressive pro-
gress made in many areas of calcium signaling but also reminds us of how much
remains to be learned.

I am grateful to all participants of this book for their support and their excellent
contributions. I am indebted to Springer International for giving me the opportunity
to edit this book. I hope it provides a stimulating guide to workers in this research
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area and to a broader scientific community with a general interest in the fascinating
field of calcium signaling. My sincere thanks also go to Amrei Strehl, Claus-Dieter
Bachem, and Rakesh Jotheeswaran from Springer who kindly helped in all aspects
of editing this book. I am very grateful to Christian Griesinger, Head of the
Department of NMR-Based Structural Biology at the Max Planck Institute for
Biophysical Chemistry, for his long-standing support. Last but not least, I am very
thankful to my wife, Eva Krebs-Roubicek, for her patience and understanding during
the process of editing this book.

Göttingen, Germany Joachim Krebs
August 2017

Fig. 1 The figure shows the electron micrograph of a small section of the cytoplasm of a rat liver
cell as taken from Palade GE (1953) J Histochem Cytochem 1:188–211, with the permission of the
publisher. M mitochondria, ER endoplasmic reticulum. The arrows point to possible membrane
contact sites between the ER and a mitochondrion
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Chapter 1
The Plasma Membrane Calcium Pump
(PMCA): Regulation of Cytosolic Ca2+,
Genetic Diversities and Its Role in Sub-
plasma Membrane Microdomains

Joachim Krebs

Abstract In this chapter the four different genes of the mammalian plasma membrane
calcium ATPase (PMCA) and their spliced isoforms are discussed with respect to the
structural and functional properties of PMCA, the tissue distribution of the different
isoforms, including their differences during development. The importance of PMCA for
regulating Ca2+ signaling in microdomains under different conditions is also discussed.

Keywords PMCA · Ca2+ signaling · Calcium homeostasis · Second messenger ·
Ca2+ microdomains · CaMKIV · Alternative splicing

1.1 Introduction

Cells are activated by a variety of stimuli to which they must respond. This results
in the cellular ability to change its functions rapidly depending on the signal. One
of the most versatile carrier of many signals is calcium within and outside cells. In
the extracellular body fluid (ECF) Ca2+ is in equilibrium between its free (ionized
as Ca2+) and bound forms which is controlled by a highly integrated and complex
endocrine system. This involves the interplay between three hormones: parathyroid
hormone, calcitonin and Vitamin D which regulate the calcium homeostasis of ECF
[1]. Due to its high flexibility as a ligand with its unique coordination chemistry
(coordination numbers are usually 6–8, but up to 12 are possible) and its polariz-
ability, Ca2+ can regulate many important aspects of cellular activity. As one of the
second messengers calcium participates in many different signal transduction path-
ways leading to protein phosphorylation and dephosphorylation, cell proliferation,
differentiation, gene transcription, cell motility, neurotransmission and programmed
cell death [2]. Therefore it is probably fair to say that calcium-dependent processes
are beginning with fertilization to create new life and ending life with the

J. Krebs (*)
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programmed cell death [3].Thus, the maintenance of calcium homeostasis is a highly
integrated process consisting of a number of hormonally controlled feedback loops
and an elaborate system of Ca2+-transporters, -channels, -exchangers, Ca2+-binding/
buffering proteins and Ca2+-pumps. It is of central importance that Ca2+ fluxes into
and out of the cell are tightly regulated (see Fig. 1.1).

The response to cellular activation by signal-accepting receptors can lead up to a
100-fold increase in intracellular free Ca2+ concentration which in a resting cell is in
the order of 100–200 nM. In order that changes of intracellular Ca2+ concentration
either as uptake from extracellular Ca2+ or as release from intracellular stores can
fulfill the properties of an intracellular messenger, this is accomplished due to the
interaction of Ca2+ with proteins which specifically interact with Ca2+ with high
efficiency and within a background of mM Mg2+ concentrations, the so-called
EF-hand proteins [4]. At variance with extracellular proteins which bind Ca2+ with
low affinity, the EF-hand proteins like calmodulin and related proteins bind Ca2+

with high affinity and cooperativity. The characteristics of these proteins is the
content of a helix-loop-helix motif which is now known as the EF-hand as intro-
duced by Kretsinger [5] based on the crystal structure of parvalbumin (PV) [6]. The
structure of PV contains six alpha helices, named A to F of which helices E and F
enclose a Ca2+-binding loop resembling a human hand, the “EF-hand”. This motif was
later discovered in numerous other proteins (see [4]) as a highly conserved structural
Ca2+-binding arrangement for intracellular proteins mediating Ca2+-dependent

Fig. 1.1 Schematic representation of Ca2+ transporters and channels in the plasma membrane
and in intracellular organelles. The Figure has been reproduced from Carafoli, E., Krebs, J. (2016)
Calcium and Calmodulin Signaling, in: Encyclopedia of Cell Biology (R.A. Bradshaw, P.D. Stahl,
eds.), Volume 3, pp. 161–169. Elsevier Inc. with permission from the publishers
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cellular responses. Most recent examples of EF-hand containing proteins include the
calcium release channel known as ryanodine receptor [7–9] and the MCU complex
of the mitochondrial Ca2+ uniporter [10–12]. In these proteins EF-hand motifs
are proposed to regulate the gating mechanism of the Ca2+ transport (see Chaps. 8
and 12).

Key to control the level of intracellular Ca2+ concentration are several membrane-
bound calcium transport systems of different capacity and affinity for Ca2+: the
plasma membrane sodium/calcium exchanger (NCX) and the mitochondrial cal-
cium uniporter, both proteins of high capacity, but low affinity for Ca2+; and the
calcium pumps of the sarco/endoplasmic reticulum (SERCA) and the plasma mem-
brane (PMCA), both of high affinity for Ca2+ and responsible for the fine tuning of
the Ca2+ level in a resting cell. This was especially assumed for the PMCA of which
some isoforms have a higher affinity measured for Ca2+-transporting systems
(e.g. see [13]), but due to its low abundance it is more reasonable to assume that
its function is more effective in Ca2+ microdomains (for recent reviews see [14–16]).
In this chapter I will summarize the general properties of PMCA, its genetic dif-
ferences with special emphasis on differences in tissue distribution, development
and pathology, a variety which is due to differences of genetic and spliced isoforms.
Finally, I will discuss the functional importance of PMCA isoforms in Ca2+

microdomains.

1.2 General Properties of PMCA

In 1961 Dunham and Glynn first reported the existence of a Ca2+-dependent ATPase
in erythrocytes [17] which was later confirmed by Schatzmann who provided
evidence that Ca2+ is pumped out of human red blood cells against a Ca2+ gradient
on the expense of ATP [18]. Later it was demonstrated that P-type ATPases
([19, 20]; see also [21]) typically form a phosphorylated high-energy intermediate,
i.e. an acyl-phosphate (usually aspartyl-phophate) to provide the enzyme with
sufficient energy to pump ions across the membrane against its gradient. 1977 two
independent Labs reported that the PMCA from erythrocytes could be stimulated by
calmodulin [22, 23]. This finding encouraged Niggli et al. to purify PMCA from
erythrocytes using a calmodulin affinity column [24]. The purification of the enzyme
permitted the detailed investigation of the properties of PMCA. It could be docu-
mented that among the numerous activators of the PMCA like acidic phospholipids
and others [25] calmodulin is the major regulator of the plasma membrane calcium
pump leading to the identification of a calmodulin-binding domain of the pump [26],
and solving the primary structure of the enzyme [27, 28].

PMCA, with a size between 120 and 140 kDa due to genetic diversity and
alternatively spliced isoforms (see later), is a membrane protein with ten transmem-
brane helices, and the N- and C-termini both located in the cytosol. The enzyme is an
essential component of all mammalian plasma membranes, and seems to be present
in all animal cells and in plants ([16]; see also [29]). Mammals contain four different

1 The Plasma Membrane Calcium Pump (PMCA): Regulation of Cytosolic. . . 5



genes encoding PMCA. Additional isoforms are obtained due to alternative splicing
of the primary transcript as first demonstrated by Strehler et al. [30]. The four genes
contain two splice sites, characterized as splice site “A” and splice site “C” (the
original identified additional splice site “B” turned out to be a product of aberrant
splicing; see [31]). These are both located close to or within regulatory domains
of the enzyme giving rise to more than 30 different isoforms of slightly different
molecular weights [16, 31, 32]. As can be noticed from Fig. 1.2 the major protein
mass protrudes into the cytosol enclosing two cytosolic loops and a long C-terminal
tail containing the calmodulin-binding domain [26] and other regulatory sites
[16]. In plants the calmodulin-binding domain is located close to the N-terminus
of the enzyme [29, 33]. Splice site “A” is located closely upstream of the phospho-
lipid binding site thereby changing the length of the first intracellular loop, the

Fig. 1.2 Topology domains and splicing variants of the human PMCA isoforms. The ten trans-
membrane domains of the pump are numbered and indicated by red boxes. Splice sites “A” (first
cytosolic loop) and “C” (C-terminal tail) are indicated by red arrows. Splice site “C” lies within the
calmodulin-binding domain (yellow cylinder; defined by the structural model of CaM calmodulin).
The exon structure of the different regions affected by alternative splicing is shown for each of the
four different PMCA genes. Constitutively spliced exons are indicated as dark blue boxes, alterna-
tively inserted exons are shown in light blue; the resulting splice variants are labeled by their lower
case symbols, the positions of the translation stop codons for each splice form are indicated by the
corresponding capital letters. In PMCA3, splice variant “e” results from a read-through of the
154-nt exon into the following intron (indicated as small open box). The sizes of alternatively
spliced exons are given as nucleotide numbers. PL phospholipid binding domain, P location of the
aspartyl-phosphate formation, PDZ consensus sequence recognizing PDZ domains of interacting
targets. Reproduced from Krebs [32] with permission of the publishers
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second loop encloses the catalytic center with the ATP binding site and the aspartate
essential for building the high energy acyl-phosphate (Fig. 1.2). Interestingly, splice
site “C”was identified within the calmodulin-binding domain giving rise to isoforms
with markedly different amino acid sequences due to a shift of the reading frame
resulting in a change of sensitivity towards calmodulin regulation [32]. PMCA is the
only calmodulin-dependent enzyme known to date producing spliced isoforms with
distinct regulatory properties. On the other hand, in the absence of calmodulin the
calmodulin-binding domain is interacting with two internal receptor sites located
within the catalytic center of the enzyme to keep the PMCA in an autoinhibited state
[34, 35]. In plants, the calmodulin-binding domain of the plasma membrane calcium
pump, located in the N-terminal cytoplasmic domain of the pump, is overlapping
with the autoinhibitory region of the enzyme [29].

1.3 Structural Details of PMCA

As mentioned before, the calcium pump of the plasma membrane belongs to the
class of P-type ATPases [19–21] like the calcium pump of the sarcoplasmic/
endoplasmic reticulum. Both enzymes undergo conformational changes during
the reaction cycle for which energy is provided by ATP forming a high energy
acylphosphate to enable the pumps to transfer Ca2+ across the membrane against a
steep Ca2+ ion gradient. For some time the basic conformational differences recog-
nized as the Ca2+-high affinity and Ca2+-low affinity types were called the E1 and
E2-forms of the pumps [36, 37]. Due to the seminal work of Toyoshima and
coworkers structural details of the reaction cycle have been solved for the SERCA
pump leading to a general understanding of the function of P-type ATPases ([38]; for
review see [21, 39]). Based on the solved crystal structures of the different confor-
mations during the reaction cycle three major cytosolic domains of the SERCA
pump have been identified: the actuator (A), the nucleotide-binding (N) and the
phosphorylation domain (P; see [39]). Large domain movements could be observed
if the pump changes from the E1 to the E2 form (see [39]). After binding of ATP
to the nucleotide binding domain conformational change brings this site close to
the catalytic aspartate to form the Ca2+-dependent high energy acyl-phosphate.
The conformational change of the cytosolic part of the pump is transmitted to the
transmembrane helices where the high affinity calcium binding site is then rearranged
to decrease its affinity for calcium which is thus released to the extracellular side of the
membrane. Interestingly, it has been noted for PMCA that per each reaction cycle the
use of one ATP transports one Ca2+ across the membrane of reconstituted liposomes
[40]. This is in contrast to the SERCA pump which operates at a stoichiometry of two
Ca2+/ATP [41].

Considerable attempts have been made over the years to crystallize PMCA, but
those have failed so far, even if preliminary reports crystallizing a homologous
PMCA from plants have been published [33]. The failure to crystalize protein
isoforms of the PMCA from higher organisms is probably due to the properties of

1 The Plasma Membrane Calcium Pump (PMCA): Regulation of Cytosolic. . . 7



the C-terminal sequence containing the calmodulin-binding domain which permits
the pump to oligomerize [42]. This peculiar property of PMCA may prevent the
building of defined crystal structures. Nevertheless, structural homology between the
SERCA and the PMCA pumps permitted homology modeling of the PMCA pump
(omitting the 37 N-terminal and the 144 C-terminal amino acids of PMCAwhich have
no correspondence in the SERCA pump; [43]). The model demonstrates the confor-
mational differences between the Ca2+ low affinity E2 form (Fig. 1.3a) and the Ca2+

high affinity form E1 of PMCA (Fig. 1.3b).
In order to evaluate the structural impact of calmodulin on its interaction with the

PMCA pump the structure of complexes of calmodulin with synthetic peptides,
C20W and C24W, have been investigated. These peptides correspond to different
parts of the calmodulin-binding domain of the PMCA with an estimated length
of 28 amino acids [26]. These complexes have been studied by small-angle X-ray
scattering (SAXS; [45]) and NMR [46]. The SAXS experiments demonstrated that

Fig. 1.3 Homology modeling of the PMCA pump based on the structures of the SERCA pump (see
[39]) in (a) the Ca2+-free (E2) and (b) the Ca2+-bound (E1) forms. The models were generated with
the automatic SWISS-MODEL server [43]. The amino acid sequences used for PMCA and SERCA
were obtained from the SWISSPROT database (omitting the 37 N-terminal and the 144 C-terminal
amino acid sequences of PMCA which have no correspondence in the SERCA pump). The two
structures are shown as an overlay of the backbones in ribbon representation, SERCA in red, PMCA
in yellow. The following amino acids of the SERCA pump are depicted as CPK models: N-terminal
Met1 (green), Thr242 (gray, phospholipid binding domain of PMCA), and the C-terminal Gly994
(purple). The structures of the SERCA pump have been obtained from the PDB platform. The Ca2+-
free or E2 conformation is 1IWO, the Ca2+-bound or E1 conformation is 1EUL. Reproduced from
Krebs et al. [42] with permission from the publishers
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the complex between calmodulin and C20W revealed an extended structure similar
to calmodulin alone, whereas the complex with C24W resulted in the formation of a
globular structure similar to those observed with many other calmodulin binding
peptides (see [47]).

The detailed structure of calmodulin in complex with the peptide C20W was
solved by NMR [46]. C20W corresponds to the conserved N-terminal part of the
calmodulin-binding domain of PMCA (see below). It was shown that the C20W
peptide bound selectively to the C-terminal half of calmodulin in agreement with the
biochemical observation that PMCA can be activated by the C-terminal half of
calmodulin alone, but not by its N-terminal half ([48]; see also [49]). The global
structure of the calmodulin/C20W complex revealed an unusual extended structure
similar to the dumbbell shape of calmodulin as observed by SAXS measurements
([45]; see also [50, 51]) which is different from the collapsed structure of the
complex of calmodulin with the peptide M13 corresponding to the calmodulin-
binding domain of myosin light chain kinase [52]. Later the group of Strehler solved
the structure of the complex between calmodulin and the peptide C28W which
corresponds to the entire length of the calmodulin-binding domain of the PMCA
isoform 4b [53]. In this complex calmodulin is wrapped around the full-length
calmodulin-binding domain.

The regulation of the PMCA activity by calmodulin is an impressive example for
the autoregulatory properties of the Ca2+ signal. As soon as the pump is activated by
calmodulin the concentration of Ca2+ in the direct environment of the cytosolic part of
the pump decreases resulting in an at least partial dissociation of calmodulin (most
likely the N-terminal domain of calmodulin from the C-terminal part of its binding
site) with the consequent decrease of the pump activity. However, decreasing the
activity of PMCA would consequently increase the Ca2+ concentration in its direct
environment and promoting the rebinding of calmodulin to the pump demonstrating
the oscillatory character of binding and regulating PMCA by calmodulin [54]. There-
fore, the structure of the calmodulin/C20W complex may have a special significance
for the function of the Ca2+ pump demonstrating the differences in affinity of cal-
modulin for the two halves of the calmodulin-binding domain (see also [48]). These
differences in calmodulin sensitivity of the pump become even more visible due to
alternative splicing within the calmodulin-binding domain [32] which results in
striking differences of PMCA for its regulation by calmodulin. These variations lead
to different activation profiles of the pump which possibly can influence the apparent
affinity of the enzyme for Ca2+ [55], a property which may become important for
tuning Ca2+ homeostasis in different microdomains of the cell (see below).

1.4 Genetic Diversity of PMCA in Health and Disease

In mammals four different genes encode the plasma membrane calcium pump
(named ATP2B1-4 according to the genome database nomenclature) which in
humans are located on four different chromosomes [16, 32]. Splice sites “A” and
“C” give rise to numerous RNA splice variants encoding proteins of different length

1 The Plasma Membrane Calcium Pump (PMCA): Regulation of Cytosolic. . . 9



and regulatory properties ([31]; see Fig. 1.2). In addition, alternative splicing can
also occur in the 50 untranslated region as described by Silverstein and Tempel [56]
for ATP2B2.

Of the four different gene products PMCA 1 and 4 are generally described as the
housekeeping forms of PMCA since their expression is widely distributed in tissues,
but this view has changed in recent years as discussed by Brini et al. [57]. On the
other hand, knock out mice of PMCA1 are the only phenotypes of PMCA which are
embryonically lethal [58]. PMCA2 and 3 are specifically expressed in highly
specialized tissues. PMCA2 is especially abundant in the Purkinje and granular
cells of the cerebellum [59], in the outer hair cells of the inner ear [60], localized
in the stereocilia [61], and in mammary glands [56]. PMCA3 is like PMCA2 mainly
restricted to the nervous system, but in contrast to PMCA2 which is mainly abundant
in postsynaptic densities, PMCA3 can be mainly found in presynaptic terminals of
the cerebellum and the choroid plexus [62, 63], but also in skeletal muscle [64].

As can be realized from Fig. 1.2 splicing at site “A” affects exons of different
sizes and complexity by comparing the different gene products. The splicing pattern
of splice site “C” is even more complex as can be noticed from Fig. 1.2. One
important difference between the splicing “a” and “b” variants should be made
here: the “a” splicing variant of all four genes includes an extra exon which, if the
entire exon is inserted, the reading frame is changed resulting in a protein with
shorter C-terminal amino acid sequences due to an early stop codon. As mentioned
before, since splice site “C” is located within the calmodulin binding domain, such a
shift in the reading frame influences the property of the calmodulin binding domain
resulting in a change in the sensitivity of regulating PMCA by calmodulin. The “b”
variant of all four human genes do not include the spliced-in exons as discussed
before for the “a” variant (Fig. 1.2) leading to a highly conserved C-terminal protein
amino acid sequence with an identical calmodulin binding domain for all four “b”
isoforms. Another interesting property of the “b” variants is that they all contain a
PDZ domain-interacting sequence [65, 66] which is absent in all “a” variants due to
the truncated C-terminal amino acid sequences. These PDZ domain-interacting
sequences enable the PMCA “b” isoforms to form interacting complexes in Ca2+

signaling microdomains as discussed below [67, 68].

1.4.1 PMCA1

PMCA1 is widely distributed in most tissues of humans and animals. From all four
PMCA genes PMCA1 seems to be the gene encoding the essential plasma mem-
brane calcium pump, i.e. if knocked out it is the only isoform which leads to
embryonic lethality in mice [58]. Therefore it can not be compensated by any of
the other PMCA genes, especially during the early stages of development [69]. The
importance of PMCA1 is underlined by the finding that PMCA1b can be detected
during neural development of the rat already at the earliest days studied (E10; [70]).
Brandt and Neve also observed that at E10 next to isoform PMCA1b PMCA1a was

10 J. Krebs



only faintly visible, but during further development of the rat brain the expression of
PMCA1b mRNA declined and the expression of variant 1a continuously increased
suggesting that PMCA1a is an important isoform for brain development. This
specific splice shift was later confirmed by Kip et al. [71]. The importance of this
observation was underlined by the report of Strehler and co-workers [72] who
provided evidence that PMCA1a is specifically expressed in the plasma membranes
of neurons in different areas of the brain concentrating in somata, dendrites and
spines. In these areas PMCA1a contributes to the modulation of soma-dendritic Ca2+

transients shaping the signals with high spatial and temporal resolution [73], but
which according to Kenyon et al. [72] is not valid for all neurons investigated. This
observation may indicate that PMCA1a contributes to the functional optimization of
Ca2+ handling only in particular neurons [72].

One of the functional consequences by comparing PMCA1a with the “b” isoform
is the considerable difference in the C-terminal amino acid sequence resulting in a
lower calmodulin sensitivity for PMCA1a which could influence the basic Ca2+-
pumping activity of the enzyme. Caride et al. [13] compared in detail the difference
between “a” and “b” isoforms in calmodulin binding and activation for PMCA4.
They demonstrated that PMCA4a is more efficient than PMCA4b in reducing
cytosolic Ca2+ concentrations after a Ca2+ spike due to its higher basic Ca2+ activity.
Similar conclusions could be drawn for the activation kinetics of PMCA1a in
comparison to PMCA1b.

Considering the surprising result of switching from PMCA1b to 1a during
embryonal development one may ask what signal regulates this switch in expression
between the two isoforms. Even if this regulation is far from being understood in
detail, certain aspects may become clear due to some recent reports. In 2001 Xie and
Black demonstrated that the Ca2+-calmodulin dependent protein kinase IV
(CaMKIV), known to be responsible for regulating Ca2+-dependent gene transcrip-
tion [74] is also involved in Ca2+-dependent regulation of alternative splicing ([75]; for
further details see [32]). It was realized that the CaMKIV-dependent splicing was
made possible using a common consensus sequence that was recognized by a hetero-
geneous nuclear ribonucleoprotein (hnRNP L) which if phosphorylated by CaMKIV
regulated alternative splicing as demonstrated for calcium-dependent potassium
channels [76]. By examining the human genome database a number of exons
matching the consensus sequence have been identified [77] including exon 21 of
PMCA1. This exon contains two internal splice donor sites (see [30]), the consensus
recognition sequence for CaMKIV can be identified at the second splice donor site of
exon 21, which is unique for PMCA1 [32]. Thus, if PMCA1a should be expressed
appropriately the total sequence of exon 21 containing 154 nt has to be transcribed
(Fig. 1.2) and the internal splice donor sites have to be suppressed which would be
achieved by CaMKIV [32]. This regulation of alternative splicing for PMCA1 may
explain why PMCA1a became the specific neuronal isoform as documented by
Kenyon et al. [72]. Another interesting aspect of such a regulation by CaMKIV
may be considered here. In a detailed study we demonstrated that in a fetal rat brain
primary cell culture system the expression of CaMKIV was directly induced by the
thyroid hormone T3 in a time- and concentration-dependent manner [78]. Since it is
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well documented that T3 is very important for neural development, the T3-dependent
induction of CaMKIV would thus be responsible for regulating the expression of the
neural specific isoform PMCA1a important for Ca2+ homeostasis in the developing
brain [79].

To date, PMCA1 is the only isoform for which no mutations have been described
[32]. The essential role of PMCA1 is not only documented by the fact that it is the
only isoform of PMCA which, if knocked out, is embryonically lethal [58, 69], but
also by the finding that it can compensate for the absence of other isoforms like
PMCA4 [69]. Large scale genomic studies in mice and human detected a special link
between PMCA1 and its role controlling Ca2+ homeostasis in smooth muscles and
influencing the regulation of blood pressure as reviewed by Brini et al. [14].

1.4.2 PMCA2

Early on it was recognized that PMCA2, as well as PMCA3 (see below), are
specifically expressed only in highly specialized tissues. PMCA2 is mainly
expressed in the nervous system, in the mammary gland or in other specialized
tissues. As can be noticed from Fig. 1.2 several spliced isoforms may occur. In
the PMCA2w/a isoform all possible exons of splice sites “A” and “C” are spliced in
leading to a truncated form of the pump due to a frame shift caused by the “a”
variant. In 1998 a mouse model was described which phenotypically was character-
ized with severe symptoms such as deafness and other neural disorders which
resulted from a glycine to serine mutation (G283S) of PMCA2w/a located in a
highly conserved amino acid sequence of PMCA2 [80]. PMCA2w/a is selectively
expressed in the outer hair cells of the inner ear where it is localized in the stereocilia
containing the sensory transduction apparatus responsible for hearing and balance
of the mice [60, 61]. Similar results have been reported by Kozel et al. [81] for
PMCA2-deficient mice. In humans a deafness phenotype has been reported for a
G293S mutation of PMCA2w/a together with a simultaneous mutation in cadherin
23 critical for the correct functioning of the transduction complex [82].

Of special interest is the 50 untranslated region of PMCA2 containing different
regulatory domains as indicated before. By using different transcriptional start
regions the enzyme is directed into different cell types such as Purkinje neurons,
cerebellar granular cells, outer hair cells or epithelia cells of the lactating mammary
gland [56]. To transport milk Ca2+ in the lactating mammary gland PMCA2 is
expressed in the apical membrane of the epithelia only during lactation to become
one of the most active pumps measured in an organism [83]. Recently it was reported
that the expression level of PMCA2 correlates with HER2, a human epidermal
growth factor receptor kinase and a specific marker for breast cancer [84]. PMCA2
interacts with HER2 in specific actin-rich membranes important for the localization
of HER2 and its partners thereby influencing HER2-mediated cancer. This conclu-
sion became apparent due to the finding that manipulating PMCA2 levels alters the
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proliferation of breast cancer cells and knocking out PMCA2 inhibits the develop-
ment of tumors in mice [84].

1.4.3 PMCA3

PMCA3, the least characterized isoform of the plasma membrane calcium pump, is
like PMCA2 mainly expressed in the nervous system, basically located at presyn-
aptic terminals of cerebellar granule cells [31], but also in the choroid plexus and in
the hippocampus [62, 63]. In addition, PMCA3 is also expressed in skeletal muscles
[64]. Recently, mutations of PMCA3 have been reported which could be connected
with specific human diseases. In an extensive clinical study of patients suffering
from hypertension it was shown that the ion homeostasis of cells have been impaired
which was due to mutations of Na+/K+-ATPase (ATP1A1) and PMCA3 (ATP2B3)
[85, 86]. The mutations of PMCA3 were located in the transmembrane domain
leading to a distortion which probably affected the Ca2+ binding site of the pump.
Zanni et al. [87] reported a missense mutation of PMCA3, the gene of which is
located on the X chromosome [88]. It was interesting to observe that this missense
mutation (G1107D) was discovered in two families with X-linked congenital cere-
bellar ataxia [87, 89]. The mutation G1107D is located within the calmodulin-
binding domain leading to a decreased calmodulin-sensitivity of the pump and a
reduced ability to control Ca2+ homeostasis of cells. These effects were demon-
strated by overexpression of the mutated pump in HeLa cells [87]. Mice in which
PMCA3 has been knocked out demonstrated a kind of sleep disorder, but no
additional behavioral or histological defects were reported [90].

1.4.4 PMCA4

Next to PMCA1 PMCA4 has been detected in all tissues examined, but in contrast to
PMCA1 PMCA4 is not embryonically lethal if knocked out, and mice carrying a
PMCA4 null mutation showed a normal appearance and behavior [69]. Nevertheless,
it has been reported that PMCA4 is of critical importance for specific cellular
functions. Thus, it was shown that the activity of PMCA was critical to maintain a
resting Ca2+ level in sperm cells [91] which later was identified as PMCA4b by the
group of Neyses [92]. It was further demonstrated that loss of PMCA4 in male mice
caused a sperm motility defect and infertility of those mice [69, 92]. In this context,
another observation is of interest. Brandenburger et al. [93] found that during the
sperm maturation process a switch from PMCA4b to 4a occurred suggesting that
sperm maturation requires a shift from the slow PMCA4b to the faster PMCA4a
variant due to its higher basic Ca2+ activity as reported by Caride et al. [13]. Similar
observations have been made for a switch from PMCA1b to 1a during neural
development as described before. In another study it was reported that PMCA4
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ablation can prevent development of hypertrophic cardiomyopathy in transgenic
mice expressing a tropomyosin E180G mutant in heart ([94]; see also [95]). Recently
it was reported by Ho and co-workers [96, 97] that in a Chinese family with
autosomal familial spastic paraplegia (FSP) a missense mutation of PMCA4 was
discovered. They detected a R268Q mutation in six family members suffering from
FSP which has not been described so far in any databank. The R268Q mutation is
located closely to splice site “A” of PMCA and in the neighborhood of the phos-
pholipid binding domain (see Fig. 1.2), a mutation which due to computational
modeling may lead to a partly misfolded protein [97]. Therefore it was speculated
that this mutation may be responsible for dysregulation of Ca2+ signaling causing
neuronal deficits associated with FSP.

1.5 PMCA and Microdomains of Ca2+ Signaling

Considering the numerous isoforms of PMCA and its usual low abundance the
question arises how significant is the participation of the plasma membrane calcium
pump in regulating cytosolic Ca2+ homeostasis in the presence of the more efficient
SERCA pump due to its greater abundance. In addition, the high transport capacity
of the Na+/Ca2+ exchanger can efficiently restore the cytosolic Ca2+ concentration
to values typical for a cell at rest, especially in excitable tissues like the heart or the
nervous system. In view of the specific tissue distribution of a number of differ-
ent isoforms it is more likely that the main role of the PMCA pump is regulating the
Ca2+ concentration in selected microdomains as discussed in detail in this section.

All “b” spliced isoforms contain a specific consensus sequence at the C-terminus
of the protein for interacting with PDZ-domains of target proteins ([66]; see
Fig. 1.2). As discussed in detail by Strehler [16] the identification of such a
consensus sequence for direct recognition of PDZ-containing proteins led to the
identification of a number of proteins such as the membrane-associated guanylate
kinases (MAGUKs), PSD95, NOS-1 and other regulatory proteins which have been
found to directly interact with PMCA“b” (and c/d; see Fig. 1.2) splice variants, but
not with the “a” spliced isoforms due to the shift of the reading frame as mentioned
before. This specific property, especially of the “b” splice variants of PMCAs
enables the protein to be selectively incorporated into signaling complexes with
specific functions concentrated in caveolae [67] or lipid rafts [68, 98]. The impor-
tance of the ability to recruit PMCA to such specific microdomains via its
PDZ-domains recognizing amino acid sequence has been first demonstrated by the
group of Neyses [99]. These authors provided evidence that PMCA4b interacted
with the neuronal form of the NO synthase (nNOS) thereby tightly regulating the
enzyme by altering local Ca2+ concentration. In a later study the same group
generated transgenic mice overexpressing either full-length PMCA4b or a mutant
lacking the last 120 amino acids at the C-terminus of the pump including
the (autoinhibitory) calmodulin-binding domain and the consensus amino
acid sequence recognizing PDZ-domains of target proteins ([100, 101]). This
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mutant pump is highly active but is unable to regulate nNOS activity. In this way it
was demonstrated in vivo that PMCA4b controls cardiac contractility through the
interaction with nNOS regulating NO production and cAMP and cGMP signaling.
Such a recruitment of PDZ-mediated PMCA to different membrane microdomains
has been demonstrated also for other PMCA-PDZ protein interactions important for
platelet activation [102], for activation of the muscarinic G-protein coupled receptor
[103] or for interneuron calcium signaling mediated by the nicotinic acetylcholine
receptor [104] as discussed by Strehler [16]. Thus it became obvious that locating
PMCAs to different membrane microdomains has to be precisely organized to
control the changing demands of Ca2+ signaling indicating that protein-protein
interactions of PMCAs are dynamic processes with short-term and long-term
regulations.

Another example of recruiting PMCA into specific microenvironments is its
property to interact and be activated by acidic phospholipids [25], especially by
phosphatidylinositol-4,5-bisphosphate (PIP2; [105, 106]) which is as active as cal-
modulin [106] interacting with PMCA at a 1:1 molar ratio [105]. This observation
may privilege PMCA to fine tune Ca2+ concentrations at ER-PM micro domains. It
has been shown that depletion of the ER Ca2+ stores results in Orai-STIM1 cluster-
ing in ER-PM microdomains (for recent reviews see [107, 108]) which are reported
to be shaped by PIP2 PM lipid rafts domains [109], important modulators in Ca2+

signaling as mentioned before [68]. This is of interest since it is well documented
that next to PMCA also STIM1 has a high affinity for PIP2 [110]. Therefore,
according to the group of Ambudkar ([111]; see also Chap. 11) there is ample
evidence for microdomains representing the close proximity between ER and
PM membranes in which regulators of SOCE, i.e. STIM1, Orai1 and TRPC1, are
tightly associated in a functional complex with regulators of intracellular Ca2+,
i.e. PMCA and SERCA. Thus it is evident that modulation of Ca2+ signals reveal
a dynamic Ca2+ signaling complex in which a number of different Ca2+ regulators in
closed spatial environment are involved to control Ca2+ homeostasis of the cell.

1.6 Conclusions

In this chapter I summarized the structural and functional properties of the plasma
membrane calcium pump pointing to the different ways how the enzyme is regu-
lated. In recent years it became increasingly evident that PMCA is less participating
in the control of the bulk cellular Ca2+ rather than controlling different aspects of
local Ca2+ signaling. This specific role is underlined by the fact that the PMCA
isoforms not only are translated from four different genes in mammals, but in
addition numerous spliced isoforms enable the pump to control Ca2+ signaling
spatially and temporarily restricted within microdomains in a cellular and tissue
selective way [32]. Due to the specific property how the pump can interact with
other partners within those microdomain complexes, for instance by recognizing
PDZ-domains of interacting targets [66], this may transduce the regulation of local
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Ca2+ signaling to modulate the activities of its local partners. In turn, mutations
at critical sites of PMCA can lead to severe dysfunction and diseases as discussed
above. Nevertheless, some of the molecular aspects with respect to the complexity of
those microdomains and the role of the different isoforms of PMCA are still not
completely understood and need further clarification.
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Chapter 2
Structure-Function Relationship
of the Voltage-Gated Calcium Channel
Cav1.1 Complex

Jianping Wu, Nieng Yan, and Zhen Yan

Abstract Voltage-gated calcium (Cav) channels are miniature membrane transistors
that convert membrane electrical signals to intracellular Ca2+ transients that trigger
many physiological events. In mammals, there are ten subtypes of Cav channel, among
which Cav1.1 is the first Cavα1 to be cloned. Cav1.1 is specified for the excitation–
contraction coupling of skeletal muscles, and has been a prototype in the structural
investigations of Cav channels. This article summarized the recent advances in the
structural elucidation of Cav1.1 and the mechanistic insights derived from the 3.6 Å
structure obtained using single-particle, electron cryomicroscopy. The structure of
the Cav1.1 complex established the framework for mechanistic understanding of
excitation–contraction coupling and provides the template for molecular interpreta-
tions of the functions and disease mechanisms of Cav and Nav channels.
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2.1 Introduction

Voltage-gated calcium (Cav) channels are a large family of membrane proteins that
are activated upon the change of membrane potentials. The Ca2+ ions permeated by
the Cav channel act as second messengers that trigger a cascade of cellular events
involved in a multitude of physiological processes such as muscle contraction,
synaptic transmission, hormone secretion, gene expression and cell death (Fig. 2.1)
[1, 2].

2.1.1 Classification of Voltage-Gated Calcium Channels

Cav channels exhibit tissue specificity. Ten subtypes of Cav channels have been
identified in mammals through the voltage-clamp measurements of Ca2+ currents in
distinct tissues and organisms (Table 2.1) [3, 4]. The ten subtypes can be divided into
three subfamilies based on their sequence similarity. The Cav1 channels activate at
high voltage and conduct large and long lasting ion currents, thus designated as the
L-type calcium channels [5]. The Cav1 channels can be specifically inhibited by
dihydropyridine and its derivatives. They are thereby also named as the dihydro-
pyridine receptor (DHPR) [6, 7]. In contrast, the Cav3 members are designated as
T-type calcium channel for activation at low voltage and conduct tiny single channel
current, and the current is transient [4, 8]. The Cav2 channels can be further divided
to the P/Q-type, the N-type, and the R-type based on their Ca2+ current properties
and inhibition by specific toxins [4, 9–11].

Fig. 2.1 The physiological functions of Ca2+ ions. Ca2+ ions play an important role in muscle
contraction, apoptosis, gene expression, synaptic transmission, hormone secretion, and can also act
as enzyme cofactor
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2.1.2 Molecular Properties of Cav

Cav channels belong to the voltage-gated ion channel superfamily, which has a con-
served core fold. Unlike their prokaryotic homologues, which are homotetramers,
the ion conducting α1 subunit of eukaryotic Cav channels is a single peptide chain
with four similar repeats linked by intracellular loops [12]. Each repeat contains six
transmembrane helices named S1–S6, among which S1–S4 of each repeat form the
voltage sensing domain (VSD) and S5–S6 of the four repeats constitute the ion
conducing pore (Fig. 2.2) [14].

Cav1 and Cav2 channels also contain several auxiliary subunits that form a
complex with the α1 subunit (Fig. 2.2). The auxiliary subunits include the extracel-
lular α2δ subunit, the cytosolic β subunit and sometimes the transmembrane γ
subunit [1]. The auxiliary subunits are not essential for the channel permeation,
but they can regulate the membrane trafficking and channel properties of the α1
subunit. For example, the α2δ subunit can facilitate channel translocation to the cell
surface, and the β subunit modulates the kinetic properties of the channel [15–17]. In
skeletal muscle, the β subunit in Cav1.1 plays an essential role in the excitation-
contraction coupling [18–20]. The γ subunit assists channel inactivation [21, 22].

Not only α subunit has different subtypes, each auxiliary subunit may have distinct
subtypes and splicing isoforms. Four genes encoding the β subunit have been identi-
fied, and each can yield different isoforms by alternative splicing [16, 23]. The α2 and
δ subunits result from proteolytic cleavage of a single gene product. Besides, four
genes have been reported encoding the α2δ subunit [24]. Combinations of the distinct
α1 subtypes with various auxiliary subunits give rise to the diversity of Cav channels.

Table 2.1 Classification of voltage-gated calcium channels

Ca2+ current type Ca2+ channel Specific blocker Functions

L Cav1.1 DHPs E-C coupling
Gene regulation

Cav1.2 E-C coupling
Hormone secretion
Gene regulation

Cav1.3 Hormone secretion
Gene regulation

Cav1.4 Visual transduction

N Cav2.1 ω-CTx-GVIA Neurotransmitter release
Dendritic Ca2+ transients

P/Q Cav2.2 ω-Agatoxin Neurotransmitter release
Dendritic Ca2+ transients

R Cav2.3 SNX-482 Neurotransmitter release
Dendritic Ca2+ transients

T Cav3.1 None Repetitive ring

Cav3.2 Repetitive ring

Cav3.3 Repetitive ring
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2.1.3 Channelopathies

Voltage-gated calcium channels play essential roles in various physiological pro-
cesses, and their disorders will trigger serious diseases, such as hypokalemic peri-
odic paralysis (Cav1.1 related), cardiac arrhythmia (Cav1.2 related), autism spectrum
disorder (Cav1.2 related), stationary night blindness (Cav1.4), cerebellar ataxia
(Cav2.2) [1, 25].

Cav channels represent important drug targets. The α1 subunits are directly
targeted by various natural toxins and clinical drugs that treat hypertension, arrhyth-
mia, and angina pectoris. The α2δ-1 subunit is targeted by the gabapentinoid drugs
gabapentin and pregabalin [26, 27].

2.2 Structural Studies of Voltage-Gated Calcium Channels

Because of the physiological and pathological importance, the structural studies of
Cav channels have been pursued for decades. However, the long sequence of the
single peptide chain with various intracellular linkers makes the channels resistant to
recombinant overexpression, nor to say crystallization. Besides, the existence of the

Fig. 2.2 Topology of Cav channels. Cav channels contain several subunits: the ion permeation
subunit α1, the extracellular α2δ subunits, the cytosolic β subunit and sometimes the transmem-
brane γ subunit. The topology shown here is of Cav1.1. The upper right pannel is adapted from
Wu et al. [13]

26 J. Wu et al.



auxiliary subunits and various post-translational modifications such as glycosylation
add further challenges to obtain a crystal structure of the Cav channel complex.
Despite extensive efforts, the structural information of eukaryotic Cav channels
have remained elusive. There were only low resolution cryo-EM maps reported
(Fig. 2.3a) [28, 30–32]. High resolution crystal structures were obtained for the β1
subunit alone and in complex with the α1-interacting domain (AID) motif from the
α1 subunit (Fig. 2.3b) [29, 33, 34].

Prokaryotic homologues of voltage-gated calcium or sodium channel are
homotetramers, hence relatively easier than the eukaryotic ones for structural pursuit
using X-ray crystallography. In the past several years, researchers have been focus-
ing on the structural characterizations of the prokaryotic homologues of Cav or Nav
channel. A few crystal structures of bacterial Nav channels were obtained, including
NavAb [35], NavRh [36] and NavMs [37] since 2011. Moreover, the crystal structure
of a NavAb variant that exhibits calcium selectivity, hence named CavAb, was
determined [38]. These structures represent imperative steps towards molecular
understanding of the Nav/Cav channels. However, there are still many questions
remaining to be answered, including the most straightforward questions like how the
four repeats of α1 subunit are organized spatially and how the auxiliary subunits
interact with the α1 subunit. A high resolution structure of a eukaryotic Cav channel
is required to address these questions.

The recent technological breakthrough in electron microscopy (EM), including
the development of direct electron detector for image acquisition and new algorithms
for data processing, provided an unprecedented opportunity to solve structures of
challenging targets that were nearly insurmountable by X-ray crystallography.
Structural biology by single-particle cryo-EM, used to be nick-named ‘blob-ology’,
has been used to solve macromolecular structures at resolutions that can resolve side
chains. Compared to X-ray crystallography, cryo-EM has two obvious advantages:
(1) only several microliters of sample solutions are required, and (2) crystallization is
spared. Cryo-EM has become a prevailing approach for structural biology of mem-
brane proteins and macromolecular machineries since 2013 [39, 40]. The eukaryotic
Cav channels have molecular weights beyond 300 kDa with the auxiliary subunits,
representing suitable targets for cryo-EM.

Cav1.1 is the first Cavα1 to be cloned, and it has been a prototype in the functional,
structural, and mechanistic investigations of Cav channels [12, 41]. There is only
one isoform of β subunit, β1a, in skeletal muscle [42], and the Cav1.1 complex is

Fig. 2.3 Previous structural
studies of Cav channels. (a)
Low resolution cryo-EM
map of Cav1.1. The nominal
resolution is 21 Å [28]. (b)
Crystal structure of the β
subunit in complex with
AID [29]
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exclusively expressed in skeletal muscle with relatively high abundance. It thereby
may be easier to purify the Cav1.1 complex to homogeneity for cryo-EM imaging
than for other Cav channels from other tissues. Several purification methods for
Cav1.1 from rabbit skeletal muscle have been reported in literature [43–45]. Recently,
a revised strategy for purification of Cav1.1 from rabbit skeletal muscle membrane was
developed, using GST-fused β1a subunit to compete with the endogenous β1a subunit
to pull down the whole complex [46]. This strategy is simple and more specific. The
protein obtained using this protocol is of high purity and well behaved, representing an
ideal target for single particle cryo-EM analysis.

In 2015, the cryo-EM structure of rabbit Cav1.1 was obtained at 4.2 Å resolution
[46]. Most of the secondary structure elements of the protein complex were revealed
in this structure. All the subunits were identified and the arrangement of the four
repeats in α1 subunit has been revealed. In the following year, the resolution of the
Cav1.1 structure was further improved to 3.6 Å resolution, which allowed assign-
ment of most side chains [13]. This is the first near atomic structure of a eukaryotic
Cav channels. The high resolution structure provides important insights into the
understanding of the structure-function relationship of Cav and the related Nav
channels.

2.3 Structural Analysis of Cav1.1

2.3.1 The Overall Architecture of Cav1.1

The structure of Cav1.1 is constituted by the ion-permeating core subunit α1, the
extracellular α2δ subunit, the intracellular β1a subunit, and the transmembrane γ
subunit. The overall structure is approximately 170 Å in height and 100 Å in the
longest dimension of the width (Fig. 2.4a).

2.3.2 Structure of the α1 Subunit

The α1 subunit in eukaryotic Cav channels is a single peptide chain that folds
into four similar repeats. Therefore, an evident and interesting question arose:
how are the four homologous repeats arranged? Clockwise, counterclockwise, or
intertwined?

Careful examination of the 4.2 Å cryo-EM reconstruction suggested that the four
repeats are arranged in a clockwise manner in the extracellular view, which was then
unambiguously confirmed by the 3.6 Å cryo-EM map (Fig. 2.4b). This repeat
organization principle may be conserved in all eukaryotic Cav or Nav channels.
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2.3.3 The VSDs of Cav1.1

The VSDs are responsible for voltage sensing. Among the four transmembrane
segments S1–S4 in each VSD, S4 contains repetitively aligned basic residues Arg
or Lys that occur every three residues. They are named the “gating charges”. The
four VSDs of Cav1.1 are similar but non-identical with each other. The S3 segments
of prokaryotic homologues NavAb and NavRh are largely unfolded on the extracel-
lular side, whereas the S3 segments of Cav1.1 are full transmembrane helices.

Fig. 2.4 Structure of the Cav1.1 channel complex from rabbit. (a) Overall structure of Cav1.1.
The structure is color-coded for different subunits. The four repeats of the α1 subunit are colored
from white to dark green and CTD is colored brown. (b) Spatial arrangement of α1 subunit.
The four repeats are arranged clockwisely in the extracellular view. Adapted from Wu et al. [13]
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According to the sequence alignment of Cav1.1 and ten human Cav channels, there
are up to six gating charge residues on each S4 segment, defined as R1–R6 (Fig. 2.5a).
For the rabbit Cav1.1, there are R1–R5 on S4I, R2–R6 on S4II, R1–R5 on S4III, and
R2–R5 on S4IV.

In each VSD, all the gating charges are aligned on one side of the 310 helix of S4.
The R5 residues and R6II are below, whereas the R1–R4 residues are above the
conserved occluding Phe in the charge transfer centre, representing the depolarized
or ‘up’ conformation of VSDs (Fig. 2.5b). Considering the closed pore and the ‘up’
VSDs, the structure of Cav1.1 shown here may represent a potentially inactivated state.
The R1–R4 residues are above the conserved occluding Phe in the charge transfer
center, representing the depolarized or up conformation of VSDs. This is consistent
with the sample conditions of 0 mV membrane potential (depolarized state).

2.3.4 The Selectivity Filter

The selectivity filter (SF) is responsible for ion selection. In Cav1.1, the SF is
constituted by an outer site comprising the side chains of four essential Glu residues
and an inner site formed by the carbonyl oxygen of the two preceding residues.

The SF of different voltage gated ion channels exhibits distinct chemical and
structural features. The selectivity filter of KV channels is constituted by the carbonyl
oxygen of the residues. But in Cav and Nav channels, the side chains of the outer site

Fig. 2.5 VSDIV of Cav1.1. (a) Sequence alignment of S4IV helix. The conserved R/K highlighted
blue. (b) Structure of the VSDIV of Cav1.1. (c) Structural superimposition of the four VSDs of
Cav1.1. Adapted from Wu et al. [13]
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residues are important for selectivity. In Nav channels, the key residues are Asp/Glu/
Lys/Ala (DEKA).

The SF of rCav1.1 is constituted by the side groups of Glu292/614/1014/1323 and
the two preceding residues in each repeat that contribute the carbonyl oxygen
(C¼O). A consecutive stretch of density stands along the selectivity filter vestibule
that can be deconvoluted to a round disc in the centre of the four Glu residues and a
sphere surrounded by the eight C¼O groups. Two Ca2+ ions are tentatively assigned
to the middle disc and the inner sphere. The two maps (3.6 Å and 4.2 Å) were from
two different batches of protein which was purified in 10 mM and 0.5 mM Ca2+,
respectively. The shape and position of the density in the selectivity filter vestibule in
the two maps are different (Fig. 2.6a). The heights of the two Ca2+ ions in the 3.6 Å

Fig. 2.6 Selectivity filter. (a) Structures of the selectivity filter obtained from two different maps.
(b) The permeation path of the pore domain. Adapted from Wu et al. [13]
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map are similar to those in CavAb [38], except that the inner one is slightly off the
central axis and closer to repeats I and II.

Above the entrance to the Ca2+ permeation path, the extended extracellular loops,
which are stabilized by many disulfide bonds, form a windowed dome. The window
is enriched in negatively charged residues, which may help attract cations. Below the
SF is a hydrophobic cavity with fenestrations. The radius in the inner gate is less than
1 Å too narrow to permeate Ca2+ ions (Fig. 2.6b). Therefore the structure is in a
closed conformation. Considering the closed pore and the ‘up’ VSDs, the reported
structure of Cav1.1 may represent a potentially inactivated state.

2.3.5 The Auxiliary Subunits

In the structure of the rabbit Cav1.1 channel complex, four tandem cache domains
and one VWA domain are identified in the α2δ subunit. Although these domains are
organized separately in space, they involve intertwined sequences. Interestingly,
although the δ subunit and α2 subunit are separated in the primary sequence, they
co-fold with each other. The δ subunit contributes three β-strands to the fourth Cache
domain. Cys1074 in the δ subunit forms a disulfide bond with Cys406 in the VWA
domain. The extended conformation of δ is stabilized through multiple intra and
inter-subunit disulfide bonds. In total, four disulfide bonds were observed between
the α2- and δ-subunits and two within the δ-subunit.

There was a debate on whether the δ subunit is a transmembrane protein or a
GPI (glycosylphosphatidylinositol)-anchored protein. In the 3.6 Å resolution EM
map, there is no extra density for a TM helix. The density for δ subunit ended after
Cys1074, which happened to be the predicted site for GPI modification. Besides, in
the related MS result, no peptide can be detected after Cys1074. The structure
appeared to support that δ subunit is a membrane anchored protein.

In the Cav1.1 complex structure, four transmembrane helices (named TM1–4), an
extracellular β sheet and the cytosolic amino (N)- and C-terminal loops are resolved
for the γ subunit. The transmembrane interface between α1 and γ is mediated by
TM2 and TM3 of γ and the S3 and S4 segments in α1-VSDIV. All of the residues
constituting the interface are hydrophobic residues, which are unlikely to provide the
specificity between γ and VSDIV. On the intracellular side, the C-terminus of γ
subunit contains some polar residues that are hydrogen-bonded with the III–IV
linker in the α1 subunit, which may provide the interaction specificity with VSDIV

but not for other VSDs. The direct contact between γ and VSDIV may affect the
conformational changes of the latter during voltage dependent activation or inacti-
vation, thereby providing the molecular basis for the antagonistic modulation of the
γ subunit.

Before the determination of the structure of Cav1.1 complex, the crystal structure
of β has been reported. The different cryo-EM maps of Cav1.1 revealed distinct
conformations of the intracellular domains. The AID motif is sandwiched between
α1-VSDII and β. Comparison of the different EM 3D reconstructions reveals shifts of
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the C terminus of S6I and the ensuing I–II helix. Meanwhile, the β-subunit undergoes
a pronounced displacement between the two reconstructions.

2.3.6 Structural Mapping of Disease-Associated Mutations

Cav channels and the closely related Nav channels play a major role in a multitude of
physiological and pathological processes. Hundreds of mutations have been identi-
fied in these channels. The structure presented here represents the first atomic model
of a single-chain eukaryotic Cav or Nav channel. Structural mapping of the disease-
associated mutations will greatly foster mechanistic understanding of the related
disorders and provide the opportunity for novel drug development targeting these
channels (Fig. 2.7).

2.4 Voltage-Gated Calcium Channels in Excitation-
Contraction Coupling

Excitation-contraction coupling (E-C coupling) of muscles is an important and
fundamental physiological process. Multiple proteins are involved in this signal
transduction cascade, among which the ryanodine receptor RyR and Cav channels
are two key components [47].

RyRs are high-conductance calcium release channels located on the sarco/
endoplasmic (SR/ER) membrane. They are responsible for the rapid release of Ca2+

from intracellular stores during E-C coupling [48–50]. As the largest known ion
channel, the homotetrameric RyR has a molecular mass of more than 2.2 MDa with
each protomer containing about 5000 residues [51, 52]. In mammals, there are three
isoforms: RyR1 and RyR2 are primarily expressed in skeletal and cardiac muscles,
respectively, and RyR3 was originally found in the brain [53–56]. Recently, the near
atomic 3D structures of RyR1 and RyR2 in multiple conformations have been
reported [57–60]. Details of RyRs are discussed in a later chapter.

Cav channels, which are located in the transverse tubule (or T-tubule) are
activated upon plasma membrane depolarization, and then induce the activation
of the downstream RyRs. The sudden increase of the cytoplasmic Ca2+ triggers
a cascade of cellular events that eventually result in muscle contraction. Ca2+ ions are
then pumped back to the SR by the calcium ATPase SERCA, leading to muscle
relaxation [47].

Cav1.1 (in skeletal muscle) and Cav1.2 (in cardiac muscle) sense the changes of
the membrane potential of the plasma membrane and activate RyR1 and RyR2,
respectively, but via different mechanisms (Fig. 2.8). In skeletal muscle, Cav1.1
undergoes conformational changes in response to membrane depolarization, which
then activate RyR1 through physical association. It is called the “mechanical
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coupling” mechanism [61]. In cardiac muscle, it is the Ca2+ influx mediated by
Cav1.2 that activates RyR2, a mechanism known as the “calcium induced calcium
release” (CICR) [62].

To understand the activation mechanism of RyR1 by Cav1.1, the accurate inter-
action between Cav1.1 and RyR1 is needed. Although the near atomic resolution

Fig. 2.7 Structural mapping of disease-associated mutations identified in the human Cav channels.
The disease-related mutations identified in six human Cav channels are mapped to the structure of
the rCav1.1α1 and color coded for different subtypes of Cav channels (a) or disorders (b). HOKPP1:
periodic paralysis hypokalemic 1; MHS5: malignant hyperthermia 5; TCLS&NPP: Transient
compartment-like syndrome and normokalaemic periodic paralysis; TS: Timothy syndrome;
BRGDA3: Brugada syndrome 3; SANDD: sinoatrial node dysfunction and deafness; PASNA:
primary aldosteronism, seizures, and neurologic abnormalities; NIDDM: non-insulin-dependent
diabetes mellitus; CSNB2A: night blindness, congenital stationary, 2A; AIED: Aaland island eye
disease; SCA6: spinocerebellar ataxia 6; FHM1: migraine, familial hemiplegic, 1; EA2: episodic
ataxia 2; ECA6: epilepsy, childhood absence 6
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structures of Cav1.1 and RyR1 have been solved, there is no detailed structural
information on the Cav1.1 and RyR1 supercomplex. According to the structural
analysis, a speculative mechanism is proposed [57]. As reported, RyR1 is activated
through direct physical contacts with the Cav1.1 [61, 63–65]. Multiple areas, such as
the SPRY3 domain of RyR1 and β-subunit of Cav1.1, are involved in their coupling
[66]. The conformational changes of the VSDs of Cav1.1α1 may induce shifts of the
β-subunit and other cytoplasmic segments of Cav1.1, subsequently triggering the
motion of the adjacent RyR1 cytoplasmic domains. Note that the SPRY3 domain of
RyR1 is in direct contact with the N-terminal domain (NTD) within the same
protomer. Potential shifts of the SPRY3 domain may be translated to the conforma-
tional changes of NTD, and subsequently the Handle domain and the Central
domain. So the structural shifts triggered by Cav1.1 at the periphery of the RyR1
cytoplasmic region are propagated along the superhelical assemblies of the cyto-
plasmic domains to the Central domain, eventually leading to the opening of the
intracellular gate. Nonetheless, the speculative mechanism still awaits experimental
evidence.

Fig. 2.8 Working models for activation of RyR1/2 by Cav1/2, respectively. In the skeletal muscle,
RyR1 is activated by the membrane depolarization-induced conformational changes of Cav1.1
through physical interactions. It is called the “mechanical coupling” mechanism. In cardiac muscle,
Cav1.2 permeates Ca2+ ions into the cytosol, leading to the activation of RyR2, a mechanism known
as the “calcium induced calcium release”
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2.5 Perspective

Voltage-gated calcium channels play essential roles in a multitude of physiological
processes. The structure of Cav1.1 complex provides clues to the gating mechanism
and selectivity, which establishes a foundation for mechanistic understanding of E-C
coupling and provides a three-dimensional template for molecular interpretations of
the functions and disease mechanisms of Cav and Nav channels.

In the past few decades, most high resolution protein structures were obtained
from X-ray crystallography. Until a few years ago, we witnessed the breakthrough of
cryo-EM. The resolution was improved to near atomic resolution (beyond 4 Å), a
“resolution revolution”. A number of important protein or protein complex struc-
tures were solved. However, regardless of single-particle cryo-EM or X-ray crystal-
lography, purification of the protein is required. Therefore, some proteins or protein
complexes that are resistant to in vitro purification cannot yield high resolution
structure. To visualize the E-C coupling ultrastructure formed by RyR1 and Cav1.1,
we may eventually have to employ another technology, electron tomography (ET),
which can image the samples in situ. The rapid technological development of ET
may allow structural resolution the RyR1-Cav1.1 supercomplex to molecular details
in the near future.
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Chapter 3
Structure-Dynamic Coupling Through
Ca2+-Binding Regulatory Domains
ofMammalianNCX Isoform/Splice Variants

Daniel Khananshvili

Abstract Mammalian Na+/Ca2+ exchangers (NCX1, NCX2, and NCX3) and their
splice variants are expressed in a tissue-specific manner and are regulated by Ca2+

binding CBD1 and CBD2 domains. NCX2 does not undergo splicing, whereas in
NCX1 and NCX3, the splicing segment (with mutually exclusive and cassette
exons) is located in CBD2. Ca2+ binding to CBD1 results in Ca2+-dependent
tethering of CBDs through the network of interdomain salt-bridges, which is
associated with NCX activation, whereas a slow dissociation of “occluded” Ca2+

inactivates NCX. Although NCX variants share a common structural basis for Ca2+-
dependent tethering of CBDs, the Ca2+ off-rates of occluded Ca2+ vary up to 50-fold,
depending on the exons assembly. The Ca2+-dependent tethering of CBDs rigidifies
the interdomain movements of CBDs without any significant changes in the CBDs’
alignment; consequently, more constraining conformational states become more
populated in the absence of global conformational changes. Although this Ca2+-
dependent “population shift” is a common mechanism among NCX variants, the
strength and span of backbone rigidification from the C-terminal of CBD1 to the
C-terminal of CBD2 is exon dependent. The mutually exclusive exons differentially
stabilize/destabilize the backbone dynamics of Ca2+-bound CBDs in NCX1 and
NCX3 variants, whereas the cassette exons control the stability of the interdomain
linker. The combined effects of mutually exclusive and cassette exons permit a fine
adjustment of two different regulatory pathways: the Ca2+-dependent activation
(controlled by CBD1) and the Ca2+-dependent alleviation of Na+-induced inactiva-
tion (controlled by CBD2). Exon-controlled dynamic features match with cell-
specific regulatory requirements in a given variant.
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3.1 Ca2+ Sensing by Isoform/Splice Variants and Multitask
Ca2+ Signaling

Calcium (Ca2+) controls multitask communicative messages in every living cell,
where numerous biochemical reactions, managed by Ca2+, are precisely tuned in
time and space [1–3]. Multichannel regulatory passageways are especially complex
in multicellular organisms, reaching a culmination of sophistication in excitable
tissues [2, 4, 5]. Even relatively “small” alterations in Ca2+ homeostasis may lead
to functional disorders with life-threating outcomes [1–3, 6]. An evolutionary
selection of the Ca2+ ion, as a communal and multipurpose regulatory substance,
has produced distinct gene isoforms and their splice variants encoding specifically
folded motifs of Ca2+ binding domains (EF-hand, C2, and others) [1, 2, 7, 8]. More-
over, similarly folded versions of isoform/splice variants produce structurally similar
proteins with distinct coordination chemistry, thereby providing a major toolbox
for diversifying the number of Ca2+-binding sites with different affinities for Ca2+

binding [1, 2, 6]. Although the major principles of Ca2+ coordination chemistry
are well understood, it remains unclear how the regulatory specificity and selectivity
of Ca2+ sensing is achieved when the regulatory massage is decoded upon Ca2+

binding, and how the decoded information propagates over a long distance [2, 7,
9]. Recently developed concepts offer an updated view of allosteric regulation in
proteins, according to which a greater importance is given to changes in the dynamic
distribution of numerous conformational states rather than to ligand-induced global
changes in protein conformations [10–12]. Protein rigidity seems to serve as a
central feature for regulatory signal decoding, diversification, and common commu-
nication between distant sites in multidomain proteins, thereby representing a
dynamic mode of regulatory coupling [10, 12]. According to this scenario, more
rigid conformational states become more populated upon ligand binding in the
absence of any global conformation changes [10, 11]. In dealing with these issues,
this review focuses on Ca2+ sensing CBD domains of Na+/Ca2+ exchangers (NCX).

3.2 Structural and Regulatory Specificities of NCX
Isoform/Splice Variants

NCX extrudes 1Ca2+ ion from the cytosol or organelle matrix (e.g., nuclei or
mitochondria) in exchange with 3Na+ ions, while utilizing the electrochemical
gradient of Na+ and thus, control Ca2+ homeostasis in many cell types [4, 5, 13–
15]. In mammals, NCX1, NCX2, and NCX3 gene isoforms and their splice variants
are expressed in a tissue-specific manner [14, 16–18]. NCX1 is universally distrib-
uted, practically in every mammalian cell, although several splice variants of NCX1
are exclusively expressed in specific tissue (e.g., NCX1-ACDEF in cardiomyocites).
NCX2 is predominantly expressed in the brain and spinal cord, but it can be also
found in gastrointestinal and kidney tissues; NCX3 is mainly expressed in the
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brain and skeletal muscle [4, 14, 16]. At least seventeen NCX1 and five NCX3
splice variants are produced through alternative splicing, whereas NCX2 has no
splice variants [14, 16]. Altered expression and/or regulation of tissue-specific NCX
variants is associated with heart failure, arrhythmia, cerebral ischemia, neurodegen-
erative diseases, and other maladies [4, 5]. Selective pharmacological targeting of
NCX variants could be beneficial, although the rational development of drug candi-
dates remains challenging [4]. The gene family of Na+/Ca2+ (NCX) exchangers
belongs to the superfamily of Ca2+/Cation (Ca/CA) exchangers, which contain highly
conserved α1 and α2 repeats, involved in ion transport activities [14, 16, 17, 19]. The
crystal structure of full-length mammalian NCX is currently unavailable, although the
crystal structure of the archaeal NCX (NCX_Mj) [19, 20] serves as an excellent model
system for resolving ion-transport mechanisms [21–24]. Prokaryotic and eukaryotic
NCXs entail ten transmembrane helices (TM1-TM10) [15, 19], where only eukaryotic
NCXs contain a cytoplasmic f-loop (between TM5 and TM6) with two Ca2+-binding
regulatory domains (CBD1 and CBD2), which form a “head-to-tail” tandem (CBD12)
through a short linker (Fig. 3.1) [22, 23, 25, 26]. Interestingly, the mitochondrial
Na+/Ca2+ exchanger (NCLX) does not contain regulatory CBD domains [4, 5, 27].

3.2.1 Coordination Chemistry Controls the Number
and Affinity of Ca2+ Sites in Uniformly Folded CBDs

High-resolution X-ray and NMR structures of isolated CBD1, CBD2, and CBD12
revealed that both CBDs possess a β-immunoglobulin (Ig)-like folding, where a
seven-strand β-sandwich motif is formed by two antiparallel β-sheets entailing A-B-E
and D-C-F-G strands (Fig. 3.1) [23, 25, 28–30]. Moreover, the overlay of CBD1 and
CBD2 crystal structures revealed nearly identical folding with RMSD ¼ 1.3 Å,
where all Ca2+ binding sites of CBDs reside at distal loops of C-terminal ends
[28–32]. Despite these structural similarities, CBD1 and CBD2 differ in a number
of Ca2+ binding sites and in their coordination chemistry. The Ig-like folding of
CBDs is very similar to proteins belonging to C2-domains, although the canonical
C2-folding refers to an eight-strand β-sandwich motif (instead of seven in CBDs).
CBD1 contains four Ca2+ binding sites (Ca1-Ca4), whereas the number of Ca2+

binding sites at CBD2 varies from zero to three (CaI-CaIII) in a variant-dependent
manner [23, 25, 28, 29, 33]. In CBD1, the cluster of four Ca2+ binding sites is compiled
in a parallelogram-like configuration (with a 3.9–4.4 Å distance between distinct sites),
allowing one to place four divalent cations into proximity. Polydentate coordination
allows a ligation of two (D500) or even three (E451) Ca2+ ions at once. In CBD1, the
Ca2+-coordinating residues are allocated at the C-terminus and three loops: EF, AB,
and CD [28–30] (Fig. 3.1). The C3 and C4 sites have a high affinity (Kd ~ 0.3 μM) for
Ca2+, whereas the affinity of Ca1 and Ca2 is at least 50 times lower [34–36]. In CBD2,
the Ca2+ binding sites are ~5.5Å apart, where K585 (which is in a homologous position
to E454 in CBD1) forms a salt-bridge with D552 and E648 without Ca2+, thereby
stabilizing apo-CBD2 [28]. Thus, without Ca2+, CBD2 is more stable than CBD1.
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In CBD2 only a single residue (D578) bridges the CaI and CaII sites via a bidentate
ligation. The CaI and CaII sites of CBD2 have a moderate (Kd ¼ 2–10 μM) and low
(Kd > 20 μM) affinity, respectively [23, 33–35].

3.2.2 Each CBD Domain Plays a Distinct Regulatory Role

Mammalian NCXs exhibit two major modes of Ca2+-dependent allosteric regulation
[26, 37–39]. The first mode refers to Ca2+-dependent activation, whereas the second
mode implies the Ca2+-dependent alleviation of Na+-induced inactivation, which

Fig. 3.1 Regulatory CBD domains of eukariotic NCX. Archaeal and eukaryotic NCX contain ten
trans-membrane helices (TM1-10), whereas only eukaryotic NCXs contain a regulatory cytosolic
f-loop (~500 amino acids) between the TM5 and TM6. The f-loop contains two Ca2+-binding
regulatory domains, CBD1 and CBD2, where CBD1 is linked with TM5 and CBD2 with TM6,
assigned as structurally unresolved dotted lines. The CBDs are connected through a very short
interdomain linker in a head-to-tail conformation, thereby forming a two-domain regulatory tandem
(CBD12). The trans-membrane helical structures were reproduced according to the crystal structure
of archaeal NCX_Mj (3V5U), whereas the CBD12 tandem is depicted according to the crystal
structure of NCX1-CBD12-AD (3US9). The ion binding/transport sites, located on TM2, TM3,
TM7 and TM8 helices reproduced according to the crystal structure of NCX_Mj (3V5U). The
crystal structures of NCX1-CBD1 (2DPK), NCX1-CBD2-AD (2QVM) and NCX1-CBD12-AD
(3US9) were used for the presentation (a black cycle). The Ca2+ binding sites are located at the
C-terminal tips of CBD1 and CBD2, where green balls represent Ca2+ ions. Ca2+ binding to the
Ca3-Ca4 sites of CBD1 results in Ca2+-dependent activation of mammalian NCX variants
(a blue cycle), whereas Ca2+ binding to the CaI site of CBD2 refers to Ca2+-dependent alleviation
of Na+-induced inactivation (a red cycle)
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exists in some variants. Notably, the Na+-induced inhibition is due to Na+ interaction
with the transport domains (not with CBDs) [26, 39, 40]. The absence of Na+-
transients in non-excitable tissues and the presence of Na+ transients in excitable
tissues explains the need for Ca2+-dependent alleviation of Na+-dependent inactiva-
tion in excitable tissues [26, 33].

In mammalian NCX variants, the Ca2+ binding to Ca3-Ca4 sites of CBD1 acti-
vates ion exchange activities up to 20-fold, whereas the Ca2+ binding to the CaI site
of CBD2 results in Ca2+-dependent alleviation of Na+-dependent inactivation
[39, 41–43]. Since NCX2 lacks Na+-dependent inactivation, the Ca2+-dependent
alleviation is not required for NCX2. The kidney splice variant (NCX1-BD) does not
bind Ca2+ at CBD2 (since the CaI site is structurally destabilized in CBD2); thus, it
lacks Ca2+-dependent alleviation of Na+-induced inactivation [25, 33, 34, 44]. Func-
tional assignments of low-affinity Ca2+ binding sites of CBD1 (Ca1 and Ca2) and
CBD2 (CaII) are less clear, although these sites could serve as the Mg2+ rather than
the Ca2+ sites, which are constitutively occupied by Mg2+ under physiological
conditions [23, 35, 45]. Interestingly, the occupation of Ca1-Ca2 sites by Mg2+

decreases the affinity at nearby Ca3-Ca4 sites of CBD1, whereas the occupation
of the CaII site by Mg2+ increases the Ca2+ affinity at CaI [29, 35, 40]. Eukaryotic
NCXs are very sensitive to cytosolic acidification (e.g., under ischemia/acidosis
conditions) since protons effectively compete with Ca2+ for binding at CBDs
[23, 41, 46].

In contrast with mammalian NCX, a Drosophila NCX ortholog exhibits an
opposite regulatory response to Ca2+. Namely, Ca2+ binding to the Ca3-Ca4 sites
of the CALX1.1 splice variant inactivates ion exchange activity, whereas in the
second variant, CALX1.2, Ca2+ has no regulatory effect on exchange activity
[31, 32, 37, 47]. CALX1-CBD2 variants do not bind Ca2+, so the Ca2+-dependent
alleviation of Na+-induced inactivation is physiologically irrelevant for CALX
variants. CALX1 also undergoes alternative splicing only at CBD2, where the two
splice variants differ only by five amino acids [31, 32]. These five residues in
CALX1-CBD2 are located within a FG-loop between the H1 α-helix and the
β-strand, which matches the cassette exons positions in mammalian NCX1
[25, 31].

3.2.3 Exon Arrays Differentially Control the Tissue-Specific
Regulatory Modes of NCX Variants

In NCX1 (17 splice variants), NCX3 (5 splice variants), and CALX1 (2 splice
variants) the alternative splicing segment is located in CBD2 [25, 26, 31, 32].Mutually
exclusive exons (A or B) control the capacity and/or affinity of Ca2+ binding at both
CBD1 and CBD2, although they have opposite effects in NCX1 and NCX3. In
NCX1, alternative splicing arises from merging six small exons (A, B, C, D, E,
and F), where the mutually exclusive exons, A and B, are expressed in excitable and
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non-excitable tissues, respectively (Fig. 3.2) [14, 16, 18]. In NCX1, cassette exons
(C, D, E, F) merge either with A or B exon to generate the cardiac (ACDEF), brain
(AD), and kidney (AC) variants among others [14, 16, 23]. In NCX3, alternative
splicing involves only three exons (A, B, and C), whereas both A and B exons are
expressed in neuronal tissues [14, 25, 33]. In A-exon-containing NCX1 variants,
CBD2 binds two Ca2+ ions, whereas in B-exon-containing NCX1 variants, CBD2
does not bind Ca2+ [34]. Thus, in NCX1 the Ca2+-dependent alleviation occurs only
in A-exon-containing variants, since their CBD2 bind Ca2+ [26, 38, 39, 44]. CBD2
of NCX2 binds only one Ca2+ with very low affinity, which is functionally invalid
under physiologically relevant conditions (probably because the absence of Na+-
dependent inactivation in NCX2) [25, 33]. In NCX3, exon A is expressed in skeletal
tissues and exon B is expressed in neuronal tissues [14, 16, 25]. The A-exon-
containing variant (AC) of NCX3 does not bind Ca2+ to CBD2 [33], whereas the
exon B variants (B or BC) bind three Ca2+ ions at CBD2 [25, 33]. Intriguingly,
NCX3-AC (no Ca2+binding to CBD2) exhibits less Na+-dependent inactivation in

Fig. 3.2 In mammalian NCX1 and NCX3 variants, the splice segment is exclusively located on
CBD2. In NCX1, tissue-specific splice variants arise from a combination of six small exons A, B, C,
D, E, and F, whereas a mutually exclusive exon (either A or B) shows up in every splice variant.
NCX2 does not undergo alternative splicing and NCX3 contains only A, B, and C exons. To show
the position of the splice segment and specific exons, the NMR structures of NCX1-CBD1 (2FWS,
orange), NCX1-CBD2-AD (2FWU, red), and NCX1-CBD2-BD (2KLT, green) structures were
superimposed on the template of the two-domain NCX1-CBD12-AD crystal structure (3US9).
Residues in positions 552, 578, and 585 form the CBD2 Ca2+-binding sites between the CD- and
EF-loops and thus, determine the number of Ca2+ binding sites and their affinity for Ca2+ at CBD2.
Single-point substitutions at specific positions diversify the roles of exon A and B in NCX1 and
NCX3 isoform/splice variants
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comparison with NCX3-B (which binds three Ca2+ ions at CBD2). Thus, exons A
and B affect inversely the Ca2+ binding to CBD2 in NCX1 and NCX3 variants.

The exon-dependent effects on Ca2+ binding capacity/affinity strongly correlate
with diverse regulatory responses of NCX variants. For example, Ca2+ binding to
CBD1 activates the brain (AD), cardiac (ACDEF), and kidney (BD) variants of
NCX1, although the Ca2+-dependent alleviation of Na+-induced inactivation (con-
trolled by CBD2) occurs only in the cardiac and brain variants (the kidney variant
does not bind Ca2+) [25, 34]. The exon A- and B-dependent regulatory differences
between NCX1 variants are due to splice-dependent structural editing of E and F
strands, which participate in Ca2+ binding at CBD2 [25]. Namely, the B-exon
variants of NCX1 contain arginine (instead of aspartate or glutamate) and cysteine
(instead of lysine) residues at positions 578 and 585, which prevents the Ca2+

binding to the CaI site and thus, destabilizes CBD2. NCX1-CBD2-AD retains its
structural integrity even in the absence of Ca2+ since in the apo state K585 forms
salt-bridges with D552 and E648 (the CaI site of CBD2) whereas in the Ca2+-bound
state K585 interacts with E582 (Fig. 3.2) [23, 25]. In NCX2-CBD2 (no splice
variants), the replacement of D552 by histidine aborts one of the two sole Ca2+-
coordinating atoms (which eliminates the CaII site and reduces Ca2+ affinity at the
CaI site), whereas in NCX3-CBD2-B, the replacement of K585 by glutamate results
in three Ca2+ ions binding at CBD2 (Fig. 3.2) [25, 33].

3.3 Synergistic Interactions Between CBDs Control the
Ca2+ Sensing Features

Synergistic interactions between CBDs modify Ca2+ sensing properties at both
CBDs, where Ca2+ binding to Ca3-Ca4 sites of CBD1 results either in activation
(mammalian NCXs), inhibition (CALX1.1), or no response (CALX1.2) to regula-
tory Ca2+ [28, 35, 36, 44, 48]. Moreover, mammalian NCXs show considerable
differences in Ca2+-dependent activation (controlled by CBD1) and Ca2+-dependent
alleviation of Na+-induced inactivation (controlled by CBD2). For example, the
Ca3-Ca4 sites of the brain (AD), cardiac (ACDEF), and kidney (BD) splice variants
of NCX1-CBD12 show up to 50-fold differences in the Ca2+ binding affinity and in
the Ca2+ off-rates of occluded Ca2+ [29, 34]. In contrast with NCX1, NCX2-CBD12
and NCX3-CBD12 share similar affinities for Ca2+ at Ca3-C4 sites of CBD1, although
the occluded Ca2+ dissociates ~10-fold slower in skeletal muscle (AC) than in the
brain (BC) variants [23, 33]. Slower dissociation of occluded Ca2+ from the skeletal
variant matches the physiological needs, since in myocytes NCX must clear up much
more cytosolic Ca2+ than in neurons [23, 34–36, 49].

Short interdomain linker of CBDs is highly conserved among all known NCX
variants and play a critical role in Ca2+-dependent tethering/rigidification of CBDs
[29, 33–36, 49]. Deletion or elongation of this linker (501-HAGIFT-506) accelerates
(up to ~50-fold) the dissociation of occluded Ca2+, whereas it decreases the Ca2+
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binding affinity up to ~10-fold at the Ca3-Ca4 sites [34]. Slow dissociation of Ca2+

from the Ca3-Ca4 sites of CBD12 (assigned as an “occluded” Ca2+) was observed
for all tested NCX and CALX variants, meaning that interdomain coupling is
controlled by the linker [29, 33–36, 49–51]. G503 is the only residue in the linker
mutation for which aborts a slow dissociation of occluded Ca2+ and interdomain
CBDs movements, as reported by stopped-flow and SAXS techniques [36]. More-
over, the crystal structures of NCX1-CBD12 [29] and CALX-CBD12 [31, 32] show
that the dihedral φ/ψ angles at position 503 are only allowed for glycine and that any
other residue at this position would require rotation around the Cα atom of this
residue with resulting steric clashes in the protein structure. Moreover, patch-clamp
analysis of full-size NCX revealed that mutations of either G503 in mammalian
NCX1 or analogous G555 in CALX1.1 abort the Ca2+-dependent regulation [37, 38,
43]. Thus, the interdomain linker encodes crucial information for the dynamic
coupling of regulation in the NCX and CALX variants. Rapidly progressing genetic
tools may allow the usage of relevant mutations for investigating the physiological
roles of NCX in intact cells, tissues and organs [4, 5, 23]. Even though no mutations
of NCX have been discovered yet with disease consequences, it might be worthwhile
to mention that specific mutations in the two-domain interface of CBDs may abort
the Ca2+-dependent regulation of NCX. Under certain pathophysiological conditions
(e.g., an intensive physical load and/or stress conditions) the mutations aborting the
Ca2+-dependent regulation could be very dangerous, since the rates of NCX-mediated
extrusion would not match to required physiological needs for extruding the cytosolic
Ca2+ (e.g., during the action potential plateau and/or repolarization period). This may
lead to the overload of the intracellular Ca2+ stories (e.g., sarcoplasmic reticulum in
cardiomyocytes), which may cause life-threating arrhythmias, neuronal disorders (e.g.,
affecting the synaptic signal transmission), altered hormone secretion, etc. [4, 5, 13].

3.3.1 CBD12 Crystal Structures Highlight the Functional
Significance of the Two-Domain Interface

Although the crystal structures of the isolated CBD1 and CBD2 domains [28, 30]
have provided detailed information on the Ca2+ coordination chemistry, this
structural information does not explain the strong synergistic interactions between
the CBDs observed in the NCX and CALX variants. Only the discovery of the
two-domain tandem (CBD12) crystal structures [29, 31, 32] provided important
information that elucidated the structural basis of dynamic coupling associated with
Ca2+ binding.

The crystal structures of NCX1-CBD12-AD [29], CALX1.1-CBD12, and
CALX1.2-CBD12 [31, 32] have identified a relatively small contact area (~360 Å2)
between the CBDs, where the two-domain tandem adopts a wide-open (extended)
conformation with an interdomain angle of ~117�. These structural similarities are
especially interesting in light of striking differences in the NCX and CALX variants
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regarding their responses to regulatory Ca2+. Namely, Ca2+ interaction with Ca3-Ca4
sites of CBD1 activates NCX1-AD (and the other NCX variants), whereas in CALX
variants the Ca2+ binding to Ca3-Ca4 sites either inhibits (CALX1.1) or has no effect
(CALX1.2) [26, 37–39, 43]. Notably, isolated CBD1, CBD2, and CBD12 exhibit
nearly an identical coordination chemistry with a few (but critical) exceptions
[29, 31, 32]. Namely, E385 coordinates only Ca3 in isolated CBD1, whereas this
residue coordinates Ca2, Ca3, and Ca4 in the CBD12 of NCX1-AD, CALX1.1, or
CALX1.2. Most importantly, D499 forms bidentate coordination with Ca4 in
CBD12, in contrast with the monodentate coordination in isolated CBD1, which is
critical for Ca2+-dependent tethering of CBDs.

More than twenty residues are buried in the two-domain interface of CBDs, which
can be split up into three regions: hydrophilic, hydrophobic, and the FG-loop/α-helix
array [29, 31, 32]. The hydrophilic region embraces a focal interdomain electrostatic
network centered at R532 in CBD2, where R532 forms bifurcated hydrogen-bonded
and non-hydrogen bonded salt-bridges with D499 and D500 in CBD1 and D565 in
CBD2 (Fig. 3.3). The significance of this Ca2+-dependent tethering is that D499 and
D500 also participate in the coordination of the Ca3-Ca4 sites, while concomitantly
stabilizing the CBD interface. This interfacial region is highly conserved among
NCX and CALX variants. This highly sophisticated interdomain network of salt-
bridges clearly acts as the principal linchpin that holds the two CBDs together,
thereby representing a structural basis for Ca2+ occlusion. This Ca2+-dependent
interdomain tethering is a common module among NCX and CALX variants; it
underlies dynamic coupling, although the dissociation rates of occluded Ca2+ are
controlled by the exon assembly [23, 33–36, 49]. The physiological relevance of the
exon-dependent kinetic regulation of occluded Ca2+ dissociation is that it actually
controls NCX inactivation kinetics in diverse tissue-specific variants in order to
dynamically control the Ca2+ extrusion rates in different cell types [4, 5, 13]. This
feature is strikingly prominent when comparing the skeletal (AC) and neuronal (B and
BC) NCX3 variants, which exhibit ~10-fold differences in the occluded Ca2+ off-rates
at comparable Kd values for Ca

2+ binding [33].
The hydrophobic interfacial region contains residues from the Ca2+-binding EF

loop of CBD1, the linker, and the FG loop of CBD2. F450 serves as a core residue,
forming van der Waals interactions with H501, I628, A629, M631, and G632; this
region may limit linker flexibility through the Ca2+-dependent interaction of F450
with H501 [23, 29, 52]. The interfacial region, formed between the CD and EF loops
of CBD1 and the FG-loop (where alternative splicing occurs) and the α-helix of
CBD2 (next to the Ca3-Ca4 sites of CBD1), is engaged in a few incredible inter-
actions, although the involved residues are quite inaccessible to the bulk phase
(Fig. 3.3). In NCX1-CBD12-AD, most of the FG-loop of CBD2 is unstructured
except for a short α-helix region (620–629) in the C-terminal portion of the FG-loop,
where the side chains of this α-helix directly contribute to the CBD interface
[23, 29]. In contrast, the FG-loop of CALX1-CBD2 forms two-headed short helices
(H1 and H2) nearly perpendicular to the plane of β-sheets (Fig. 3.3) [31, 32]. Notably,
the α-helix regions of NCX and CALX are very close to the interdomain linker and
the Ca3-Ca4 sites of CBD1 (involved in the Ca2+-dependent tethering of CBDs).
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In conjunction with HDX-MS analyses, one may posit that the α-helix region of
NCX and CALX differentially control the strength and span of backbone rigidifica-
tion from the C-terminal of CBD1 toward the C-terminal of CBD2, upon the Ca2+

binding to the Ca3-Ca4 sites [23, 29, 50, 51]. Recent HDX-MS and SAXS analyses
of the CBD12 variants of NCX1, NCX2, NCX3, and CALX strongly support this
possibility, suggesting that the Ca2+-dependent propagation of backbone rigidifica-
tion within the CBD2 domain (but not within the CBD1 domain) may account for
regulatory differences among the NCX and CALX variants, exhibiting either posi-
tive, negative, or no response to Ca2+ [23, 50–52].

Fig. 3.3 Structure of the two-domain interface in NCX1-CBD12 and CALX1-CBD12. The
hydrophilic region of the two-domain interface includes a pivotal interdomain electrostatic network
centered at R532 in CBD2, where R532 forms bifurcated hydrogen-bonded and non-hydrogen
bonded salt-bridges with D499, D500 in CBD1 and with D565 in CBD2. D499 and D500 also
coordinate Ca2+ at the Ca3-Ca4 sites, thereby concurrently rigidifying the two-domain interface (the
CBD1 and CBD2 residues are in green and blue, respectively). The Ca2+-tethered salt-bridge
structure at the two-domain interface is nearly identical in NCX1-CBD12-AD (3US9), CALX1.1-
CBD12 (3RB5) and CALX1.2 (3RB7), involving specific interactions of the CBD1 Ca2+ binding
loops with the interdomain linker, the CBD2 flexible FG loop and the strictly conserved CBD2
BC loop. The interdomain linker owns flexibility (controlled by G503) that adjusts the right track of
Ca2+-mediated tethering of CBDs, whereas the relay of CBDs (upon Ca2+ binding) stabilizes the
stochastic oscillations of the linker to restrict CBD movements. F450 (in the hydrophobic core),
prevents the propagation of Ca2+-induced rigidification toward the N-terminal tip of CBD1.
In contrast with NCX1-CBD12, the two splice variants of CALX contain a “two-headed” helix
H1–H2 (nearby the FG-loop, next to the splicing segment)
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3.3.2 Ca2+ Dependent Rigidification Underlies Dynamic
Coupling of CBDs

NMR, SAXS, and HDX-MS studies demonstrated that the Ca2+-induced tethering
of CBDs, associated with a slow dissociation of “occluded” Ca2+ from CBD12,
constrains CBD movements [29, 33, 49, 53, 54]. Extended mutational analyses of
isolated CBD12 mutants provided further evidence for a critical role of interfacial
structural elements in a slow dissociation of occluded Ca2+ and in Ca2+-ependent
tethering of CBDs [36, 49, 51, 52]. For example, mutation of R532 (in the BC loop
of CBD2), which participates in an electrostatic interdomain network (by interacting
with D499 and D500 at Ca3-Ca4 on CBD1) aborts the slow dissociation of occluded
Ca2+. Thus, in CBD12 (but not in isolated CBD1 or CBD2), R532 controls Ca2+

occlusion through an interdomain salt-bridge network, although R532 is not directly
involved in Ca2+ coordination. Mutation of F540 also abolishes the slow dissociation
of occluded Ca2+, thereby revealing the functional importance of an interdomain
hydrophobic core in regulatory coupling [52]. On the one hand, the interdomain
linker possesses the needed flexibility (controlled by G503) to put on the right track
the Ca2+-mediated tethering of CBDs, whereas on the other hand, the relay of CBDs
(upon Ca2+ binding) stabilizes the stochastic oscillations of the linker to restrict
CBD movements [36, 53, 54]. Most probably, the dissociation of the first Ca2+ ion,
accompanied by the interdomain salt-bridges, prevents the complete unfolding of
Ca3-Ca4 sites in CBD1 by electrostatic compensation, thereby enabling occlusion
of the remaining ion. Following dissociation of the second Ca2+ ion, CBD1 binding
sites may undergo further unfolding. Since the CBD interface is highly conserved
among NCX variants [29, 31, 32], the covalent linker and the interdomain salt-
bridge are ascribed to a two-in-one module for dynamic coupling in NCX and
CALX. The splice segment modulates the dynamics of the common interdomain
module to modify the Ca2+-dependent regulation of NCX and CALX variants.

3.4 Structure-Dynamic Basis for Ca2+ Evoked Decoding
of Regulatory Massage

High-resolution X-ray structures of isolated CBD12 from CALX1.1 and CALX1.2
display small differences in the interdomain angle (~8�) between the CBDs, which
were suggested as the structural basis for differential regulatory responses to regu-
latory Ca2+ [32]. According to this rationale, the interdomain angle in CBD12 might
significantly differ in CALX1.1 (Ca2+ binding to Ca3-C4 sites has an inhibitory
effect) and in NCX1-AD (Ca2+ binding to Ca3-C4 sites has an activating effect),
since they exhibit diverse regulatory responses to Ca2+. In disagreement with this
proposal, however, the interdomain angle of Ca2+-bound CBD12 is nearly identical
for NCX1-CBD12-AD (117.4�) and CALX1.1-CBD12 (117.7�), meaning that
the CBD alignment cannot account for regulatory diversity in NCX and CALX
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orthologs [29, 32]. SAXS and HDX-MS analyses revealed that the Ca2+-dependent
tethering of CBDs rigidifies the CBD interface in all tested variants of NCX1 and
CALX, although the strength, expansion, and remoteness of Ca2+-dependent rigid-
ification varies among variants [23, 29, 49–51].

SAXS analyses of isolated NCX1-CBD12 (AD, BD), NCX2-CBD12, and
NCX3-CBD12 (B, BC) revealed that whereas the global structural parameters
(e.g., the maximal intramolecular distance, the radius of gyration) are largely similar
in the apo- and Ca2+-bound forms, the Ca2+ binding narrows the conformational
distributions [29, 36, 49–52]. Namely, Ca2+ binding to the Ca3-Ca4 sites results in a
population shift of conformational states, where more constrained conformational
states become more populated at a dynamic equilibrium [49]. SAXS analyses
showed that Ca2+-bound conformational distributions of CALX1.1-CBD12 and
CALX1.2-CBD12 are nearly identical to those of NCX1-CBD12, NCX2-CBD12,
and NCX3-CBD12 [23, 29, 36, 49–51]. Consistent with the population shift mech-
anism, NMR analysis of the NCX1 and CALX variants of CBD12 showed that Ca2+

binding to Ca3-Ca4 sites restricts the linkers’ flexibility and CBDs motions
[53, 54]. Thus, Ca2+ occlusion at the Ca3-Ca4 sites of the NCX and CALX variants
rigidifies the backbone dynamics through the Ca2+-dependent tethering of CBDs.
The strength and extent of Ca2+-dependent rigidification differ in an exon-dependent
manner, as has been shown by HDX-MS [50–52]. NMR analyses of apo NCX1-
CBD12-AD showed that Ca2+ binding restricts the linker’s flexibility without
altering the CBDs’ alignment [54]. Similar NMR data obtained for CALX1.1-
CBD12 [53], meaning that a “population shift” is the common mechanism for the
NCX and CALX variants. The Ca2+-dependent dynamic coupling may involve
numerous conformational transitions with small energetic barriers in the absence
of large conformational changes [10, 12, 23]. In all tested variants the Ca2+-induced
rigidification propagates from the Ca3-Ca4 sites of CBD1 to CBD2 through the
two-domain interface, whereas F450 prevents the signal propagation from the
Ca3-Ca4 sites to the N-terminal of CBD1 [49, 50, 52]. Thus, the Ca2+ binding to
the Ca3-Ca4 sites of CBD1 rigidifies CBD2 (but not CBD1), where the Ca2+-
induced signal propagates from the C-terminal of CBD1 to the C-terminal tip
of CBD2.

3.5 Exon-Specific Roles in Editing the Regulatory Massage

HDX-MS experiments demonstrated that strength and extent of Ca2+-dependent
rigidification strikingly differ in the NCX1-CBD12-AD, CALX1.1-CBD12, and
CALX1.2-CBD12 variants which may account for regulatory differences in these
variants [23, 50–52]. Namely, in the Ca2+-activated variant (NCX1-CBD12-AD)
the backbone rigidification spans from the Ca3-Ca4 sites of CBD1, through the
α-helix of CBD2 up to the C-terminal tip of CBD2 over a distance of 30–50 Å,
whereas the Ca2+-dependent rigidification stops at the CBD2 α-helix in the Ca2+-
inhibited variant (CALX1.1-CBD12) [51]. An intermediate picture is observed for
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CALX1.2-CBD12 (exhibiting no response to regulatory Ca2+). Significant differ-
ences in the backbone dynamics observed even between the CALX1.1-CBD12 and
CALX1.2-CBD12 variants [51], meaning that five additional residues in the splicing
segment affect the strength and expansion of Ca2+-dependent rigidification
within CBD2).

In general, it is widely accepted that splicing segments contain intrinsically
disordered regions [10–12, 55, 56]. Despite their inability to achieve a “discrete”
and stable tertiary structure, intrinsically disordered regions adopt a defined con-
formation upon ligand binding, thereby allowing “dynamic coupling” to occur
[10, 12]. Consistent with this, the Ca2+ binding to CBDs results in a population
shift of preexisting conformational states without undergoing large conformational
changes [23, 29, 49, 51, 52]. Systematic analyses of NCX1-CBD12 and NCX3-
CBD12 splice variants with stopped-flow, equilibrium binding, along with HDX-MS
techniques strongly support the notion that the mutually exclusive exons, A and B,
have opposite and reciprocal effects on CBD stability [49, 50, 52]. For example, in
NCX1 exon B increases the Ca2+ affinity at the Ca3-Ca4 sites of CBD1 with a slower
dissociation of occluded Ca2+ and prevents Ca2+ binding to CBD2 [34–36]. Consistent
with this, exon B effectively stabilizes the Ca2+-sites of CBD1, while destabilizing the
Ca2+ sites of CBD2, as revealed by HDX-MS [51, 52]. Exon A of NCX1 effectively
stabilizes the Ca2+ sites of CBD2, whereas it destabilizes the Ca2+ sites of CBD1
[52]. Notably, the roles of the A and B exons are somewhat different in NCX3 and
NCX1 [50–52]. Namely, in NCX3, exon A destabilizes the Ca2+ binding sites of
CBD2 (no Ca2+ binding to CBD2) and stabilizes the Ca2+ binding sites of CBD1,
whereas exon B enhances the Ca2+ binding capacity and affinity at CBD2 (three Ca2+

ions bind to CBD2 since K585 is replaced by glutamate) and destabilizes the Ca2+

binding at CBD1 [8, 14]. HDX-MS analyses of NCX3-CBD12-AC, NCX3-CBD12-
B, and NCX2-CBD12-BC revealed that exons A and B play different roles in
stabilizing the CBD1 and CBD2 sites in NCX3 and NCX1 [50].

In contrast with mutually exclusive exons, the cassette exons (C, D, E, F) do not
affect the dynamic features of apo CBD1, rather than rigidifying the flexibility of the
interdomain linker and of CBD2 upon Ca2+ binding [23, 29, 50, 51]. For example,
the FG-loop/α-helix region of CBD2 is similarly stabilized in both NCX1-CBD12-BD
and NCX1-CBD12-ACDEF, as compared with NCX1-CBD12-AD [51, 52]. Thus,
both mutually exclusive and cassette exons control the strength and extent of Ca2+-
dependent rigidification within CBD2. Thus, the combined actions of mutually
exclusive and cassette exons ensure a fine tuning of Ca2+-dependent activation
(controlled by CBD1) and Ca2+-dependent alleviation of Na+-induced inactivation
(controlled by CBD2). Notably, the gradual addition of cassette exons to the splicing
segment (e.g., in NCX1-CBD12-ACDEF) increasingly stabilizes the Ca2+-bound
CBD12 [34, 51, 52]. This is quite intriguing, since the existence of intrinsically
disordered segments contradicts with the high entropic cost that the system must
acquire upon ligand binding. One possibility is that unfolded linear structures at the
splicing segment minimize the entropic cost of ligand binding through enthalpy
compensation [10, 12, 55, 56]. Thus, the lengthening of a splicing segment by
adding cassette exons may govern the enthalpy-compensated entropy cost that
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enables the fine-tuning of regulation. We posit that the exon-controlled balancing
between the translational and rotational movements of CBDs distinctively shape the
propagation of allosteric massage from the C-terminal of CBD1 (Ca3-Ca4 sites)
through the linker toward the C-terminal of CBD2. It remains to be discovered how
the allosteric signal propagates from the C-terminal tip of CBD2 to membrane-
embedded ion-transport domains (presumably to TM6) [13, 23].

3.6 Conclusions

Multidisciplinary studies reported synergistic interactions between the CBDs that
shape the dynamic range and the kinetic features of Ca2+-dependent regulation in
NCX variants, thereby providing insights into the mechanisms underlying CBD
interactions in isolated CBD12 and full-size NCX1. According to these studies, the
isolated preparations of CBD12 largely represent the Ca2+ sensitivity and kinetics of
Ca2+-dependent regulation in their matching of full-size NCX variants. Thus, iso-
lated CBD12 serves as an ideal model for investigating the structure-dynamic
mechanisms underlying the allosteric regulation specificities in NCX variants. The
interactions between CBD1 and CBD2 in the context of CBD12 results in increased
affinity for Ca2+ at CBD1 and slow dissociation of an “occluded” Ca2+ ion from
CBD1. Alternative splicing at CBD2 not only affects the Ca2+ binding affinity and
capacity at CBD2—it also affects the Ca2+ interactions with CBD1, establishing up
to 50-fold differences both in the Ca2+ binding affinity and the Ca2+ off-rates of
occluded Ca2+ in NCX1. NCX2 and NCX3 also exhibit synergistic interactions
between the CBDs, similarly to NCX1. NCX3 variants exhibit similar Ca2+ affinity
at CBD1, but the dissociation rate of occluded Ca2+ is ~10-fold slower in skeletal
muscle than in the brain variants. These differences in Ca2+ affinity and off-rates at
the Ca3-Ca4 sites may have physiological relevance for diversifying regulatory
responses in full-size NCX variants expressed in a tissue-specific manner.

X-ray crystallography and stopped-flow studies revealed that Ca2+ binding to
CBD1 results in Ca2+ occlusion and tethering of CBD1 and CBD2 through the
formation of a hydrogen-bonded salt-bridge network at the two-domain interface,
which yields a more stable (rigidified) structure upon Ca2+ binding. The crystallo-
graphic structures of the CBD12 variants of NCX and CALX, exhibiting positive,
negative, and no response to regulatory Ca2+, display nearly identical interdomain
angles between CBD1 and CBD2, meaning the two-domain alignment does not
shape the regulatory specificity. In agreement with this, SAXS studies revealed that
Ca2+ binding and occlusion at the interface of NCX1-CBD12 splice variants induces
a shift towards narrowly distributed, elongated conformations, as predicted by
the population shift mechanism. Thus, the Ca2+-dependent tethering and occlusion
of Ca2+ at the two-domain interface restricts interdomain CBD movements through
a population shift, which is a common mechanism for variants exhibiting positive,
negative, and no response to regulatory Ca2+. Finally, HDX-MS analyses of NCX1,
NCX2, and NCX3 variants of CBD12 have shown that Ca2+ binding mainly
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rigidifies the backbone dynamics of the interdomain linker and CBD2 (and not
CBD1), whereas the alternative splicing of CBD2 secondarily modifies the location,
strength, and expansion of rigidification throughout CBD2. Importantly, the Ca2+-
induced effects on CBD2 backbone dynamics correlate well with the regulatory
specificity found in the matching splice variants of full-size NCX variants. Thus,
NCX variants share a common mechanism for the initial decoding of the regulatory
signal upon Ca2+ occlusion and tethering of CBDs (i.e., through the population shift
mechanism), whereas alternative splicing of CBD2 controls the propagation and
strength of Ca2+-dependent rigidification and thereby, diversifies the regulatory
response. The mutually exclusive exons, A and B, diversely stabilize/destabilize
the Ca2+-bound states of CBDs in NCX1 and NCX3, whereas the cassette exons
(C, D, E, and F) stabilize the interdomain linker upon Ca2+ binding. Jointly merged
modes of mutually exclusive and cassette exons can properly balance between the
two regulatory pathways—the Ca2+-dependent activation (controlled by CBD1) and
the Ca2+-dependent alleviation of Na+-induced inactivation (controlled by CBD2)
in a given variant [9, 51].
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Chapter 4
The Endoplasmic Reticulum
and the Cellular Reticular Network

Luis B. Agellon and Marek Michalak

Abstract The endoplasmic reticulum and the other organelles of the eukaryotic cell
are membrane-bound structures that carry out specialized functions. In this chapter, we
discuss strategies that the cell has adopted to link and coordinate the different activities
occurring within its various organelles as the cell carries out its physiological role.

Keywords Calcium signaling · Cell stress · Cellular reticular network ·
Homeostasis · Membrane contact sites
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ATF6 activating transcription factor 6
BiP immunoglobulin binding protein
ER endoplasmic reticulum
ERAD ER-associated degradation
ERMAS ER-mitochondria encounter structure
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InsP3 inositol-1,4,5-trisphosphate
IRE serine/threonine-protein kinase/endoribonuclease inositol-requiring
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RER rough ER
SARAF SOCE-associated regulatory factor
SCAP SREBP cleavage activating protein
SER smooth ER
SERCA sarcoplasmic/endoplasmic reticulum Ca2+-ATPase
SOCE store-operated Ca2+ entry
SR sarcoplasmic reticulum
SREBP sterol-response element-binding protein
STIM stromal-interacting molecule
RyR ryanodine receptor
UPR unfolded protein response
Xbp1 X-box binding protein 1

4.1 Introduction

A defining feature of eukaryotic cells is the compartmentalization of various cellular
functions specialized within organelles. These organelles are separated from each
other by membranes and provide distinct protected environments where the cell can
carry out various specialized functions at greater efficiencies by populating these
structures with a unique set of proteins and lipids that can partition the required set of
metabolites. On the other hand, segregation of functions poses a problem regarding
substrate and metabolite exchange among membrane-bound compartments as well
as intracellular communication that is essential for coordination of cellular metabolic
activities. Recent developments have provided insights into the strategies employed
by the cell to overcome the problem.

4.2 The ER

The ER is an extensive system of membranes arranged as a “net-like” network that in
many cases occupies most of the interior of the cell (Fig. 4.1). This organelle houses
a variety of critical ATP-requiring functions, such as maintenance of cellular
homeostasis, synthesis of membrane-associated, luminal and secreted proteins,
correct folding of proteins and glycoproteins, post-translational modification of
proteins, lipid and steroid synthesis, Ca2+ storage and signaling, to name a few [1–
3]. In some cellular systems, the ER provides specialized functions such as support
of excitation-contraction in muscle (sarcoplasmic reticulum, SR), detoxification as
well as lipid synthesis (smooth ER, SER) such as in hepatic and intestinal cells,
support of protein secretory functions such as in pancreatic and liver cells (rough ER,
RER), and activation of cells of the immune and nervous systems (Ca2+ signaling).
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To perform these diverse functions, the ER engages a wide assortment of
multifunctional integral membrane and luminal chaperones, folding enzymes and
sensor molecules [4]. Chaperones are specialized proteins that assist in folding of
polypeptides and in the assembly of multi-subunit proteins while folding enzymes
accelerate folding process by supporting posttranslational modifications of newly
synthesized proteins [5, 6]. Folding sensors play a key role in recognition of the
properly folded or malfolded proteins [7]. These proteins are not only involved in
ensuring the fidelity of protein folding, posttranslational modifications of newly
synthesized proteins, but also contribute to storage of Ca2+ ions, facilitation of Ca2+

signaling, lipid and steroid synthesis and modification, and many other cellular
roles beyond those occurring within the ER lumen [1, 8–11]. The ER also contains
membrane-associated proteins that support cellular lipid and steroid synthesis
[8, 9]. Importantly, ER resident chaperones and folding enzymes are major luminal
ER Ca2+ binding proteins, and together with the inositol-1,4,5-trisphosphate (InsP3)
receptor/Ca2+ release channel, the ER Ca2+-ATPase (SERCA) pump and
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Fig. 4.1 Cellular reticular network and interorganellar membrane contacts sites. The figure depicts
the joining of ER membranes to cellular organelles to form the cellular reticular network from the
plasma membrane to the nuclear envelope. The membrane contact sites enable rapid distribution
and exchange of substrates, metabolites and signalling molecules to support proteostasis and
lipidostasis. Calr calreticulin, Casq calsequestrin, Canx calnexin, PDI protein disulfide isomerase,
RER rough endoplasmic reticulum, SER smooth endoplasmic reticulum
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ER-associated Ca2+ sensors stromal interacting molecule (STIM) proteins, are vital
for Ca2+-based intracellular communication [2, 12, 13]. The ER membrane also
contains an assortment of integral membrane kinases, which together with the
ER-resident chaperones and folding enzymes, regulate ER stress responses
allowing cellular adaptation to many challenges originating from environmental,
metabolic and intrinsic demands [14, 15]. Some organelles, such as mitochondria
and nucleus, are also equipped with additional specialized stress coping mecha-
nisms [16–20]. These mechanisms work in concert with ER stress coping strategies
to preserve or regain cellular homeostasis and prevent cellular dysfunction.

4.3 ER and Ca2+ Homeostasis

The ER is the main site of intracellular Ca2+ storage and physiological source of Ca2+

for intracellular signaling [2]. Disruption of Ca2+ homeostasis within the ER as well
as release of Ca2+ from ER stores activate transcriptional and translational cascades
that produce components involved in key pathways, such as the unfolded protein
response (UPR), protein folding, ER-associated degradation (ERAD), expansion of
the membrane systems as well as apoptosis [2, 12, 13]. Many of the ER proteins
involved in Ca2+ binding and signaling also participate in nearly all critical ER
functions [4, 21–25]. These proteins collectively make up the luminal ERCa2+ stores,
maintaining the total Ca2+ concentration in the ERwithin the μM tomM range, which
is critical for the preservation of the integrity and survival of the cell. Among these ER
resident Ca2+ binding proteins, calreticulin represents the major protein responsible
for sequestering approximately 50% of luminal ER Ca2+ [26]. Other ER chaperones,
GRP94 and GRP78 (also known as immunoglobulin binding protein or BiP) have
relatively low capacity for binding Ca2+ and contribute approximately 30% of the
total luminal ER Ca2+ store by virtue of their abundance [27–29]. The remaining
balance of the luminal ER Ca2+ store is bound to proteins such as ER resident
oxidoreductases, a PDI-like family of proteins [30–32]. In some cell types, such as
muscle cells, calsequestrin is the major Ca2+ binding protein in the lumen of SR
[33, 34].

4.4 ER-Plasma Membrane Connection: Store-Operated
Calcium Entry

After the release of Ca2+ from the ER stores, the cell engages a recovery system to
restore cellular Ca2+ levels to the initial state and replenish luminal ER Ca2+ stores
via the action of the SERCA pump. Depletion of luminal ER Ca2+ stores leads to
activation of store-operated Ca2+ entry (SOCE) mechanism [13, 35–37], a concept
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initially proposed by Putney [38]. SOCE is an excellent example of coordination of
Ca2+ signaling between the ER lumen, the plasma membrane and the extracellular
environment. This process involves the ER-resident Ca2+ sensors STIM proteins and
plasma membrane Ca2+ channels known as Calcium Release-Activated Calcium
Modulator (ORAI). STIM senses reductions in luminal ER Ca2+ stores, resulting in
oligomerization of STIM and complex formation with ORAI [37, 39, 40] bringing
plasma membrane Ca2+ channels close to ER membrane embedded Ca2+ pumps.
This ORAI-STIM interaction effectively causes the influx of Ca2+ from the extra-
cellular milieu, increasing cytoplasmic Ca2+ levels and subsequently refilling of the
luminal ER Ca2+ stores.

In vertebrates, there are two isoforms of STIM proteins, STIM1 and STIM2
[13]. STIM1 is activated by receptor-mediated ER Ca2+ release whereas STIM2 is
involved in maintaining resting ER Ca2+ concentration [41]. Both isoforms are
ubiquitously expressed and share common structural features. STIM1 and STIM2
contain a single transmembrane domain and two EF-hands, a helix-loop-helix
structural motif characteristic of Ca2+-binding proteins [42], which are important
for the Ca2+ sensing activity. In addition to the N-terminal EF-hands, STIM proteins
contain the sterile α motif (SAM) domain and three coiled-coil domains (CC1-3) at
their C-terminal end, which are exposed to the cytoplasm and important for interac-
tion with ORAI [13]. ORAIs are plasma membrane proteins with four transmem-
brane domains, which function as a Ca2+ channel. The crystal structure of ORAI
from Drosophila melanogaster revealed that the Ca2+ channel is comprised of a
hexameric assembly of ORAI subunits arranged around a central ion pore [43]. In
mammalian cells, there are three isoforms of ORAI proteins, namely ORAI1, ORAI2
and ORA3. All the ORAI isoforms support functional SOCE [44]. ORAI1 and
ORAI3 form multimeric Ca2+ channels that are also regulated in a Ca2+ store-
independent way by lipid messengers arachidonic acid and leukotriene C4 [45–
47]. No interaction between STIM and ORAI is apparent at resting ER Ca2+ levels,
but upon depletion of the luminal ER Ca2+, STIM molecules oligomerize due to
conformation changes at the CC1 domain. The STIMmultimers then recruit and gate
the ORAI channels at ER and plasma membranes junctions. The ER also contains a
negative regulator of SOCE, known as SOCE-associated regulatory factor
(SARAF), that associates with STIM to facilitate slow Ca2+-dependent inactivation
thus protecting cells from Ca2+ overfilling. STIM-ORAI signaling requires addi-
tional associated proteins including CRACR2A, STIMATE, junctate, POST, and
septins [13]. Luminal ER oxidoreductase PDIA3 can also control STIM function,
and consequently STIM1-induced SOCE, by binding to two conserved cysteines in
the luminal domain of STIM1 [48]. Additionally, PDIA3 can regulate SERCA2b, a
non-muscle isoform of SERCA, enabling further dynamic control of ER Ca2+

homeostasis [49]. The actions of PDIA3 illustrate how multiple ER activities, such
as protein folding and posttranslational modification, are linked with Ca2+ transport
and maintenance of ER Ca2+ homeostasis.
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4.5 ER and Protein Quality Control

Considering that over 30% of proteins are synthesized and processed in the ER, it is
not surprising that the ER has evolved a sophisticated protein quality control system
to preserve proteostasis [1, 3, 10, 11, 50, 51]. Proteostasis (protein homeostasis)
refers to optimal folding and function of proteome [51]. Proteostasis is accomplished
by an elaborate mechanism that integrates key cellular processes, namely
biosynthethic and degradative pathways as well as control of gene transcription.
Disrupted proteostasis is detrimental for the survival of the cell and health of the
organism. The cell has a wide repertoire of molecular chaperones, which include
cytoplasmic heat shock proteins (HSPs) [52], a subset of glucose regulatory proteins
(GRP78/BiP and GRP94), the lectin chaperones calreticulin, calnexin, and ER
degradation-enhancing α-mannosidase-like protein [53, 54]. These chaperones are
specialized with respect to their substrates. For example, calreticulin, calnexin and
PDIA3 are the proteins that make up the core machinery responsible for ensuring
quality control of newly synthesized glycoproteins [1, 3, 10, 11, 51]. The
ER-associated oxidoreductases [protein disulphide isomerases (PDIs) and peptidyl
prolyl isomerases (PPIs)], oligosaccharide transferases, glucosidases and
mannosidases are responsible for protein modifications such as disulfide bond
formation and N-linked glycosylation [1, 50, 55–57]. Depletion of luminal ER Ca2+

inhibits chaperone function causing a global ER stress and disrupted proteostasis
[22, 58, 59].

4.6 ER and Cellular Stress Coping Response Strategies

Loss of nutrients/energy homeostasis is a universal feature defining the induction of
ER stress and impacts on all aspects of cellular function. Ca2+ signaling may be the
principal mechanism involved in recognizing, communicating the state of cellular
reticular homeostasis, and coordinating the activities to multiple corrective strate-
gies. Mitochondria and the nucleus also developed stress responses to prevent
cellular dysfunction due to stress challenges, environmental and metabolic demands
[16–20, 60]. Activation of the UPR leads to translational attenuation to prevent
synthesis of new proteins in the ER, transcriptional induction of genes encoding
chaperones, folding enzymes and other proteins involved in ERAD, controlled
degradation of misfolded proteins, and activation of apoptosis if the cell is unable
to re-establish ER homeostasis [14]. The UPR coping strategy in the ER is thought to
be comprised of three separate pathways, each controlled by distinct ER-associated
integral membrane sensor proteins: the ER kinase dsRNA-activated protein kinase-
like ER kinase (PERK), activating transcription factor 6 (ATF6), and inositol-
requiring enzyme 1 (IRE1) embedded in the ER membrane and complexed with
GRP78/BiP in the lumen of the ER [14]. Additionally, a controlled self-digestion
and degradation process known as autophagy, is stimulated to help promote cell
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survival by eliminating damaged cellular components [8, 61, 62]. Autophagy may
also provide the cell with a short-term source of raw materials (such as amino acids
and fatty acids) and energy substrates [63].

Luminal ER Ca2+ binding proteins, such as GRP78/BiP, and the Ca2+-dependent
microRNA miR-322 have been identified as bonafide regulators of UPR
[64, 65]. Calreticulin, a major ER Ca2+ binding protein, associates with ATF6 in a
carbohydrate-dependent manner, and together with GRP78/BiP (also an ER Ca2+

binding protein), maintains ATF6 in its transcriptionally inactive membrane-bound
precursor state [66]. PDIA5, under stress conditions, promotes ATF6α export from
the ER and activation of its target genes [67]. PDIA6 is a regulator of IRE1 activity
in response to depletion of luminal ER Ca2+ stores [64, 68]. The binding of PDIA6
with the luminal domain of IRE1α in a cysteine-dependent manner has been shown
to enhance IRE1α activity [64, 68]. This effect is specific for the IRE1α branch since
PDIA6 has no influence on the activity of the PERK branch of the UPR pathway
[64, 68]. Depletion of luminal ER Ca2+ and activation of SOCE reduces the
abundance of the microRNA miR-322, which in turn regulates PDIA6 mRNA
stability and consequently IRE1α activity [64]. Other microRNAs have been
shown to regulate components that maintain ER homeostasis, including channels
that control Ca2+ fluxes across the ER membrane [69]. The expression of these
microRNAs is sensitive to changes in ER Ca2+ homeostasis [69]. The luminal ER
environment (amount of Ca2+, composition of ER resident proteins) together with
non-coding RNAs including microRNAs cooperate to control UPR status and to
maintain homeostasis within the entire cellular reticular network [64, 69, 70].

4.7 ER and Lipid Metabolism

Cellular membranes are comprised of proteins as well as lipids, which include
phospholipids, glycolipids and sterols [71]. The lipid constituents are not evenly
distributed throughout the membrane systems of the cell. The plasma membrane and
organellar membranes have characteristic lipid compositions which defines their
identity. For instance, unesterified cholesterol is typically abundant in the mamma-
lian plasma membrane and rare in ER membranes. Cardiolipin is enriched in
mitochondrial membranes. Membrane leaflets may display lipid asymmetry as
observed in the plasma membrane where phosphatidylserine is present in greater
abundance in the inner leaflet whereas phosphatidylethanolamine is more highly
represented in the outer leaflet. These lipids serve not only a structural role but also
as a source of lipid metabolites that act as signaling molecules such as InsP3,
diacylglycerols and others [71]. Heterologous membrane systems do not readily
mix or merge largely due to the physicochemical properties imparted by their distinct
lipid compositions. It is thought that fusion of dissimilar membranes requires the
action of specific proteins present at the sites of membrane interactions [71, 72]. The
unique lipid composition of the plasma membrane and organellar membranes may
also partly determine the characteristic proteome associated with these different
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membrane systems by virtue of specific lipid-protein interactions that promote the
retention of specific proteins in certain types of membrane environments.

Membrane lipid homeostasis, or lipidostasis, involves regulated synthesis of
certain lipid species and lipid quality control to remove damaged lipids [51]. The
ER is the major site of membrane lipid synthesis, although other organelles partic-
ipate in producing biosynthetic intermediates, as in the case of phosphatidylserine
synthesis (involves mitochondria) [73] and cholesterol synthesis (involves peroxi-
somes) [74, 75]. The enzymes responsible for these reactions are either embedded in
membranes or located in the lumen of the organelles. Conversion of cholesterol into
other bioactive compounds, such as steroid hormones, vitamin D metabolites and
bile acids, also occurs in the ER in conjunction with other organelles [76, 77]. Vita-
min D is known as a major regulator of systemic Ca2+ homeostasis [78] and is also
important in the maintenance of cell signaling pathways [12]. The secondary bile
acid known as ursodeoxycholic acid is a potent proteostasis promoter [79]. Consid-
ering the intimate relationships between specific lipids and proteins that comprise the
various membrane systems of the cell, we propose that the coordination of
lipidostasis and proteostasis is a key aspect necessary for assembly of functional
membrane units to preserve cellular function and viability [51]. A recent study
established that specific amino acid residues within the transmembrane domain of
SERCA make ordered contacts with membrane phosphatidylcholine residues that
surround the transmembrane domain to facilitate Ca2+ transport into the cell
[80]. Disrupted lipidostasis is likely to curtail SERCA function and thus impair
cellular Ca2+ homeostasis.

The induction of the UPR has been observed to induce phosphatidylcholine
synthesis. This was initially attributed to the activation of the IRE1 branch of the
pathway since enforced expression of Xbp1s mRNA could recapitulate the effect of
UPR induction [81]. The increase in the synthesis of phosphatidylcholine supports
expansion of ER membranes and is likely a part of the response to resolve ER stress.
Interestingly, there were no changes in the abundance of mRNA of genes that are
known to participate in the synthesis of phosphatidylcholine, suggesting that induc-
tion of membrane lipid synthesis is accomplished via posttranscriptional mecha-
nisms. ATF6 was also found capable of stimulating phosphatidylcholine synthesis in
an Xbp1s-independent fashion [82]. It is not clear how these transcription factors
augment phosphatidylcholine synthesis. Nevertheless, the findings support for the
notion that lipidostasis is linked to proteostasis, considering that membrane assem-
bly is a concerted process involving both lipids and proteins.

Deletion of calreticulin dramatically reduces luminal ER Ca2+ stores, and causes
the extreme elevation of blood lipids in mice and intracellular lipid accumulation in
worms [83]. Sterol response element binding proteins (SREBPs) are master regula-
tors of lipid homeostasis by regulating the expression of genes involved in choles-
terol and triacylglycerol metabolism [9, 84, 85]. There are three SREBP isoforms
known as SREBP-1a, SREBP-1c (both encoded by the SREBP1 gene) and SREBP-
2 (encoded by the SREBP2 gene). These transcription factors are synthesized as
precursor ER integral membrane proteins. Structurally, the SREBPs are composed of
a transcription factor domain located in the N-terminal region of the protein, a
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transmembrane domain, and a regulatory domain located in the C-terminal region of
the protein that interacts with another ER membrane protein known as SREBP
cleavage activating protein (SCAP). SREBP processing is triggered by the reduction
of unesterified cholesterol concentration in the ER membrane [86]. When
unesterified cholesterol is abundant in the ER membrane, the SREBP-SCAP com-
plex is retained in ER. However, when the ER membrane is depleted of unesterified
cholesterol, the SREBP-SCAP complex migrates to the Golgi apparatus where
SREBP is sequentially processed by two Golgi resident proteases known as Site-1
and Site-2 proteases, respectively, to release its N-terminal fragment which is the
active transcription factor. A recent discovery has added a twist in the complexity of
this regulatory framework by elaborating the existence of a link between luminal ER
Ca2+ homeostasis and cholesterol metabolism [83]. The direct reduction of the
luminal ER Ca2+ caused the shrinkage of the unesterified cholesterol pool in the
ER that triggers SREBP processing without altering the size of the total intracellular
unesterified cholesterol pool [83]. This finding suggests that the size of the luminal
ER Ca2+ pool may be involved in determining the basal sensitivity setpoint of the
cholesterol sensing mechanism inherent to the SREBP processing pathway, and thus
highlight the importance of luminal ER Ca2+ homeostasis in lipid metabolism.

4.8 ER and Membrane Contact Sites

The compartmentalization of specialized functions within discrete membrane bound
organelles creates a challenge for efficient transport and exchange of molecules
between compartments. Recent studies have documented the promiscuity of ER
membranes for forming contacts with the plasma membrane and other organelles
(mitochondria, peroxisomes, lysosomes, endosome, trans-Golgi, phagosomes,
nuclear envelope) including lipid droplets [87–95]. These membrane contact sites
occur between two heterologous membranes that are situated in very close
proximity, approximately 10–30 nm, from each other and appear to be highly
stable [36, 96, 97] except for STIM-ORAI (ER-plasma membrane) contacts which
form transiently in the process of replenishing cellular Ca2+ stores. Contacts between
other organelles, not involving the ER, have not been observed. It is also noteworthy
that membrane contact sites between ER membranes with ribosomes (i.e., RER)
and other organellar membranes are observed, implying possible functional hetero-
geneity in the membranes that make up the ER [93]. The joining of ER membranes
to organellar membranes forms the cellular reticular network [14] characterized by
interconnected membranes, tubules, vesicles and cisternae spanning the plasma
membrane to the nuclear envelope linked together by membrane contacts sites that
form portals that facilitates rapid passage of transport of substrates and metabolites
(such as nutrients, biosynthetic intermediates, ATP) and signaling molecules (such
as lipid messengers, Ca2+ ions) (Fig. 4.1) [14, 36, 94, 95, 98].

Recent studies have determined the identity of some of the molecules associated
with membrane contacts sites [94, 99–101]. Proteins found at these structures
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include Ca2+ binding proteins (e.g., STIM, ORAI, SERCA, RyR), chaperones,
transporters, and lipid binding and lipid transfer proteins. Membrane contact sites
may represent highly specialized sites of function as suggested by studies on
phospholipid synthesis [73, 102]. The existence of these structures may account
for the rapid non-vesicular transport of various lipid metabolites between organelles,
such as during biosynthesis of membrane lipids and cholesterol. Indeed, many of the
proteins that have been characterized are lipid transfer proteins, whose substrates
include fatty acids, phospholipids, sterols and their metabolites including those that
serve as messengers [99, 103, 104]. In yeast, several specialized proteins associated
with membrane contact sites between ER and mitochondria have been identified.
These proteins form a functional unit referred to as ER-mitochondria encounter
structure (ERMES) [96, 103, 105]. The equivalent functional unit in mammalian
cells has not been described.

Furthermore, release of luminal ER Ca2+ generates areas of Ca2+ microdomains
characterized by a high Ca2+ concentration and occur at the contact region between
the ER and plasma membrane where Ca2+ channels on the plasma membrane open
[37, 39, 40]. The formation of ER-membrane contacts and the complexity of Ca2+

signaling proteins in these microdomains accounts for the specific characteristics of
discrete Ca2+ signals [89]. One of the best characterized membrane contacts are
those formed between skeletal and cardiac muscle T (transverse)-tubules (extensions
of the plasma membrane) and the SR [106–109]. These membrane contacts are the
driving force to support excitation-contraction coupling in the muscle and the
mechanisms behind the Ca2+-induced Ca2+ release in the cardiac muscle
[110]. Membrane contacts between ER and mitochondria and Ca2+ microdomains
that form between InsP3R and Ca2+ uniporters on the mitochondria support uptake of
Ca2+ by mitochondria to match energy supply by Ca2+-dependent stimulation of
oxidative phosphorylation [95, 111].

This versatile arrangement of contacts between ER and organellar membranes
offers the cell an ability to influence and/or support highly specialized functions
throughout the cellular reticular network. Impairment of the ER-organellar contact
sites might be involved in the pathogenesis of diseases such as neurodegenerative
diseases [51]. Understanding how the process involved in the formation, mainte-
nance and function of ER-membrane contact sites are regulated will provide insight
into the role of ER Ca2+ in coordinating gene expression and cellular function.

4.9 Conclusions

The ER is an extensive network of membranes that occupies a major proportion of
the cell interior. The ER and the other organelles are characterized by unique
proteome and lipidome which together provide ideal environments that enable
specialized functions within the cell. Ca2+ homeostasis in general, and ER luminal
Ca2+ in particular, is essential for the function of the ER and reticular network. Ca2+

is a key molecule involved in orchestrating the metabolic pathways occurring in
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different compartments of the cell. Internal or external factors that result in the loss
of nutrient and energy homeostasis impose stress on cellular functions. Coping
response strategies operate to alleviate and eliminate stress in the ER and other
organelles to maintain proteostasis and lipidostasis within the entire cellular reticular
network. ER membranes can form resilient contacts with the membranes of other
organelles forming a complex cellular reticular network. Membrane contact sites
enable rapid distribution and exchange of substrates, metabolites and signalling
molecules to ensure optimal cellular function and homeostasis.
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Chapter 5
Structure-Function Relationship
of the SERCA Pump and Its Regulation by
Phospholamban and Sarcolipin

Przemek A. Gorski, Delaine K. Ceholski, and Howard S. Young

Abstract Calcium is a universal second messenger involved in diverse cellular
processes, including excitation-contraction coupling in muscle. The contraction
and relaxation of cardiac muscle cells are regulated by the cyclic movement of
calcium primarily between the extracellular space, the cytoplasm and the sarcoplas-
mic reticulum (SR). The rapid removal of calcium from the cytosol is primarily
facilitated by the sarco(endo)plasmic reticulum calcium ATPase (SERCA) which
pumps calcium back into the SR lumen and thereby controls the amount of calcium
in the SR. The most studied member of the P-type ATPase family, SERCA has
multiple tissue- and cell-specific isoforms and is primarily regulated by two peptides
in muscle, phospholamban and sarcolipin. The multifaceted regulation of SERCA
via these peptides is exemplified in the biological fine-tuning of their independent
oligomerization and regulation. In this chapter, we overview the structure-function
relationship of SERCA and its peptide modulators, detailing the regulation of the
complexes and summarizing their physiological and disease relevance.

Keywords Calcium · Sarcoplasmic reticulum · Calcium ATPase · Phospholamban ·
Sarcolipin

5.1 Calcium Homeostasis

Calcium is a universal second messenger involved in diverse cellular processes such
as fertilization, gene transcription, protein synthesis, neurotransmission, apoptosis,
and excitation-contraction coupling in muscle tissue [1]. Sustaining calcium homeo-
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stasis in the cell is central in allowing these processes to occur, and it is achieved
through movement of calcium across membranes by various transporters and chan-
nels. One of the most important roles of calcium is in muscle cells where its
intracellular concentration oscillates as a mechanism for controlling muscle contrac-
tion and relaxation.

The contraction and relaxation of cardiac muscle cells are regulated by the cyclic
movement of calcium primarily between the extracellular space, the cytoplasm and
the sarcoplasmic reticulum (SR) [2]. The process of cardiac muscle contraction
begins with an action potential that depolarizes the plasma membrane and induces
the L-type calcium channel (dihydropyranine receptor, DHPR) to open, allowing a
small influx of calcium. In turn, this initiates a massive calcium release from the SR
stores through the ryanodine receptor (RyR). The sudden increase in cytosolic
calcium results in binding of calcium to troponin-C and initiation of muscle con-
traction. For muscle relaxation to occur, the calcium concentration in the cytosol
needs to be restored to resting levels. The rapid removal of calcium from the cytosol
is primarily facilitated by the sarco(endo)plasmic reticulum calcium ATPase
(SERCA) which pumps calcium back into the SR lumen and thereby controls the
amount of calcium in the SR. To balance the influx of calcium via the DHPR, a small
amount of calcium is moved into the extracellular space by the sodium-calcium
exchanger (NCX) and plasma membrane calcium ATPase (PMCA). Therefore,
SERCA is central in determining the rate of relaxation and the strength of subsequent
muscle contractions.

5.2 SERCA Isoforms and Human Disease
(P-Type ATPases)

The SERCA pumps are highly conserved membrane proteins that have been
identified in both prokaryotes and eukaryotes. In humans, three genes (ATP2A1-3)
encode for multiple isoforms and splice variants of SERCA (SERCA1a-b,
SERCA2a-d, SERCA3a-f), which allow for developmental and tissue-dependent
expression patterns and alternative splicing [3]. Due to the high sequence identity, all
of the SERCA isoforms are predicted to have the same topology and virtually
identical tertiary structure. Despite their high structural homology, these pumps
differ significantly in their regulatory and kinetic properties, thereby accommodating
cell- or tissue-specific calcium handling requirements.

5.2.1 SERCA1

The SERCA1 gene (ATP2A1) can be alternatively spliced to generate the SERCA1a
or SERCA1b isoforms, which are predominantly expressed in the adult and fetal
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fast-twitch skeletal muscles, respectively. SERCA1a is identical to SERCA1b,
except the last C-terminal residue of SERCA1a (994 amino acids) is replaced by
eight highly charged amino acids in SERCA1b (1001 amino acids) [3]. Although the
physiological role of SERCA1b remains elusive, this isoform was shown to be
important for skeletal muscle development as it is expressed in neonatal stages
along with SERCA2a but is completely replaced by SERCA1a in adult muscle
cells. The SERCA1a variant has been extensively studied in different expression
systems and animal models, and much functional and structural information is
available. In this regard, SERCA1a has been a paradigm for the family of P-type
ATPases. SERCA1a is highly abundant in the skeletal muscle where it is regulated
by a single transmembrane peptide, sarcolipin (SLN) [4]. Compared to the cardiac
SERCA2a isoform, SERCA1a appears to have the same affinity for calcium but a
higher kinetic turnover rate. Because of its higher turnover rate, overexpression of
SERCA1a in the cardiomyocytes of mice with ischemia-reperfusion injury was not
only able to functionally substitute for SERCA2a, but it also significantly enhanced
calcium transport and slowed down disease progression [5–7].

The gene encoding SERCA1 has been implicated in Brody disease, a rare
inherited disorder of the skeletal musculature [8]. Several studies have indicated
that mutations in the ATP2A1 gene result in either a loss of function or premature
termination codon resulting in a truncated protein [9]. As a result of dysfunctional
SERCA1a, calcium is not properly transported back into the SR after its release into
the cytoplasm, resulting in impaired muscle relaxation and stiffness. However,
defects in genes encoding proteins other than SERCA have been linked to this
disease implying that the origin of Brody disease is genetically heterogeneous [8].

5.2.2 SERCA2

The ATP2A2 gene encodes for four splice variants of SERCA2 (a-d). The muscle-
specific isoform, SERCA2a, is expressed in cardiac and slow-twitch skeletal
muscle, making it a key determinant of normal cardiac development and function
[10]. SERCA2a is 84% identical to SERCA1a, and is reversibly regulated by the
single transmembrane proteins phospholamban (PLN) and sarcolipin (SLN) in cardiac
muscle [11]. SERCA2b is the most unique splice variant of all of the Ca2+-ATPases, as
it has a C-terminal extension that forms an eleventh transmembrane domain that
protrudes into the endoplasmic reticulum (ER) lumen [12]. It is referred to as the
house-keeping isoform, as it is ubiquitously expressed in the ER of most cell types.
Unlike SERCA2a, it is only sensitive to regulation by PLN [13]. SERCA2c is a more
recently identified variant which has been found to be expressed at very low levels in
monocytes and epithelial and hematopoietic cells [14] and SERCA2d mRNA was
found in skeletal muscle but there is no functional evidence for endogenous
SERCA2d protein [15].

The SERCA2 splice variants display functional differences that can be attributed
to the different C-terminal ends of the proteins. Overexpression studies have clearly
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demonstrated that SERCA2b has a twofold higher affinity for calcium and a twofold
lower catalytic turnover rate compared to SERCA2a [13]. A more detailed explana-
tion for the observed differences was given by in-depth kinetic analysis of the
SERCA2b isoform, which indicated that the C-terminal extension reduces the rate
of calcium dissociation, phospho-enzyme intermediate conformational change, and
dephosphorylation [16]. SERCA2c was only recently shown to have the lowest
apparent calcium affinity of the three SERCA2 variants, suggesting that it might
serve its function in an environment with a locally high calcium concentration [14].

Although extremely rare, mutations in the SERCA2 gene have been linked to
several human pathologies [17]. Missense mutations in the SERCA2 gene cause
Darier’s disease, a severe skin disorder characterized by loss of adhesion between
epidermal cells, but do not effect cardiac function. More recently, mutations in the
SERCA2 gene have been linked to lung and colon cancer. Studies in mice have
shown that only one copy of the SERCA2 gene is necessary to maintain proper
cardiac function but deletion of both genes is lethal [18]. Heterozygous mice are
viable but show a 35% decrease in SERCA levels. Defects in the regulation of
SERCA2a as well as low activity or expression levels of this isoform in the heart can
lead to hypertrophy, cardiomyopathy, and end-stage heart failure.

5.2.3 SERCA3

SERCA3 is the most recently identified member of the SERCA family. Its primary
sequence is ~75% identical to those of SERCA1 and SERCA2. Alternative splicing
of the ATP2A3 gene gives rise to six variants of SERCA3 that have been identified in
humans (SERCA3a-f) [17]. However, only three splice variants have so far been
detected at the protein level (SERCA3a-c) [3]. The functional properties of this
subfamily of calcium pumps are poorly understood. The hallmark of SERCA3 is its
low affinity for calcium (fivefold lower than other SERCA isoforms) and its insen-
sitivity to PLN. In addition, it has a significantly higher affinity for vanadate
inhibition (vanadate is a transition-state analogue that inhibits ATPases), and a
higher pH optimum compared to other SERCA pumps. Just like the other SERCA
isoforms, SERCA3 isoforms only vary at their C-termini, suggesting that the
C-terminal tail region may contribute to the differences observed in the enzymatic
activities.

SERCA3 isoforms are primarily expressed in hematopoietic cell lineages, epi-
thelial cells, and endocrine pancreatic β-cells [19]. Recently, SERCA3 expression
was also observed in human cardiomyocytes. The SERCA3 expression profile often
overlaps with the ubiquitous SERCA2b, although their relative subcellular locations
are significantly different. Unique compartmentalization of the different SERCA
isoforms might be crucial to their physiological role in maintaining calcium homeo-
stasis within a cell. The high expression of SERCA3 in pancreatic β-cells and
mutations in the ATP2A3 gene, which have been associated with type II diabetes,
have suggested that SERCA3 plays a crucial role in metabolic homeostasis
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[20]. Surprisingly, SERCA3 knock-out mice present normal glucose tolerance but
display a smooth muscle relaxation defect [21]. In addition, abnormal SERCA3
expression levels have been linked to several types of cancer including lung, breast,
gastric, and colon [22–25].

5.3 Catalytic Cycle of Calcium Transport by SERCA

It is well accepted that P-type ATPases undergo large conformational changes to
transport ions or lipid molecules across the membrane [26]. These pumps cycle
between a high affinity (E1) and low affinity (E2) state, both of which have
phosphorylated intermediates (E1-P and E2-P). The E1-E2 model of active transport
by P-type ATPase pumps was originally proposed by Post and Albers to describe the
ion transport by the Na+/K+-ATPase and later adopted for the ion transport by
SERCA [27]. In the case of SERCA, the E1 state defines the high calcium affinity
(micromolar) and E2 the low calcium affinity (millimolar) conformations of the
enzyme. It is well established that calcium transport by SERCA is tightly coupled to
ATP hydrolysis. The energy generated from one ATP molecule drives SERCA to
pump two calcium ions in exchange for two to three protons. The E1 and E2 states
do not indicate that the transporting enzyme is in either the “open” or “closed”
conformation but rather represent two distinct SERCA states with high affinity for
calcium or protons, respectively [28].

The mechanism of ATP-dependent calcium transport by SERCA is summarized
in Fig. 5.1. The cycle begins in the high-affinity E1-ATP state where the two calcium
binding sites are exposed to the cytosol. Successive binding of two calcium
ions results in a release of two to three protons into the cytosol and formation of
the (Ca2+)2-E1-ATP intermediate. Calcium binding triggers auto-phosphorylation by
the γ-phosphate of ATP at the highly conserved aspartic acid residue, Asp351. This
results in the formation of a high-energy phospho-intermediate, (Ca2+)2-E1-P-ADP,
in which the bound calcium becomes occluded and is inaccessible to the cytosol or
lumen [29]. It is important to note that at this point in the transport cycle, high ADP
concentrations in the cytosol can reverse the reaction resulting in regeneration of
ATP and release of calcium ions into the cytosol. The next step in the transport cycle
involves exchange of ADP for ATP and transition into the low-energy (Ca2+)2-E2-P-
ADP state in which the calcium ions remain occluded. Conversion to the (H+)2-3-E2-
P-ATP state results in the release of calcium ions into the lumen and binding of two
to three protons to compensate for the net negative charge of the calcium binding
sites. Subsequently, dephosphorylation of the enzyme leads to the formation of the
(H+)2-3-E2-ATP state in which protons are occluded. The final step of the transport
cycle is the release of protons into the cytosol and reformation of the E1-ATP state
with the ion binding sites primed for the binding of cytosolic calcium in the next
reaction cycle [30]. The role of ATP in the calcium transport cycle has traditionally
been described as catalytic, where nucleotide molecules were thought to only be
associated with the E1 forms of the enzyme. More recently, however, ATP has been
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Fig. 5.1 SERCA calcium transport cycle. (a) Transparent surface and cartoon representations of
key structures of SERCA in the calcium transport cycle. P-domain of SERCA is magenta,
N-domain is cyan, A-domain is yellow, and helices TM1–10 are grey except TM4 and TM5
which are blue. Calcium ions are shown as green spheres, nucleotide (ATP or ADP) is shown as
orange spheres, and TGES motif residues are shown as red spheres (PDBs: 1T5T, 1T5S, 3B9B,
3B9R, 2C8K). (b) Post-Albers scheme for the SERCA reaction cycle. SERCA exists in either an E1
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shown to not only play a catalytic but also a modulatory role in the transport cycle
[31]. At physiological concentrations, ATP appears to bind to SERCA in various
intermediate states and accelerate partial reaction steps involved in calcium binding,
calcium translocation, and dephosphorylation of SERCA. Although the details of
this stimulatory action of ATP on SERCA are still largely unexplained, some
structural studies revealed that the modulatory binding site overlaps with the cata-
lytic one [31–33]. Therefore, it is now accepted that ATP (or ADP) is bound to every
intermediate in the pump’s transport cycle.

5.4 Structural Studies of SERCA

SERCA is the best studied member of the P-type ATPase family as a result of
numerous functional and structural studies carried out in the last few decades. The
three dimensional structure of rabbit SERCA1a was the first to be determined and for
a long time served as a model for the architecture and molecular mechanism of other
P-type ATPases. Despite the difficulties associated with crystallization of membrane
proteins, over 60 high-resolution X-ray crystallographic structures have been solved,
revealing the pump’s structural complexity. These atomic models cover nearly all of
the reaction intermediates, which correspond to the different conformations that the
enzyme assumes during the calcium transport cycle.

In 1985, MacLennan and coworkers proposed a secondary-structure model of
SERCA based on an amino acid sequence of rabbit SERCA1a [34]. This model
predicted the SERCA pump to consist of ten membrane spanning helices and three
cytoplasmic domains. In the following years, extensive mutagenesis studies identi-
fied many important functional features of the pump and the involvement of trans-
membrane segments in calcium binding [35]. Together with initial electron
microscopy data [36], these early studies gave the first clues to the architecture
and function of SERCA. In 1993, the first complete three dimensional structure of
SERCA was obtained by cryo-electron microscopy [37]. Tubular crystals of SERCA
in the presence of vanadate, a key crystallization component which traps P-type
ATPases in an E2 conformation, provided three dimensional maps to 14 Å resolu-
tion. This early structure revealed a large cytoplasmic domain connected to the
transmembrane domain via a short stalk region. A more detailed view of the calcium
pump was achieved in 1998 when an improved 8 Å resolution structure of SERCA
was obtained [38]. This was mainly accomplished by crystallizing SERCA in
the presence of a high-affinity inhibitor thapsigargin (TG), which is known to

⁄�

Fig. 5.1 (continued) (high affinity for calcium; yellow) or E2 (low affinity for calcium; blue) state.
Two cytosolic calcium ions are exchanged for two to three luminal protons. Nucleotide is always
bound, either in a catalytic or modulatory mode, and SERCA is auto-phosphorylated at a conserved
aspartic acid residue (Asp351)
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stabilize the transmembrane segments of the enzyme. The new structure of SERCA
determined by electron microscopy provided an enhanced view of the transmem-
brane domain which was observed to be composed of ten transmembrane helices
consistent with the previously proposed secondary-structure model [34].

The first high resolution structure of SERCA was obtained by X-ray crystallog-
raphy in 2000 by Toyoshima and coworkers and represented a great milestone in the
field [39]. The structure was solved to 2.6 Å resolution and depicted a calcium bound
(Ca2+)2-E1 SERCA intermediate. The new SERCA structure largely confirmed
previous models but allowed for examination of the calcium pump at an atomic
level. The SERCA X-ray structure confirmed that the transmembrane domain of
SERCA indeed consists of ten transmembrane (TM) helices, two of which (TM4 and
TM5) are long and extend from the membrane into the cytoplasmic domain. It also
revealed two high affinity calcium binding sites (site I and II) in the transmembrane
domain which are located side-by-side and close to the cytoplasmic surface of the
membrane. Experimental evidence suggests a sequential and cooperative mode of
calcium binding to SERCA, where binding of the first calcium ion results in a
conformational change in the enzyme leading to an increased affinity for the second
calcium ion [35]. This has been confirmed by mutagenesis studies which revealed
that mutations in site I prevent binding of calcium at both sites, whereas muta-
tion within site II only interfered with calcium binding to that site and not site I
[40]. Interestingly, the amino acids involved in calcium binding seen in this structure
are in high agreement with previous mutagenesis studies.

The large cytoplasmic headpiece of the pump was visualized as three distinct
domains: the nucleotide binding (N), phosphorylation (P), and actuator (A) domains.
The N-domain is the largest of the three cytoplasmic domains and is responsible for
recruiting and positioning ATP to allow phosphorylation to occur. The nucleotide
binding pocket within this domain contains a highly conserved residue, Phe487,
which interacts with the adenine ring of the ATP molecule. The N-domain is
connected to the highly conserved P-domain via a flexible hinge region. Located
in the top region of the P-domain is a conserved DKTGT motif, which includes an
aspartate residue (Asp351 in SERCA) necessary for formation of the high energy
aspartyl-phosphate intermediate. In this first (Ca2+)2-E1 crystal structure, the phos-
phorylation site was located ~30 Å away from the nucleotide binding site, and thus
provided little information as to how the phosphorylation event is coupled to calcium
transport. Finally, the smallest cytosolic domain is the A-domain and it is well
separated from the other cytosolic domains. Its role is to coordinate movements in
the cytoplasmic domain that occur during the reaction cycle with movements in the
membrane domain, allowing for calcium translocation to occur. The A-domain also
controls the dephosphorylation reaction via the signature TGES sequence present in
all P-type ATPases [29].

Although the first high resolution structure of SERCA provided a detailed
description of the enzyme, it also raised new questions; particularly, the relation of
the large conformational changes in the cytoplasmic domains and how they might
translate to changes in the transmembrane domain and in turn affect calcium binding
and dissociation. Many of these questions were answered in 2002 when Toyoshima
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and coworkers released the second high resolution structure of SERCA in the
calcium-free state [41]. This X-ray crystal structure was solved to 3.1 Å resolution
and represented the E2-TG intermediate. Comparison of the (Ca2+)2-E1 SERCA
structure with the new E2-TG structure allowed a direct comparison of the enzyme in
two distinct conformations at an atomic level. The new E2-TG SERCA structure
revealed that in the absence of calcium the cytoplasmic domains drastically change
their conformations and form a compact headpiece, consistent with the previous
structures in the E2 state solved by electron microscopy. Comparing the (Ca2+)2-E1
and the E2-TG structures, the N-domain inclines 60� relative to the P-domain and the
P-domain inclines by about 30� with respect to the membrane and assumes a more
upright position. The A-domain undergoes a ~110� horizontal rotation between the
two states. Despite the large conformational changes, the overall structure of each
cytoplasmic domain remains unchanged as SERCA transitions from the (Ca2+)2-E1
to the E2-TG state. Therefore, the conformational changes are mainly restricted to
the linker regions between the domains, strongly suggesting a critical role of the
linker regions between the cytoplasmic and the transmembrane domains in proper
SERCA function.

Nucleotide is bound to SERCA throughout the entire reaction cycle, either in a
catalytic or modulatory mode. While the purpose of catalytic ATP binding is the
autophosphorylation of Asp351, the role of modulatory ATP binding is less obvious.
At physiological concentrations of ATP (5–8 mM), SERCA is working at nearly
maximum capacity and binding of modulatory ATP could provide a regulatory
mechanism to ensure that SERCA can overcome rate-limiting reaction steps
[42]. These mechanisms could include quick conversion rates between reaction
intermediates, prevention of reversal of the reaction cycle by high ADP levels, or
stabilization of reaction intermediates leading to efficient coupling of ATP hydroly-
sis and calcium transport [28]. While the physiological mechanism of modulatory
ATP binding isn’t evident, the structural evidence is clear and does not appear to be
an artifact of crystallization using inhibitors [32, 33]. While this is contradicted by
the publication of structures without nucleotide bound [41], it should be noted that
SERCA can proceed through the reaction cycle with ATP concentrations well below
physiological levels, where a significant number of SERCA molecules would not
have bound modulatory nucleotide [28]. While this results in slower conversion rates
between reaction intermediates, it provides an explanation for the absence of nucle-
otide in some structures of SERCA.

5.4.1 Structural Insights into the SERCA Calcium Transport
Cycle

Since 2002, the SERCA field has benefited from dozens of high resolution structures
crystallized in the presence of many different inhibitors and nucleotide analogues
[28]. To date, we have a near complete understanding of reaction intermediates in the
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SERCA transport cycle. While there are many SERCA structures available, only a
selected few will be discussed herein to briefly describe the structural changes that
accompany calcium transport.

SERCA structures representing the key reaction intermediates of the calcium
transport cycle are shown in Fig. 5.1a. The reaction cycle begins with the enzyme in
the calcium-free state and bound nucleotide (E2-ATP) depicted by the E2-AMPPCP
crystal structure [31]. In the E2-ATP state, the A-domain is oriented in a manner
suitable for close interactions with the P- and N-domains. The tight association of the
cytoplasmic domains keeps the conserved TGES dephosphorylation motif away
from the phosphorylation site and the γ-phosphate of the N-domain-bound ATP
molecule away from the phosphorylatable Asp351 (~10 Å). In the absence of
calcium, SERCA cannot be phosphorylated by ATP and the TGES loop remains
withdrawn from the phosphorylation site, thus the E2-ATP conformation represents
a resting state. For the γ-phosphate of ATP to come into proximity with Asp351,
SERCA needs to change its conformation. This is achieved upon binding of two
cytosolic calcium ions in exchange for 2–3 protons, which results in the formation of
the (Ca2+)2-E1-ATP state represented by the (Ca2+)2-E1-AMPPCP structure
[43]. Binding of calcium ions leads to stabilization of the enzyme, and translational
and rotational changes in transmembrane helices (TM1-4) that are later transmitted
to the cytoplasmic domains. In the (Ca2+)2-E1-AMPPCP structure, the A-domain is
rotated counterclockwise allowing a small movement of the N-domain towards the
P-domain and in turn closer approach of ATP to the catalytic Asp351. In the
following step, transfer of the γ-phosphate of ATP to Asp351 leads to the formation
of the (Ca2+)2-E1-P-ADP high-energy intermediate represented by the (Ca2+)2-E1-
ADP-AlF4ˉ structure [43]. Although the (Ca2+)2-E1-AMPPCP and the (Ca2+)2-E1-
ADP-AlF4ˉ structures are quite similar, subtle rearrangements lead to occlusion of
calcium ions in the (Ca2+)2-E1-P-ADP state as confirmed by experimental studies.
Another important difference between these two complexes is related to the cation
coordination of bound nucleotide. Unlike the (Ca2+)2-E1-AMPPCP structure where
only one magnesium ion coordinates the γ-phosphate of the AMPPCP molecule, the
(Ca2+)2-E1-ADP-AlF4ˉ structure reveals one magnesium coordinating AlF4ˉ and a
second magnesium coordinating the α- and β-phosphates of ADP. The second
magnesium is only present in a transition state and is thought to lower the
activation energy required for the phosphate transfer [28]. Once the transfer of
the γ-phosphate from ATP to Asp351 is complete, the enzyme transitions to the low
energy E2-P-ATP state depicted by the E2-BeF3ˉ structure. At this time, bound
ADP is exchanged with an ATP molecule. Direct comparison of the (Ca2+)2-E1-
ADP-AlF4ˉ and the E2-BeF3ˉ structures reveals a 50� rotation of the N-domain
relative to the P-domain and a clockwise 108� rotation of the A-domain. This
drastic movement of the A-domain causes a lateral movement of the TM1-TM2
and TM3-TM4 pairs relative to the TM5-TM10 complex, which results in the
formation of a luminal access channel. This conformational change orients the
side chains of the calcium binding residues towards the lumen allowing for
the release of calcium ions to take place. It is important to mention that the E1-P
to E2-P transition is thought to occur in two steps: formation of the calcium
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occluded (Ca2+)2-E2-P intermediate followed by the opening of the channel
[28]. Unfortunately, the structure of the occluded (Ca2+)2-E2-P intermediate has
not yet been determined. As the calcium ions leave the luminal channel, 2–3
protons are taken up to partially compensate for the negatively charged carboxylate
groups at the ion binding sites. This is followed by closure of the luminal channel
and transition into the (H+)2–3-E2-P-ATP proton occluded state represented by the
E2-AlF4ˉ-ATP structure [29]. In this conformation, the conserved TGES motif
located on the A-domain docks into the phosphorylation site and coordinates water
molecules for a hydrolytic cleavage of the phosphate group. Following dephos-
phorylation, the enzyme assumes a more relaxed state and the TGES motif is
retracted from the phosphorylation site allowing release of the bound phosphate. In
the final step of the reaction cycle, SERCA returns to the E2-ATP state and is ready
for the next pair of cytosolic calcium ions to bind.

5.5 Regulation of SERCA by Phospholamban

5.5.1 Introduction to Phospholamban

PLN is the predominant regulator of SERCA in cardiac, smooth and slow-twitch
skeletal muscle [11]. PLN is a 52-amino acid type I integral membrane protein
that contains three distinct domains: a cytoplasmic domain Ia (residues 1–20) with
two phosphorylation sites (Ser16 and Thr17), a flexible linker domain Ib (residues
21–30), and a hydrophobic transmembrane domain II (residues 31–52) (Fig. 5.2a).
PLN exists in a dynamic equilibrium between monomeric and pentameric states.
While the monomer is considered the “active” inhibitory species, the pentamer has
historically been regarded as an “inactive” storage form of PLN. In its dephos-
phorylated state, PLN functionally interacts with SERCA and lowers its apparent
affinity for calcium. This inhibition is reversed either by elevated cytosolic calcium
or by phosphorylation of PLN at Ser16 by cAMP-dependent protein kinase A
(PKA) or Thr17 by calcium/calmodulin-dependent protein kinase II (CaMKII) or
protein kinase B (Akt) [11]. Modeling of the NMR structure of PLN onto crystal
structure of SERCA, with restraints imposed by mutagenesis and cross-linking
studies, revealed a hydrophobic groove in the transmembrane domain of SERCA
formed by helices TM2, TM4, TM6 and TM9 to which PLN is thought to bind
[44, 45]. This groove is open in the E2 calcium-free state of SERCA and closed in
the E1 calcium-bound state. Since PLN binds to the open groove in the E2
conformation of SERCA, this provides a probable mechanism by which PLN
inhibits the E2-E1 transition in the catalytic cycle of SERCA. The X-ray crystal-
lography structure of SERCA1a and a gain-of-function PLN mutant revealed the
conformation of the PLN transmembrane domain in complex with a cation-free
E1-like conformation of SERCA1a [46].
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Fig. 5.2 (a) Topology models of PLN and SLN. PLN is 52 amino acids and its domain structure is
shown on the left. SLN is 31 amino acids and its domain structure is shown on the right.
Non-conserved, conserved, identical and phosphorylated residues are coloured according to the
legend. Arg9, Arg14, Arg25, and Leu39 in PLN are indicated as residues that are disease-relevant.
(b) Mass action theory. SERCA is shown in surface representation (P-domain is magenta,
N-domain is cyan, A-domain is yellow, and transmembrane domain is grey) and PLN as a cartoon
(green) representation. Phosphorylated PLN is shown with orange spheres on the cytoplasmic
domain. PLN exists in dynamic equilibrium between pentameric and monomeric states, of which
the monomer is the active inhibitory species. Monomeric dephosphorylated PLN functionally
interacts with SERCA thereby inhibiting the pump. This inhibition can be relieved upon increased
cytosolic calcium or phosphorylation of PLN
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5.5.2 Oligomerization of Phospholamban and the Theory
of Mass Action

Scanning mutagenesis of the transmembrane domain initially identified two helical
faces of PLN: one was involved in pentamer formation and the other was involved in
SERCA inhibition [47]. This was deduced because mutation of residues on one
“face” of the helix resulted in loss of SERCA inhibition and had little effect on PLN
pentamer formation, while mutation of residues on the other “face” of the helix
resulted in superinhibition of SERCA by way of pentamer destabilization. These
observations led to the “mass action” theory and the conclusion that the PLN
monomer is the active inhibitory species and, upon dissociation from SERCA,
oligomerized to form pentamers, a less active or inactive storage form of PLN [11]
(Fig. 5.2b). Mutations that prevent pentamer formation were initially assessed by
SDS-PAGE, and fluorescence resonance energy transfer (FRET) studies have shown
that many of the mutations initially identified to prevent oligomerization actually do
form pentamers (such as Ile40-Ala), although they are more dynamic than wild-type
PLN pentamers [48]. In fact, many mutations have been identified that do not abide
by the mass action theory: several mutations in the transmembrane domain (Ile40-
Leu [49]) and domain Ib (Lys27-Ala, Asn30-Ala [50]) form pentamers normally but
are superinhibitory, while another mutation (Cys41-Phe [47]) is monomeric yet
retains normal inhibitory function. This more recent work has shown that residues
along the entire circumference of the transmembrane helix of PLN contribute to
SERCA inhibition [49]. However, despite evidence to the contrary, the mass action
theory is still the currently accepted model of PLN inhibition of SERCA, primarily
because of the absence of an alternative suitable model.

The PLN pentamer is formed and stabilized by a leucine-isoleucine zipper with
equivalent contributions made by all five monomers (Fig. 5.3). However, the role of
the transmembrane cysteines (Cys36, Cys41 and Cys46) in pentamer formation has
been of great interest. The chemistry of the cysteine side chain would allow for
disulfide bond formation, which could aid in pentamer formation. However, muta-
tion of the transmembrane cysteines results in normal SERCA inhibition while
completely preventing pentamer formation, which appears to contradict the mass
action theory [47]. However, it has been shown that while these cysteines are not
important for pentamer formation, they are important for pentamer stability and the
chemical properties of the sulfhydryl group play only a minor role in the structure
of the pentamer [51]. Labelling studies using a thiol-reactive spin label found that
Cys41 is buried within the PLN pentamer, but Cys36 and Cys46 are readily accessible
to labelling in PLN pentameric states [52]. These studies led to the generation of an
AFA PLN mutant (Cys36-Ala, Cys41-Phe, Cys46-Ala), which has been a commonly
used tool for studying the structure and function of the PLN monomer.

During muscle contraction and relaxation, inhibition of SERCA by PLN is
reversed by either high cytosolic calcium or phosphorylation of PLN. The prevailing
dogma suggests that monomeric PLN dissociates from SERCA and reassembles into
pentamers. Most studies agree on the PLN monomer as the active inhibitory species
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Fig. 5.3 Structure of the PLN pentamer and its interaction with SERCA. (a) The “pinwheel”model
of the PLN pentamer (left: side view, right: top-down view; PDB 2KYV). (b) Domain II leucine-
isoleucine motif in the “pinwheel” model. Leucine side chains (shown as stick and space filling
representation in red) interact with isoleucine side chains (shown as stick and space filling
representation in yellow) of the neighboring PLN monomer. (c) Projection map from cryo-electron
microscopy of SERCA and PLN co-crystals. Positive contours are colored for the characteristic
anti-parallel SERCA dimer ribbons (green) and the associated oligomeric PLN densities (orange).
(d) Model for the interaction of SERCA (PDB 1KJU) with pentameric PLN (PDB 1ZLL) based on
the projection map from 2D co-crystals. SERCA and PLN are in surface and cartoon representa-
tions, respectively
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of SERCA [49], but the role of the PLN pentamer has remained an anomaly. While
some studies disregard it as an inactive storage form of PLN [53], others have
determined that the channel-like architecture of the pentamer may enable it to
conduct ions, such as calcium [54] or chloride [55]. Electron microscopy studies
have found evidence of a physical interaction between the PLN pentamer and
SERCA [56]. This interaction was shown to be at an accessory site distinct from
the inhibitory interaction of the PLN monomer and required functional PLN for the
interaction to occur [57] (Fig. 5.3). In addition, the X-ray crystallography structure of
the complex between SERCA and a gain-of-function PLN mutation revealed a
second PLN monomer that doesn’t come into contact with SERCA [46]. While the
physiological role of PLN oligomerization isn’t understood, it is clear that it is
important. Transgenic mice expressing a monomeric mutant of PLN (Cys41-Phe)
revealed a defect in relaxation and depressed cardiac function, despite the fact that
SR calcium transport assays were identical for wild-type and Cys41-Phe PLN
[58]. While the monomer may be the active inhibitory species of PLN, the pentamer
is clearly necessary for optimal regulation of contractility in the heart.

Another convoluting factor is the phosphorylation of PLN and its effect on
SERCA and PLN oligomerization. Phosphorylation of PLN causes reversal of
SERCA inhibition, which was originally thought to take place by dissociation of
the inhibitory complex, resulting in PLN oligomerization. However, most studies
agree that phosphorylated PLN remains associated with SERCA [59], implying that
PLN can retain non-inhibitory interactions with SERCA. Electron paramagnetic
resonance (EPR) studies have shown that phosphorylation of PLN promotes
pentamer formation [60] and this was confirmed with a phospho-mimetic mutant
(Ser16-Glu) of PLN studied with nuclear magnetic resonance spectroscopy (NMR)
[61] and FRET [62]. This is in contrast to what is observed by SDS-PAGE, where
there is no difference in the pentamer to monomer ratio upon phosphorylation
[63]. Structures of phosphorylated PLN pentamer and SERCA obtained by electron
microscopy have confirmed that phosphorylation of PLN causes a selective
disordering of the cytoplasmic domain but the transmembrane domain retains
interactions with SERCA [57]. Additionally, PLN pentamer interactions with
SERCA were at an accessory site (helix TM3 and the C-terminus) versus the
inhibitory binding site of the PLN monomer (helices TM2, TM4, TM6 and TM9).
This accessory interaction may facilitate directed diffusion of monomeric or phos-
phorylated PLN to-and-from the inhibitory site of SERCA, thereby offering one
explanation for how phosphorylated PLN retains interactions with SERCA in a
non-inhibitory state.

5.5.3 SERCA Inhibition by Phospholamban

Mutagenesis has been a powerful tool to study the residues in the transmembrane
domain of PLN that are important for SERCA inhibition. Early mutagenesis studies
identified two “faces” of the PLN helix: one side formed a leucine-isoleucine zipper
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that was important for pentamer formation and one side was important for the
inhibitory interaction with SERCA. Alanine mutagenesis of the transmembrane
domain of PLN determined that mutation of residues that resulted in gain of
inhibition must not interact with SERCA [47]; however, later studies showed that
amino acid substitutions other than alanine produced different results [49]. Many
residues that were initially thought to only be involved in PLN pentamer formation
were now shown to also be involved in the inhibitory interaction with SERCA. This
revealed that residues along most of the circumference of the transmembrane domain
of PLN were involved in SERCA inhibition, including Leu31, Asn34, Phe35, Ile38,
and Leu42. When mutated to alanine, they resulted in severe or complete loss of
SERCA inhibition (e.g. Asn34-Ala results in complete loss of function) even when
combined with superinhibitory mutations (double mutant Asn34-Ala, Ile40-Ala still
results in complete loss of function [47]). PLN is thought to inhibit SERCA through
mostly hydrophobic interactions, so is it particularly odd to see a polar asparagine
residue embedded in the membrane; however, asparagine residues in transmembrane
helices have been found to have important functional roles and contribute to
thermodynamic stability [64]. In order to examine the role of each individual residue,
SERCA co-reconstitution studies have been done with α-helical peptides mimicking
the transmembrane domain of PLN. A peptide consisting of all the native leucine
residues in the transmembrane domain of PLN with all other residues mutated to
alanine resulted in approximately 80% of wild-type inhibition of SERCA, revealing
that a simple hydrophobic surface was enough for partial SERCA inhibition
[65]. Addition of the essential asparagine residue of PLN in its native position in
this peptide resulted in superinhibition of SERCA, which might be expected con-
sidering the severe loss of function with the Asn34-Ala mutant [65]. Moving the
asparagine upstream or downstream by one residue or one turn of the helix in the
peptide revealed the importance of the correct positioning of an asparagine residue in
PLN [66]. These studies further defined the inhibition of SERCA by PLN: not only is
a hydrophobic surface necessary for inhibition but an asparagine residue is required
for probable hydrogen bonding to SERCA at Thr805 and/or Thr317 [44, 66]. Further-
more, the PLN binding site on SERCA can accept a variety of simple hydrophobic
peptides that lead to at least partial SERCA inhibition, and the functional role of
individual PLN residues depends on the surrounding amino acid sequence.

The inhibitory interaction between SERCA and PLN has been well-studied and
there is a wealth of information on the role of particular PLN residues in inhibition
and oligomerization. Mutagenesis studies have identified important residues in PLN
for SERCA inhibition as measured by SERCA-dependent calcium transport [67] or
ATP hydrolysis (indirect measurement by coupled-enzyme assays) [68]. Initial
studies identified the transmembrane domain of PLN as having a key inhibitory
role, as deletion of the cytoplasmic domain of PLN or the cytoplasmic domain by
itself had minimal effects on SERCA activity [67]. However, other studies have
found that mutation of some residues in the cytoplasmic domain of PLN can cause a
slight loss of SERCA inhibition compared to wild-type PLN [69]. Examining the
role of the cytoplasmic domain of PLN alone on SERCA activity is challenging, as it
is usually anchored to the SR membrane by the transmembrane domain and in close
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proximity to SERCA. Experiments done with SERCA in the presence of a cytoplas-
mic PLN peptide have been conflicting, as some studies have reported an effect
[70, 71] and others have not [72]. However, there is an enormous molar excess of
cytoplasmic peptide needed in these experiments (300-fold excess) so the physio-
logical relevance of these results is debatable. It is generally agreed upon that the
transmembrane domain provides the majority of PLN’s inhibitory capacity (~80%),
while the cytoplasmic domain provides reversibility and the remaining inhibitory
capacity (~20%). However, the discovery of hereditary mutations in the cytoplasmic
domain of PLN [73–75] that cause complete loss of SERCA inhibition and heart
failure conflict with the generalization that the cytoplasmic domain of PLN plays a
small role in inhibition.

5.5.4 Structural Studies of Phospholamban
and SERCA/Phospholamban Complex

Several structures of PLN have been obtained by NMR spectroscopy, which is
an ideal technique for small proteins up to 30 kDa in size. The propensity of
PLN to oligomerize has made it difficult to study the structure of monomeric
PLN; however, monomeric mutants of PLN, such as Cys41-Phe or AFA (Cys36-
Ala, Cys41-Phe, Cys46-Ala) PLN, have facilitated the process. Traaseth et al. deter-
mined the structure of a PLN monomer in lipid bilayers and showed that it consists
of two α-helices (domains Ia and II) that are connected by a short β-turn [76]. This
agreed well with a prior NMR structure in organic solvent, though this latter
structure was more helical [77]. Both of these structures were of monomeric PLN
and the composition of the lipid bilayer is thought to play a significant role in the
structure of PLN and its inhibition of SERCA, with bilayer thickness and the
composition and saturation of lipids having effects on SERCA activity [78]. How-
ever, most structures of PLN, including models of the PLN pentamer, indicate a
flexible region connecting the cytoplasmic and transmembrane helices. This region
of PLN performs two essential functions: the positive charges (e.g. Lys27) fine-tune
the inhibitory interaction with SERCA and it transmits phosphorylation of the
cytoplasmic domain (e.g. Ser16 in domain Ia) to relief-of-inhibition in the trans-
membrane domain (domain II).

The quaternary structure of the PLN pentamer is stabilized by a leucine-
isoleucine zipper, which is formed by contributions from all five PLN monomers.
There have been many structural studies performed on the PLN pentamer with
conflicting results. Two main models emerged for the structure of the pentamer, a
pinwheel conformation with the cytoplasmic domains perpendicular to the bilayer
normal interacting with the phospholipid headgroups [79], and a bellflower confor-
mation with the cytoplasmic domains perched above the bilayer surface [55]
(Fig. 5.3). While the pinwheel conformation has become the consensus model, the
inherent flexibility of the cytoplasmic domain, and differing experimental conditions
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(detergent micelles, lipid micelles, oriented lipid bilayers) and techniques (solid
state NMR, solution state NMR) can all influence the structure obtained. Also,
PLN is not alone in the SR membrane and the presence of SERCA and other SR
components could alter its structure and dynamics. The pinwheel and bellflower
structural models of the PLN pentamer both adhere to the proposed leucine-
isoleucine zipper for pentamer formation; though neither model completely
explains all experimental observations. It has been shown that the cytoplasmic
domain of PLN interacts with phospholipid headgroups [80] and that lipid com-
position can alter SERCA activity, both in the absence and presence of PLN [78];
these interactions would not be possible with the bellflower model. Although PLN
inhibits SERCA primarily through intramembrane interactions, there is sufficient
evidence for a physical interaction between the cytoplasmic domains of PLN and
SERCA [67, 69]. Most compelling, Lys3 in the cytoplasmic domain of PLN was
found to cross-link to Lys397 and Lys400 in the N-domain of SERCA [81]. The
pinwheel model of the PLN pentamer implies a lack of a physical association
between the cytoplasmic domain of PLN and SERCA, though this domain must
undergo a structural transition in the SERCA-PLN inhibitory complex [82, 83].

There were several early models of the inhibitory SERCA-PLN complex derived
from X-ray crystal structures of SERCA, NMR structures of the PLN monomer, and
cross-linking data [44]. The models of SERCA and PLN identified a groove formed
by helices TM2, TM6 and TM9 of SERCA in the E2 state that could accommodate
PLN; this groove closes as SERCA transitions into the E1-(Ca2+)2-ATP state, such
that PLN would impede the conformational transition of SERCA [44]. The solid
state NMR structure of a PLN monomer in the presence of SERCA [82] satisfied
cross-linking data and was similar to an initial model presented by Toyoshima and
coworkers using an NMR structure of a free PLN monomer and an X-ray crystal
structure of SERCA [44]. While mutagenesis data has been important for determin-
ing a functional interaction between PLN and SERCA, cross-linking has proved the
existence of a physical association. The first evidence of a physical interaction
between PLN and SERCA was the cross-linking of the ε-amino group of Lys3 to
Lys397 and Lys400 of SERCA [81]. The cross-link did not form in the presence
of calcium or when PLN was phosphorylated. The close proximity of Lys397 and
Lys400 to Asp351 led the authors to speculate that PLN inhibition might affect
formation of the SERCA aspartyl-phosphate intermediate. Since this seminal
observation, additional attempts to cross-link the cytoplasmic domain of PLN to
SERCA have failed [84, 85], though the models show that this interaction is plausi-
ble and would require small structural alterations in PLN to occur. In more recent
cross-linking studies [59, 84–87], cross-linking of PLN to SERCA was dependent
on the presence of nucleotide and abrogated by calcium; additionally, the presence of
SERCA inhibitors (e.g. thapsigargin) prevented cross-linking. With this in mind,
recall that the structural models of the SERCA-PLN complex have been generated
using the nucleotide-free, thapsigargin-inhibited structure of SERCA [44]. Thus,
while these models do provide insight into the interaction between SERCA and
PLN, they may not represent the physiological inhibitory complex. In addition, the
physical interaction between SERCA and PLN does not necessarily correlate with
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inhibition, as a cross-link between a loss-of-function form of PLN (Leu31-Cys) and
SERCA proved that a non-inhibitory form of PLN could still interact with SERCA
[85]. Finally, the structure of a gain-of-function mutant of PLN in complex with
SERCA was determined by X-ray crystallography [46]. In this structure, PLN
stabilizes a novel calcium-free E1-like conformation of SERCA, which is quite
distinct from the expected calcium-free E2 conformation of SERCA upon which
the SERCA-PLN molecular models were based.

5.5.5 Regulation of Phospholamban

The inhibitory capacity of PLN can be modified through several different mecha-
nisms. PLN is “capped” at its N-terminal methionine residue by post-translational
acetylation. While initial studies with a cytoplasmic peptide reported this acetylation
to have an effect on inhibition of SERCA [88], later studies on the full-length protein
showed no effect on SERCA inhibition or PLN oligomeric state [51]. Nitric oxide-
dependent S-nitrosylation of PLN has also been observed and, since this post-
translational modification affects cysteine residues, it would modify PLN in the
transmembrane domain (Fig. 5.2a). Initial experiments have shown greater
S-nitrosylation of the PLN pentamer compared to the monomer, which resulted in
an increase in SERCA activity independent of PLN phosphorylation [89]. HCLS1-
associated protein X-1 (HAX-1), a ubiquitously expressed cytosolic protein that
protects cardiomyocytes from cell death, has also been implicated in regulation of
the SERCA-PLN complex [90]. It interacts with the cytoplasmic domain of PLN and
was found to inhibit SERCA activity, presumably through increasing the monomer
to pentamer ratio of PLN in the SR. HAX-1 preferentially localizes to the mitochon-
dria; however, in the presence of PLN, it redistributes to the SR. These findings,
along with the observation that SR calcium load is linked to apoptotic sensitivity in
the cell, point to a critical role in communication between the SR and mitochondria
in determining cell fate. In addition, HAX-1 recruits the small heat shock protein
90 (Hsp90) from the ER to the PLN-SERCA2a complex, implying an association
between calcium homeostasis and ER stress signaling. PLN also binds to multiple
A-kinase anchoring proteins (AKAP7γ/δ; AKAP15; AKAP18δ), as well as the
anchoring subunit of protein phosphatase-1 (PP-1), muscle glycogen-targeting
subunit of protein phosphatase 1 (Gm) [90]. These interactions allow for careful
modulation of PLN phosphorylation status and SERCA activity. PP-1 interacts with
inhibitor-1 and small Hsp20, both of which are regulators of PP-1 activity and
calcium cycling, and phosphorylation of inhibitor-1 or Hsp20 by PKA increases
PLN phosphorylation and contractility in the heart. The activation of Hsp20 (through
phosphorylation) coupled with inactivation of inhibitor-1 (through dephosphoryla-
tion) during heart failure exemplify the complex regulation of PLN through its
associated proteins.

PLN was initially identified as a major cardiac SR phospho-protein, thus provid-
ing the inspiration for its name (phospholamban was derived from phosphate and the
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Greek word ‘to receive’ [91–93]). The primary role of the cytoplasmic domain is
reversal of PLN inhibition of SERCA through phosphorylation. Under basal condi-
tions, approximately half of the PLN in the SR is phosphorylated or non-inhibitory
[11]. During exercise, stress or disease, the ratio of phosphorylated to
non-phosphorylated PLN can change, resulting in altered SERCA activity. PLN is
phosphorylated by PKA at Ser16 [11] and by protein kinase B (Akt) [94] or CaMKII
[11] at Thr17; it was also shown to be phosphorylated in vitro by protein kinase C at
Ser10 but this has not been confirmed in vivo [95]. The role of dual-site phosphory-
lation is not entirely understood, since phosphorylation of PLN at either Ser16 or Thr17

is sufficient for complete reversal of SERCA inhibition. Also, there is some inconsis-
tency in the literature as to whether or not these sites are phosphorylated independently
or if phosphorylation of one is dependent upon phosphorylation of the other. In vitro,
Ser16 and Thr17 can be phosphorylated independently; however, phosphorylation of
Ser16 is a prerequisite for Thr17 phosphorylation during β-adrenergic stimulation
in vivo [96]. In the absence of β-adrenergic stimulation, phosphorylation of Thr17

does occur but is predominant only in pathophysiological conditions, such as acidosis
[97]. Using synthetic phosphopeptides, the phosphorylation states of PLN were
stoichiometrically quantified and their relative effects on SERCA were determined
[98]. Ser16-phosphorylated PLN is the most highly populated state of PLN in cardiac
homogenates followed by unphosphorylated PLN then dual phosphorylated PLN,
with Thr17-phosphorylated PLN being the least populated state. Of the phosphorylated
PLN states, SERCA inhibition is most relieved by Ser16 phosphorylation followed by
dual phosphorylation and then Thr17 phosphorylation of PLN.

While phosphorylation of PLN completely reverses SERCA inhibition,
co-immunoprecipitation studies have shown that phosphorylated PLN retains inter-
actions with SERCA [99]. It is noteworthy to point out that it was initially found that
treatment of PLN with an anti-PLN antibody (2D11) resulted in reversal of SERCA
inhibition [100] and this has been used as a technique to mimic phosphorylation
[59]. Spectroscopic and NMR studies have shown that phosphorylation induces
an order-to-disorder conformational change in the cytoplasmic domain of PLN
[101]. The “ordered” state of PLN has the cytoplasmic domain directly in contact
with the membrane while it is detached from the membrane in the “disordered” state.
This was attributed to the flexibility of the “hinge” region of domain Ib of PLN.
Interestingly, this conformational change is also seen with an increase in magnesium
concentration, as it supposedly disrupts interactions between the negatively charged
phospholipid headgroups and the positively charged cytoplasmic domain of PLN,
but was not influenced by changes in potassium concentration. Changes in calcium
concentration did not have an effect on the order-to-disorder equilibrium, suggesting
that relief of SERCA inhibition by phosphorylation and micromolar cytosolic
calcium concentration occur by different mechanisms [102]. According to the
currently accepted model of SERCA inhibition, PLN becomes phosphorylated
while bound to SERCA, requiring a tertiary complex to be formed between
SERCA, PLN and the kinase. Models of SERCA and PLN reveal that there is
space for a kinase to fit although there is no structural information on this complex
[44]. Structural and functional studies of PKA and peptide substrates have shown
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that PKA requires an unstructured peptide to bind, requiring PLN to unwind between
Thr8 and Glu19 in order for phosphorylation to occur [11]. Solution NMR studies on
the structure of AFA PLN showed phosphorylation to cause unwinding of domain Ia
[103], while other studies on wild-type PLN using circular dichroism or Fourier
transform infrared methods found that phosphorylation resulted in no structural
changes at all [104, 105]. More recent solution NMR studies have examined the
conformational dynamics of PLN binding to PKA, and a single deletion of an
arginine in PLN’s recognition sequence for PKA reduces its binding affinity and
dramatically reduces phosphorylation kinetics [83, 106]. Molecular dynamics sim-
ulations have suggested that phosphorylation causes a salt bridge to form between
the phosphorylated serine and Arg9, Arg13 and/or Arg14 of PLN, and these salt
bridges trigger disordering of the cytoplasmic α-helix, resulting in loss of SERCA
inhibition [107]. In general, most studies agree that phosphorylation induces disor-
der in the cytoplasmic domain of PLN, which is responsible for reversal of SERCA
inhibition.

5.5.6 Phospholamban in Heart Failure

Since 2003, several mutations in PLN have been identified that lead to familial
dilated cardiomyopathy (DCM) in humans by affecting SERCA inhibition by PLN
and PKA-mediated phosphorylation of PLN [73–75, 108, 109]. All residues in PLN
at which hereditary mutations that cause DCM have been found are shown in
Fig. 5.2a and a model of heart disease caused by SERCA dysregulation is shown
in Fig. 5.4a–c.

5.5.6.1 Arg9-Cys (R9C)

In 2003, the first human mutation in PLN that causes DCM was identified. A
dominant arginine to cysteine missense mutation at residue 9 (R9C) in the cytoplas-
mic domain of PLN was found in a large family and cosegregated with heart disease
[73]. The startling finding was the severity of disease caused by this mutation, with
early symptom onset (between 20 and 30 years of age) quickly progressing to heart
failure (5–10 years later). In many patients, the severity of the disease necessitated
cardiac transplantation and the average age of death of affected individuals is 25.
Interestingly, all patients that have been found are heterozygous for R9C PLN and no
homozygous individuals have been identified. Transgenic R9C PLN mice also
exhibited heart failure leading to early death [73]. Co-transfection of HEK293
cells with SERCA and R9C PLN revealed that R9C PLN does not inhibit SERCA
and is not phosphorylated by PKA, implying that it is a complete loss of function
mutant. It was concluded that R9C PLN prevents the phosphorylation of wild-type
PLN by “trapping” PKA, as immunoprecipitation studies showed that increasing
amounts of R9C PLN pulled down increasing amounts of PKA [73]. Further work
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Fig. 5.4 Regulation of SERCA by PLN and SLN in the heart. SERCA is shown as a surface
(P-domain is magenta, N-domain is cyan, A-domain is yellow, and transmembrane domain is grey)
and PLN as a cartoon (green) representation. Phosphorylated PLN and SLN are shown with orange
spheres on the cytoplasmic domains. (a) In healthy resting individuals, approximately half of PLN
is inhibitory (non-phosphorylated), giving rise to normal calcium transients and pumping capacity
of the heart. (b) During heart failure, SERCA expression is diminished, giving rise to super-
inhibition of SERCA, decreased calcium transients, and decreased pumping capacity of the heart.
(c) Hereditary mutations in PLN cause decreased calcium transients and pumping capacity of the
heart, leading to heart disease. (d) SLN exists mainly as a monomer and upon interaction with
SERCA it inhibits its activity. This inhibition can be relieved upon increased cytosolic calcium or
phosphorylation of SLN by CaMKII or STK16. (e) Super-inhibition of SERCA by the SLN-PLN
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using transgenic mice with a R9C PLN transgene and 2, 1 or 0 wild-type PLN alleles
in mice determined that the disease-causing mechanism for R9C PLN is dependent
on the presence of wild-type PLN [110]. It was also shown that R9C PLN increases
the stability of the PLNpentameric assembly via disulfide bridge formation, preventing
its binding to SERCA2a as well as phosphorylation by PKA [111]. These effects are
increased under oxidizing conditions, suggesting that oxidative stress may exacer-
bate the cardiotoxic effects of R9C PLN. Comparative proteomics study on mice
overexpressing R9C PLN identified changes in expression in proteins involved
in ER stress, apoptosis and cytoskeletal remodelling, revealing widespread
changes in the heart as a result of the R9C mutation in PLN [112]. Experiments
performed in adult rabbit cardiomyocytes determined that R9C PLN reduces
SERCA2a inhibition by decreasing the amount of inhibitory complex, resulting
in acute inotropic and lusitropic effects but producing impaired frequency poten-
tiation and blunted β-adrenergic responsiveness [113]. In purified SERCA-PLN
proteoliposomes, it was found that R9C is a complete loss-of-function mutant of
PLN. Importantly, in the presence of wild-type PLN to mimic heterozygous
conditions, R9C exerts a dominant negative effect on the activity of SERCA
[114]. Other hydrophobic substitutions at Arg9 (including Leu, Val, and Met)
recapitulated the loss of function observed with R9C, identifying hydrophobic
imbalance in PLN as a potential determinant for DCM. Additionally, R9C PLN
could not be phosphorylated by PKA, which led to the identification of Arg9 as
an important determinant of efficient phosphorylation by PKA despite the fact
that Arg9 is not part of the canonical Arg13-Arg-Ala-Ser16 PKA recognition motif
of PLN [115].

5.5.6.2 Arg14-Deletion (R14del)

In 2006, a second mutation was identified in the cytoplasmic domain of PLN that
was linked to DCM in humans. Deletion of Arg14 (R14del) in PLN was found in a
large Greek family with hereditary heart failure [74]. In the Netherlands, the R14del
mutation is thought to be present in 10–15% of DCM patients, and the mutation is
thought to have arose in the country 575–825 years ago [116]. While no homozy-
gous individuals have been found, heterozygous individuals develop left ventricular
dilation, contractile dysfunction and episodic ventricular arrhythmias by middle age.
Transgenic R14del PLN mice recapitulate human cardiomyopathy, both in physio-
logical and histopathological abnormalities [74]. Since Arg14 is part of the PKA
recognition motif in PLN (Arg13-Arg-Ala-Ser16), it was hypothesized that the
disease-causing mechanism is lack of a normal β-adrenergic response. However, it
was found that R14del PLN is normally phosphorylated by PKA in HEK293 cells.

⁄�

Fig. 5.4 (continued) heterodimers. SLN interferes with the PLN pentamer formation by direct
interaction with PLN. The SLN-PLN heterodimers bind with higher affinity to SERCA than either
SLN or PLN alone
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This was a surprising finding, as mutation or deletion of Arg13 or Arg14 in PLN
was previously shown to abolish PKA-mediated phosphorylation [69]. In a
co-expression system, homozygous R14del PLN expression results in mild loss
of SERCA inhibition and heterozygous R14del PLN expression results in SERCA
super-inhibition, which is not fully reversed by PKA phosphorylation. This chronic
suppression of SERCA activity was found to be caused by destabilization of mixed
wild-type and R14del PLN pentamers, which increases the ratio of PLN monomer to
pentamer in the SR. Immunofluorescence studies of HEK293 cells transfected with
both wild-type and R14del PLN found that all PLN localizes to the ER. Another
study examined the effect of R14del PLN in a PLN-null mouse (homozygous
R14del) [117]. R14del PLN was found to be minimally phosphorylated at Ser16
by PKA and CaMKII-mediated phosphorylation of Thr17 was absent. Immunoflu-
orescence studies found that R14del PLN does not co-localize in the SR with SERCA
but rather is targeted to the plasma membrane where it interacts with the Na+,K+-
ATPase. Examination of murine cardiac homogenates revealed that while R14del has
no effect on calcium reuptake by SERCA (presumably because there is no PLN
present in the SR), R14del PLN activates the Na+,K+-ATPase. Further confounding
elucidation of the mechanism, examination of R14del PLN from patient cardiac
explants and in human induced pluripotent stem cell-derived cardiomyocytes revealed
mislocalization and aggregation of R14del PLN and an arrhythmogenic and hyper-
trophic phenotype [118, 119].

The R14del mutation in PLN was identified in another family with hereditary
DCM in 2006 [120]. Strikingly, these two patients exhibited late-onset (60–70 years
of age), mild DCM. Neither patient had any complaints related to heart failure
although both had mildly impaired left ventricular performance. Notably, one patient
was evaluated for muscular dystrophy because of slowly progressive muscle weak-
ness with symptoms of leg pain and difficulty standing yet there were no problems in
any other limbs. A skeletal muscle biopsy was normal and the patient tested negative
for muscular dystrophy.

5.5.6.3 Arg9-Leu (R9L) and Arg9-His (R9H)

R9L and R9H were identified in DCM patients in Brazil in a study where over one
thousand patients with a variety of DCM etiologies, including idiopathic, ischemic,
Chagas, valvular, and hypertensive, were screened [75]. Of the two patients with
R9L, one presented with idiopathic DCM and died at 30 years of age (her mother
died of the same cause but no DNA was available for genotyping), and the second
presented with Chagas disease and hypertension and she died at 69 years of age
because of advanced heart failure. The patient with the R9H mutation died at
43 years of age due to idiopathic DCM. While R9L does appear to cosegregate
with disease, clinical data point to the R9H mutation not causing DCM or being a
low-penetrant allele because several relatives of this patient also had the R9H
mutation and only one had cardiac disease. The potential disease-causing mecha-
nisms of these two mutations were not discussed in this study but they did point out
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that Arg9 is of paramount importance to proper PLN function and appears to be a
“hot spot” for mutations linked to DCM. In purified SERCA-PLN proteoliposomes,
it was found that R9L PLN behaves similarly to R9C PLN, resulting in complete loss
of SERCA inhibition and lack of phosphorylation by PKA [114, 115]. R9H PLN
results in normal SERCA inhibition but is not phosphorylated by PKA.

5.5.6.4 Leu39-Stop (L39stop)

L39stop is the only mutation identified in the transmembrane domain of PLN, and
both homozygous and heterozygous individuals have been identified [108]. Hetero-
zygous individuals display hypertrophy without diminished contractile performance,
while homozygous individuals develop DCM and heart failure, requiring cardiac
transplantation before 30 years of age. Several heterozygous subjects were found to
have normal left ventricular systolic function by echocardiographic examination,
revealing incomplete penetrance of the L39stop phenotype. In HEK293 cells and
adult rat cardiomyocytes, homozygous L39stop PLN had identical calcium uptake
rates compared to SERCA alone, while heterozygous L39stop PLN was identical to
wild-type PLN, indicating that L39stop PLN does not have a dominant effect on
SERCA activity in the presence of wild-type PLN. It was also found that patients
harboring the homozygous L39stop mutation have a 50% reduction in SERCA
expression in cardiac SR, which likely contributes to disease. While wild-type
PLN localizes to the ER in HEK293 cells, L39stop PLN was found on the plasma
membrane; however, L39stop was also found in the insoluble fraction of ER
microsomes (wild-type PLN was found in the soluble fraction), indicating that
L39stop PLN could be a highly unstable or rapidly degraded and inactive form of
PLN. It was concluded that homozygous L39stop individuals are effectively “PLN-
null”, which leads to DCM in humans. This is in stark opposition to what is seen in
mouse models, where PLN reduction or ablation results in normal cardiac contractile
function and does not lead to heart failure, even in advanced age [121]. Molecular
dynamics simulations of L39stop determined that this mutation would be unable to
form oligomers and would be translocated out of the bilayer and solubilized [122].

5.5.6.5 Arg25-Cys (R25C)

In 2015, four heterozygous family members were identified as carriers of the R25C
mutation [123]. All had implantable cardiac defibrillators and three had developed
prominent ventricular arrhythmias. In adult rat cardiomyocytes, R25C PLN acts as a
superinhibitor of SERCA, which is relieved by phosphorylation, and is associated
with an increased frequency of calcium sparks and waves as well as stress-induced
after-contractions. Accompanying this phenotype is an increase in CaMKII activity
and hyper-phosphorylation of RyR2 at Ser2814, providing the first evidence that a
mutation in PLN can affect both calcium uptake and release in the SR.
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5.5.6.6 Mutations in the Promoter and Intronic Regions

The human PLN gene is located on chromosome 6 and, in addition to mutations in
the coding region, several mutations have been identified in the promoter region and
surrounding introns. Small nucleotide polymorphisms (SNPs) in the promoter region
of PLN that have been found include: 77 bases upstream (�77) [124], 42 bases
upstream (�42) [125] and 36 bases upstream (�36) [126, 127] of the PLN tran-
scriptional start site. These mutations are found only in the heterozygous form and
have been shown to alter expression of PLN; however, they have also been identified
in both healthy individuals and patients with cardiac disease [125].

5.6 Regulation of SERCA by Sarcolipin

5.6.1 Introduction to Sarcolipin

SLN was first described as a low molecular-weight protein that co-purified with
preparations of SERCA and was named to reflect its origin as a proteolipid of the SR
[128]. SLN is the predominant regulator of SERCA and calcium homeostasis in fast-
twitch skeletal muscle [129, 130]. However, SLN is also expressed in the atria of
the heart, where it can interact with PLN and lead to super-inhibition of SERCA
[131–133]. Structural similarities between the SLN and PLN genes, as well as the
significant sequence identity clearly suggest that these proteins are homologous
members of the same gene family [4, 11]. SLN is a 31-residue type I integral
membrane protein with a transmembrane domain and short cytoplasmic and luminal
domains (Fig. 5.2a) [128]. Amino acid conservation in the transmembrane domains
of SLN and PLN suggests that SLN inhibits SERCA by binding and lowering the
apparent calcium affinity of the enzyme in a manner similar to PLN [130]. However,
recent data demonstrate that unlike PLN, which primarily binds to SERCA in an E2
calcium-free state, SLN remains associated with SERCA throughout its kinetic
transport cycle [134–136].

5.6.2 Regulatory Mechanism of SERCA Inhibition
by Sarcolipin

SLN inhibition of SERCA has been less well characterized than PLN, mainly due to
the assumption that SLN inhibits SERCA in a similar manner as PLN. However, there
are important differences in the way SLN inhibits SERCA. For example, it is well
accepted that SLN lowers the apparent calcium affinity of SERCA to a lesser extent
than PLN [130, 137]. In addition, some studies have found that SLN decreases the
maximum reaction rate (Vmax) of SERCA at micromolar calcium concentrations,
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indicating that SLN inhibition is not relieved by increased cytosolic calcium [138–
140]. Furthermore, it is not well established if phosphorylation of SLN is a physio-
logically relevant mechanism, although two kinases, CaMKII and Serine/Threonine
Kinase 16 (STK16), have been reported to target SLN (Fig. 5.4d) [141, 142]. Finally,
in contrast to PLN which is known to assemble into stable pentamers, SLN is thought
to exist primarily as a monomer [130]. However, evidence indicates that SLN can also
form oligomers in detergent and lipid environments [143, 144].

The differences in the amino acid composition between SLN and PLN are
responsible for the structural changes that give these peptides their own unique
functional properties. The N-terminal cytoplasmic domain of SLN (residues 1–7) is
much shorter than that of PLN and lacks the corresponding phosphorylation sites.
This region of SLN is poorly conserved among different species except for the
highly conserved Thr5 residue, considered as a putative phosphorylation site
(Fig. 5.2a) [4]. The role of Thr5 in phosphorylation-mediated regulation of SLN
was first demonstrated in heterologous co-expression studies with SERCA in which
the phospho-mimetic Thr5-Glu SLNmutant resulted in the expected complete loss of
function, whereas Thr5-Ala SLN was a gain-of-function mutation [130]. In addition,
the N-terminal domain of SLN may play a role in uncoupling of SERCA, causing an
increase in ATP hydrolysis and heat production [136]. The α-helical transmembrane
domain of SLN (residues 8–27) is composed of 19 residues, 8 of which are identical
and 8 are highly conserved compared to the corresponding residues in the trans-
membrane domain of PLN. Despite the high sequence conservation between the
transmembrane regions of SLN and PLN, alanine-scanning mutagenesis did not
recapitulate the gain of function behavior associated with residues that destabilize
the PLN pentamer [130]. Nevertheless, mutation of Leu8 and Asn11 in SLN resulted
in the expected loss of function observed for the comparable Leu31 and Asn34 in
PLN, residues critical for proper PLN function. The last five residues of SLN are
perfectly conserved among mammals and make up its luminal domain (residues
27–31) which extends into the SR lumen. The C-terminal regions of SLN and PLN
represent a striking difference between these proteins, where the polar luminal tail in
SLN (Arg27-Ser-Tyr-Gln-Tyr31) is substituted by the more hydrophobic C-terminal
end in PLN (Met50-Leu-Leu52). Solid-state NMR studies demonstrated that the two
aromatic residues (Tyr29 and Tyr31) of SLN are required for interaction with SERCA
[138]. Furthermore, functional studies in co-reconstituted proteoliposomes con-
cluded that the luminal domain of SLN is responsible for lowering the maximal
activity of SERCA and encodes most of its inhibitory properties [145]. In addition to
this functional role, the luminal domain was reported to be important for targeting or
retention of SLN in the SR membrane [146].

5.6.3 Structure of Sarcolipin

In contrast to PLN, there have been few structural studies of SLN. Considering its
low molecular weight and highly hydrophobic nature, the structure of SLN has been
predominantly studied by NMR in detergent and lipid environments. The initial 3D
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structure of SLN was determined in detergent (SDS) micelles and revealed that SLN
forms a compact α-helical transmembrane domain (residues 9–27) with two short
unstructured termini consisting of residues 1–8 in the cytoplasmic N-terminus and
residues 27–31 in the luminal C-terminus (Fig. 5.2a) [147]. Additionally, the
orientation of SLN was found to be perpendicular to the membrane plane. A
subsequent NMR structure of SLN was determined in dodecylphosphocholine
(DPC) micelles, conditions that more closely mimic the native membrane environ-
ment [148]. The overall structure of SLN was highly similar to the initial SLN
structure solved in the presence of detergent, indicating that this protein adopts the
same conformation in detergent and lipid environments. However, contrasting what
was observed in the initial structural study [147], SLN was determined to adopt a
tilted orientation with the helix axis tilted by ~23� with respect to the membrane
normal. In addition, spin relaxation measurements revealed four dynamic domains of
SLN: an unstructured N-terminus (residues 1–6), a dynamic helix (residues 7–14), a
highly rigid helix (residues 15–26), and an unstructured C-terminus (residues
27–31). The more hydrophilic N-terminal portion of the transmembrane domain of
SLN is reminiscent of domain Ib of PLN, whereas the more hydrophobic and rigid
segment resembles domain II of PLN, suggesting that sequence conservation
between these two proteins is reflected in the conservation of both structure and
dynamics. This study also indicated that the dynamic peptide backbone of the
cytoplasmic and luminal domains of SLN become more structured in the presence
of SERCA, suggesting that these regions of SLN might be stabilized through
interactions with the pump.

5.6.4 Oligomeric State of Sarcolipin

It is well documented that monomeric PLN can assemble into stable pentamers,
which are easily visualized by SDS-PAGE [11], whereas SLN has been found to
migrate primarily as a monomer in SDS-PAGE [130]. However, several studies have
since shown that SLN can form a mixture of oligomeric species. For example, SLN
has been shown to aggregate after purification in non-ionic detergents, as well as
self-associate into higher order oligomers stabilized by chemical cross-linking in
detergent micelles and liposomes [143]. Recently, a fluorescence study done in
insect cells directly demonstrated that SLN monomers associate into dimers and
higher order oligomers, whereas mutant Ile17-Ala SLN only formed monomers and
dimers [144]. The same study also revealed that the binding affinity of SLN for itself
is very similar to that of SLN for SERCA.

Another interesting factor supporting the oligomerization of SLN came from
recent studies which reported channel-like activity for SLN reconstituted into teth-
ered bilayer lipid membranes [149, 150]. SLN was reported to form channels
selective for chloride and phosphate anions and impermeable to inorganic cations.
This ion-channel activity was abolished by the Thr18-Ala mutation in the transmem-
brane domain of SLN. In addition, the transport of phosphate by the SLN channel
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was found to be activated in the presence of ATP and inhibited by ADP. Intrigu-
ingly, the SLN channel shares some features with the unidentified phosphate trans-
porter found in the SR, which is thought to enhance the level of accumulation of
calcium ions in the SR when SERCA is activated by ATP [151, 152]. Although the
physiological role of the SLN channel is still debatable, these studies suggest that
SLN must oligomerize in order to exhibit channel-like activity.

5.6.5 Sarcolipin Physically Interacts with SERCA

Mutagenesis studies of both SLN and SERCA in combination with functional
measurements and co-immunoprecipitation studies provided the first insights into
where SLN binds on the SERCA pump [134]. Since residues in the transmembrane
domain of PLN responsible for interactions with SERCA are conserved in SLN, the
effects of SLN mutations were compared to the previously characterized mutations
in PLN [100]. With respect to binding SERCA, mutations in PLN had more dramatic
effects on binding than SLN mutations, suggesting that PLN has higher affinity for
SERCA than SLN. The most notable differences were that Leu8-Ala SLN had no
effect on binding to SERCA (the equivalent Leu31-Ala PLN decreased binding by
73%) and Ile17-Ala SLN decreased binding by 18% (the equivalent Ile40-Ala PLN
increased binding by 145%). In addition, mutations in SERCA that reduced regula-
tory function with PLN had similar effects on SLN binding, further suggesting that
SLN binds in the same region of SERCA as PLN. Based on these results, an NMR
structure of SLN was modeled onto the calcium-free crystal structure of SERCA.
Modeling revealed that the SERCA-SLN complex closely resembles the previously
generated SERCA-PLN model [44, 153], with the transmembrane domain of SLN
occupying the same grove as the transmembrane of PLN, and the C-terminal luminal
domain interacting with aromatic residues in the TM1–TM2 loop of SERCA.

A major breakthrough in understanding the interactions between SERCA and its
regulator SLN came about with the recent publication of two high resolution crystal
structures of the SERCA-SLN complex (Fig. 5.5) [154, 155]. These structures
represent SLN bound to SERCA in a calcium-free state and for the first time provide
detailed structural information explaining the mechanism of SERCA regulation by
SLN. These structures reveal that SLN traps SERCA in a previously unobserved
magnesium-bound state, denoted as E1-Mg2+, with the calcium binding sites
exposed to the cytosol and the conformation of the pump being intermediate between
the calcium-free (E2) and the calcium bound (E1-Ca2+) states. Two magnesium ions
appear to be bound at the second calcium binding site (site II) which is not fully
formed in the E1-Mg2+ state (Fig. 5.5b). Therefore, it is possible that binding of a
calcium ion at site I causes displacement of magnesium ions and complete formation
of site II. This hypothesis is supported by functional studies which indicate that
magnesium can access calcium binding sites from the cytosol and high magnesium
concentrations can inhibit calcium binding to SERCA [156]. Taken together, it is
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possible that SERCA utilizes magnesium ions to modulate the efficiency of calcium
binding that may delay SERCA activation relative to the contractile filaments.

The structures of the SERCA-SLN complex reveal SLN as a slightly bent
α-helix bound in a groove surrounded by TM2, TM6, and TM9 of SERCA,
which is highly consistent with previous models, cross-linking and mutagenesis

Fig. 5.5 High-resolution structure of SERCA in complex with SLN. (a) SERCA is shown in
transparent surface and cartoon with the P-domain in magenta, N-domain in cyan, A-domain in
yellow, TM2 and TM9 in light purple and the rest of the transmembrane (TM) helices in grey.
Magnesium ions are shown as yellow spheres. SLN is shown in red cartoon. (b) Close-up view of
the calcium binding sites with two magnesium ions occupying site II. Calcium ion coordinating side
chains are shown as grey sticks. (c) Close-up view of the interactions between the N-terminal part of
SLN and TM2, TM6 and TM9 helices of SERCA. Asn11 and Thr5 (red sticks) of SLN are shown to
interact with Thr805 and Trp932 (grey sticks) of SERCA, respectively. (d) Close-up view showing
the proximity of Tyr29 and Tyr31 to the luminal end of TM1–TM2 of SERCA
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studies [134, 135]. The SLN binding cleft appears particularly narrow in the
cytoplasmic end where the putative SLN phosphorylation site, residue Thr5, makes
contacts with the pump (Fig. 5.5c). Thus, phosphorylation at this site would result in
steric clash that relieves binding of SLN to SERCA. These structures also directly
demonstrate the importance of the highly conserved Asn11 (Asn34 in PLN) as it
clearly forms extensive interactions with Thr805 of SERCA, explaining why muta-
tion of this residue to alanine results in loss of inhibitory function and weaker
association of SLN with SERCA (Fig. 5.5c). Unfortunately, the amino- and
carboxy-termini of SLN are poorly defined in both structures, preventing accurate
assignment of the last three C-terminal residues (29Tyr-Gln-Tyr31). Nevertheless, the
C-terminal domain of SLN appears to be in proximity to the aromatic residues in the
TM1–TM2 loop (Fig. 5.5d). In summary, these structures suggest that by direct
binding to the transmembrane domain of SERCA, SLN interferes with transition
from the magnesium bound E1-Mg2+ state into the calcium bound E1-Ca2+ state, and
thereby decreases the apparent affinity of SERCA for calcium.

5.6.6 Role of Sarcolipin in the Heart

Aside from being the primary regulator of SERCA1 in skeletal muscle, SLN is
known to be an active regulator of cardiac SERCA2a. This was initially demon-
strated in studies performed in HEK293 cells, where co-expression of SLN with
SERCA2a decreased the apparent calcium affinity of the pump [137]. Indeed, SLN
mRNA was then demonstrated to be specifically expressed in the atria of mouse
hearts but absent in the ventricles [131]. In the same study, SLN mRNA was also
detected in human atria. These findings were later confirmed with detection of SLN
at the protein level in the atria of mouse and rat [132]. Furthermore, several studies
have shown that expression of SLN in cardiac muscle appears to be differentially
regulated under diverse physiological and pathophysiological states. For example,
expression of SLN at both mRNA and protein levels has been shown to be down-
regulated in the atria of patients with chronic atrial fibrillation [157, 158], which
appears to contribute to atrial remodeling [159]. Similarly, down-regulation of SLN
mRNA levels was reported in a transgenic mouse model of cardiac hypertrophy
[131]. Conversely, a more recent study showed that SLN mRNA is up-regulated
approximately 50-fold in hypertrophied ventricles of Nkx2-5 null mice [160]. In
addition, one study reported a significant increase of SLN mRNA expression in the
mouse atria during development [131].

Compared to PLN, the function of SLN in cardiac calcium homeostasis and
contractility is not fully defined. Important insights into the physiological role
of SLN in the heart were obtained with the help of transgenic mouse models
with alterations in SLN protein levels. The first genetically engineered mice
overexpressing SLN in cardiac muscle displayed a decrease in SERCA2a calcium
affinity, a decrease in calcium transient amplitude, and slowed muscle relaxa-
tion [140, 161]. The inhibitory effect of SLN was reversed by treatment with
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isoproterenol (a β-agonist), suggesting that SLN is a reversible inhibitor of SERCA2a.
Overall, these mice were very similar to a previously characterized mouse model
overexpressing PLN. To investigate the independent role of SLN in the heart, mice
overexpressing SLN in a PLN null background were generated [142]. Overexpression
of SLN in the absence of PLN caused a decrease in the apparent calcium affinity of
SERCA2a, reduced calcium transient amplitude, and impaired contractility as com-
pared to PLN knockout mice. In agreement with previously studied SLN mouse
models, isoproterenol treatment relieved SLN inhibition, further demonstrating that
SLN can mediate the β-adrenergic response in the heart. These studies also identified
Thr5 as a potential phosphorylation site and directly demonstrated that SLN can be
phosphorylated by STK16 (Fig. 5.2a). However, the physiological role of STK16 in
the β-adrenergic pathway is yet to be defined.

The functional significance of SLN down-regulation in cardiac muscle was
later demonstrated with a SLN knockout mouse [162]. In the atria, ablation of SLN
resulted in increased apparent calcium affinity of SERCA2a, increased calcium tran-
sient amplitudes, and enhanced cardiac contractility. SLN knockout mice did not
exhibit any developmental abnormalities, but were susceptible to arrhythmias and
atrial remodeling upon old age, most likely due to enhanced SERCA2a activity
[159, 162]. In addition, the absence of SLN in the atria showed blunted responses
to isoproterenol, which implies that β-adrenergic stimulation in the atria is largely
mediated by SLN. This was further supported by a study overexpressing SLN in
rat ventricular myocytes, which provided evidence that SLN can be phosphorylated
at Thr5 byCaMKII (Fig. 5.2a) [141]. Taken together, these studies strongly suggest that
SLN is an important regulator of SERCA2a function and cardiac contractility of
the atria.

Since SLN and PLN are co-expressed in the heart, it is possible that the two
regulators have a synergistic effect on SERCA activity. Interestingly, co-expression
of SLN and PLN with SERCA2a in HEK293 cells was shown to induce super-
inhibition of SERCA2a activity [137]. Initially, it was proposed that SLN mediates
its inhibitory effect through forming a stable binary complex with PLN that results in
destabilization of PLN pentamers [134]. This leads to increased concentrations
of PLN monomers, considered to be the active form of PLN, thus promoting
super-inhibition of the SERCA pump. However, aside from the reduced apparent
calcium affinity of SERCA, a reduction in maximal activity was also observed. This
suggested that it is not only the increase in PLNmonomers that causes super-inhibition
of SERCA. On the basis of more recent mutagenesis and co-immunoprecipitation
studies, a modified model for the super-inhibition of SERCA was presented according
to which the hetero-dimeric interactions between SLN and PLN are stronger than
homo-dimeric interactions between PLN monomers [135]. Thus, a stable SLN-PLN
hetero-dimer could form first and then fit into the PLN binding groove on SERCA
causing super-inhibition (Fig. 5.4e). Indeed, according to a structural model of
the SERCA-PLN-SLN ternary complex, the cavity formed by the TM2, TM4,
TM6, and TM9 helices of SERCA in the calcium-free E2 state is large enough to
accommodate SLN and PLN simultaneously but too narrow to bind two PLN
monomers [134, 135]. In addition, a more recent study of PLN-SLN chimeras in
co-reconstituted proteoliposomes revealed that PLN combined with the C-terminal
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tail of SLN is sufficient for super-inhibition of SERCA, indicating that direct
interactions between SERCA and both PLN and SLN are necessary for super-
inhibition to occur [145]. It is noteworthy to point out, however, that evidence for
a super-inhibitory action of PLN and SLN in atrial muscle under normal physiolog-
ical settings has never been reported.

5.6.7 Sarcolipin Regulates Thermogenesis in Skeletal Muscle

In addition to regulating SERCA calcium transport activity, SLN has recently
emerged as a regulator of thermogenesis in skeletal muscle [163]. Interestingly,
SLN was shown to uncouple SERCA calcium transport from ATP hydrolysis,
resulting in futile cycling of SERCA and leading to an increase in ATP consumption
and heat production. The process of SERCA uncoupling was attributed to the fact
that SLN appears to remain associated with the pump even at high calcium concen-
trations [164]. Moreover, the cytosolic N-terminal domain of SLN was shown to be
critical for SERCA uncoupling, as truncation of this domain caused SLN to lose its
inhibitory and uncoupling properties [136].

Several animal models have been used to study the role of SLN in skeletal muscle
physiology, where a number of striking differences were observed between the wild-
type, SLN deficient, and SLN overexpressing mice. Although loss of SLN did not
affect skeletal muscle function or growth, SLN knock-out mice were unable to
maintain normal body temperature when exposed to low temperatures, leading to
hypothermia and eventual death [165]. This phenotype was completely reversed by
reintroduction of SLN into SLN knock-out mice, suggesting that SLN is necessary
for muscle-based thermogenesis. The same was not observed in skeletal muscle-
specific PLN knock-out mice exposed to the low temperatures [164]. Furthermore,
skeletal muscle-specific SLN knock-out mice were more susceptible to obesity than
their wild-type littermates when fed a high fat diet [165]. In contrast, mice
overexpressing SLN were resistant to diet-induced obesity and showed increased
oxidative metabolism as compared to wild-type or SLN knock-out mice, further
demonstrating that the uncoupling of SERCA by SLN causes higher energy expen-
diture [166]. Taken together, these in vitro and in vivo studies suggest a dual role of
SLN in the skeletal muscle: regulation of intracellular calcium levels and modulation
of energy metabolism.

5.7 Targeting SERCA Regulatory Complexes as Therapy
for Cardiac Disease

Altered calcium handling is a hallmark of heart disease and many studies have found
that mRNA levels or expression of proteins involved in SR calcium handling are
altered in failing myocardium. Levels of SERCA2a in cardiac SR are depleted in
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human heart failure and the reason for this is not entirely known. The decrease in
SERCA2a expression leads to higher ratios of PLN-to-SERCA2a, which can result
in SERCA2a superinhibition (Fig. 5.4a–c). It has also been shown in a mouse model
that superinhibition of SERCA by PLN leads to heart disease [167]. While it has
been shown that there is a decrease in PLN mRNA levels during heart failure [168],
this does not appear to lead to decreased PLN protein expression [169] and most
studies agree that PLN levels are unchanged between normal and failing hearts
[11]. However, the phosphorylation of PLN is also decreased in heart failure, further
augmenting superinhibition of SERCA [170]. Interestingly, expression of proteins
involved in calcium release (RyR) and calcium binding (calsequestrin, calreticulin)
are not affected in failing hearts, although there is often a compensatory increase in
expression of the sodium-calcium exchanger (NCX) [169].

Since impaired calcium handling in heart failure is often a result of decreased
expression and activity of SERCA2a, restoration of SERCA2a by gene transfer
using an adeno-associated virus (AAV) has been studied as a treatment for heart
failure [171]. While there are particular setbacks to this treatment, such as some
patients’ immunity to the virus and the potential degradation of newly expressed
SERCA2a, it was shown to improve cardiac contractility and partially reverse
remodelling of the left ventricle [172, 173]. While phase II clinical trials were
successful, the clinical trial did not pass phase IIb/III trials [174, 175]. Since
SUMOylation of SERCA2a is important for stability of the enzyme, and SERCA2a
stability and SUMOylation both decrease during heart failure [176], the narrative of
SERCA2a in heart failure may not be as simple as previously thought.

Impaired calcium handling can also be the result of reduced SERCA2a activity
caused by superinhibition by PLN (Fig. 5.4a–c). Two approaches have been exam-
ined to alter SERCA2a-PLN interactions in heart failure—the first is to decrease
PLN expression and the second is to increase PLN phosphorylation. PLN knockout
studies in mice showed that it leads to normal cardiac performance resulting from
an increase in SERCA2a affinity for calcium [11]. In support of this study, PLN
overexpression in mice resulted in diminished calcium cycling, which was partially
rescued by an elevation in epinephrine and norepinephrine levels, but was maladap-
tive in the long term, as it led to cardiac remodelling, heart failure and early
mortality [177]. These studies have pointed to the use of PLN antisense RNA or
non-functional PLN mutants to treat heart failure. The second approach to decrease
SERCA2a inhibition by PLN is to increase its phosphorylation by PKA. Rather than
attempting to phosphorylate PLN by activation of the β-agonist pathway, the focus
has been to prevent dephosphorylation of PLN by PP-1. There is accumulating
evidence that PP-1 activity is enhanced in heart failure, resulting in a decrease in
PLN phosphorylation and cardiac output [178]. When phosphorylated by PKA, I-1
is a physiological inhibitor of PP-1 and this inhibition is reversed by the dephos-
phorylation of I-1 by protein phosphatase 2A or 2B. If normal activity of PP-1 can be
restored by manipulating I-1, this approach could be used as a novel therapeutic in
heart failure. Studies in animal models using a constitutively active I-1 construct
(Thr35-Asp) have shown enhanced contractility and PLN phosphorylation and
reduced expression of pro-apoptotic proteins such as Bax. More recently, AAV
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delivery of constitutively active I-1 has been shown to improve cardiac function in a
model of swine ischemic heart failure [179].

5.8 Future Directions for SERCA Regulation

SERCA is expressed in all tissues, yet PLN and SLN are only expressed in muscle
tissues. The question of how SERCA is regulated in these other tissues has remained
a mystery until recently. In 2015, two micropeptides, previously thought to be
long non-coding RNAs, were identified and found to directly interact with
SERCA in muscle: myoregulin (MLN) and dwarf open reading frame (DWORF)
[180, 181]. MLN, a 46 amino acid peptide, was found to be expressed in fast-twitch
skeletal muscle where it inhibits SERCA in a similar mechanism to PLN and SLN.
DWORF (35 amino acids) is expressed in cardiac, slow-twitch, and fast-twitch
skeletal muscle, where it is proposed to activate SERCA by displacing PLN, SLN
and MLN. In non-muscle tissues, two peptides were also identified to inhibit
SERCA activity: endoregulin (ELN) and another-regulin (ALN) [182]. ELN and
ALN were shown to inhibit SERCA2b and SERCA3a, respectively. ALN is the
largest peptide inhibitor of SERCA (65 amino acids) and is expressed in similar
tissues to SERCA2b—heart, epidermal epithelium, salivary gland, brown fat, intes-
tinal epithelium, and urothelium of the bladder. ELN is also larger than PLN
(54 amino acids) and its tissue distribution is distinctly non-muscle (epithelial cells
of the trachea and bronchus, lung, intestine, pancreas, and liver). The mechanisms
by which MLN, ELN and ALN inhibit SERCA are predicted to be similar to
PLN, given their similar topology. Exciting new work has also identified
ER/SR-mitochondria crosstalk as being important in calcium homeostasis, and defects
in this relationship have been linked to heart disease and cancer [183]. SERCA has
emerged as an important player in mediating SR/ER-mitochondrial calcium flux and
mitochondria bioenergetics. Specialized ER/SR microdomains (called mitochondria-
associated membranes) are held in close proximity to mitochondria by protein tethers
and can affect activity of mitochondrial metabolism and ATP production. Indeed,
recent work has identified novel modulators of SERCA2b, including thioredoxin
(a disulfide isomerase that consists of a single ER transmembrane domain), in these
mitochondria-associated membranes, providing further evidence of the role of SERCA
on calcium flux at the ER-mitochondria interface and adding to the complexity of the
SERCA regulatory mechanisms [184].
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Structural Insights into IP3R Function
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Abstract Inositol 1,4,5-trisphosphate receptors (IP3Rs) are ubiquitously expressed
intracellular ligand-gated Ca2+ channels present on the endoplasmic reticulum of
virtually all eukaryotic cells. These channels mediate the Ca2+ release from intra-
cellular stores in response to activation by the signaling molecule IP3, which
functions to transmit diverse signals received by the cell, e.g. from hormones,
neurotransmitters, growth factors and hypertrophic stimuli, to various signaling
pathways within the cell. Thus, IP3R channels can be conceptualized as highly
dynamic scaffold membrane protein complexes, where binding of ligands can
change the scaffold structure leading to cellular Ca2+ signals that direct markedly
different cellular actions. Although extensively characterized in physiological and
biochemical studies, the detailed mechanisms of how IP3Rs produce highly con-
trolled Ca2+ signals in response to diversified extra- and intracellular stimuli remains
unknown and requires high-resolution knowledge of channel molecular architecture.
Recently, single-particle electron cryomicroscopy (cryo-EM) has yielded a long-
awaited near-atomic resolution structure of the entire full-length type 1 IP3R. This
structure provides important insights into the molecular underpinnings of ligand-
mediated activation and regulation of IP3R. In this chapter, we evaluate available
information and research progress on the structure of IP3R channel in an attempt to
shed light on its function.
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6.1 Introduction

The Ca2+ ion is the most common second messenger in eukaryotic cells and plays a
crucial role in cellular responses to a wide variety of extra- and intracellular signals.
The precise control of cellular cytosolic Ca2+ levels (i.e. Ca2+ signaling) is pivotal to
diverse biological processes, including muscle contraction, learning and memory,
synaptic transmission, gene transcription, cell division, cell development and apo-
ptosis. For Ca2+ signaling to be effective cells must maintain low levels of cytosolic
Ca2+ under resting conditions and be able to generate rapid and transient increases
of cytosolic free Ca2+ upon stimulation. Most Ca2+ signals result from the release of
Ca2+ from intracellular stores, such as the endoplasmic reticulum (ER). These Ca2+

signals are mediated by Ca2+ release channels present on the ER membranes:
inositol 1,4, 5-trisphosphate receptors (IP3Rs) and ryanodine receptors (RyRs).
While the RyRs represent the primary Ca2+ release channels in striated muscle
cells, IP3Rs are ubiquitously expressed with their highest densities in Purkinje cells
of the cerebellum. In situ, IP3Rs function in association with an array of regulatory
molecules ranging from ions and small chemical compounds to proteins. These
interactions contribute to the specificity, duration and shape of Ca2+ signals gener-
ated by these channels and form the basis of their capacity to integrate information
from different signaling pathways [1]. Conceptually, IP3Rs work as signaling hubs
through which diverse cellular inputs like IP3, Ca

2+, ATP, thiol modifications,
phosphorylation and interacting proteins are integrated and then emerge as cytosolic
Ca2+ signals. This complex integration of multiple signals leads to a diversified cell
signaling pathway that results in markedly different cell actions. The fact that Ca2+

serves multiple roles raises the possibility of crosstalk between processes, which
may otherwise appear independent. Malfunction of IP3Rs leads to aberrant Ca2+

signaling that is associated with a multitude of human diseases such as cardiac
hypertrophy, heart failure, hereditary ataxias, atherosclerosis, hypertension, some
migraines, Alzheimer’s and Huntington’s diseases [2–5]. Unraveling the molecular
mechanisms for Ca2+ signaling through the activation of Ca2+ release channels is
necessary for understanding cell function and detailed atomistic knowledge of the
protein structure provides critical mechanistic insights into channel function. Until a
few years ago, high-resolution 3D structure information on IP3R channel was
limited to crystal structures of N-terminal ligand binding domains [6–9], with only
a low-resolution single-particle cryo-EM structure available for the entire tetrameric
IP3R [10, 11]. Here we focus on the latest structural insights into the IP3R archi-
tecture solved to near-atomic resolution by single-particle cryo-EM [12], revealing
mechanistic details of the channel function. We also consider future prospects and
challenges for structural studies of these channels.
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6.2 Historical Perspective on the Structural Studies of IP3R

The early discoveries of receptor-activated hydrolysis of PIP2 leading to intracellular
Ca2+ mobilization [13] and the identification of IP3 as the second messenger
molecule responsible for Ca2+ release from intracellular stores [14, 15] opened the
door to research aimed at revealing the identity of the IP3 binding protein and
detailing the molecular mechanisms underlying IP3 induced Ca2+ release. Since
their discovery in vertebrate systems about three decades ago [16–18] and cloning
of the gene encoding an IP3 receptor protein [19, 20], many studies have sought to
elucidate the structure-function properties of IP3R channels. Initial insights into the
IP3R structure were provided based on biochemical, mutagenesis and functional
studies from multiple groups. It was proposed that IP3R protein can be subdivided
into four functional regions: an IP3-binding region comprising ~600 residues at the
N-terminus of the receptor protein; a central modulatory region with sites for
interaction with regulatory molecules, a C-terminal channel-forming region
containing six putative transmembrane (TM) domains, and a C-terminal tail includ-
ing the last ~160 residues [21, 22]. Predicted membrane topology of IP3R suggested
that both the N- and C-termini are intracellular contributing to a large cytoplasmic
portion of the IP3R channel that encompasses ~90% of the protein mass. It has been
found that mammalian genes encode three homologous isoforms of the receptor
(IP3R1-3) that share ~70% overall sequence identity, which increases to ~90%
within the predicted TM region. Each isoform shows distinct properties in terms of
modulation by endogenous and exogenous ligands and tissue distribution. IP3R
diversity is further expanded by alternative gene splicing within the cytoplasmic
region as well as by the homo- and hetero-tetrameric assembly of the IP3R subunits
into functional channels. Most structural studies to date have focused primarily on
type 1 IP3R, due to it being the most characterized of the mammalian isoforms and
its predominance over other isoforms in the ER of cerebellar Purkinje cells.

The first glimpses of IP3Rs in the native membrane came from EM studies of
negatively stained thin-sections of COS cells overexpressing IP3R [23] and from
quick-freeze deep-etch replica EM of Purkinje cells ([24]; see Fig. 6.1). These
studies showed that in the membranes IP3Rs form 2D arrays of square-shaped,
compact particles of ~12 nm in diameter. The next essential step towards 3D
structure determination of IP3R1 was the successful isolation of the detergent-
solubilized receptor protein from the cerebellar membranes [34, 35]. Early EM
images of IP3R1 channel using negatively stained purified receptor [25, 27, 36]
confirmed its overall shape with fourfold symmetry and similar dimensions as
described by EM studies of IP3R in the native membrane [23, 24]. In further pursuit
of understanding the 3D structure of the IP3R, three major structural techniques have
been utilized: X-ray crystallography [6–9, 33], nuclear magnetic resonance (NMR)
spectroscopy [32, 37] and single-particle cryo-EM [10–12, 26, 28–31]. Until recent
methodological and technical advances in cryo-EM, X-ray crystallography was the
predominant technique for producing atomic resolution structures of proteins; how-
ever, well performing targets were generally small, soluble proteins. The enormity of
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the IP3R protein, its functional assembly as a tetramer and the need to extract the
channel protein from a lipid bilayer with detergents makes structural studies of IP3R
by X-ray crystallography and NMR largely intractable. Rather, several small pieces
of the cytoplasmic N-terminal ligand binding domains were expressed and their
structures solved by X-ray crystallography [6–9]. These structures, solved at
1.8–3.8 Å resolution in apo- and IP3-bound states, are in good agreement with one
another and describe three discrete domains arranged in a triangular shape: two
β-trefoil domains (β-TF1 and β-TF2) followed by an α-helical armadillo repeat
(ARM) domain. The IP3 binding pocket is formed at the interface of β-TF2 and
ARM1, and several positively charged residues within the IP3 binding pocket were
identified to be involved in coordinating the phosphate groups of IP3. In the ligand-
bound state, the β-TF2 and ARM1 domains move closer to each other modestly
closing the clam-like structure. These observations are consistent with earlier NMR
and small-angle X-ray scattering studies [32]. Most recently, low-resolution X-ray
structures (6–8 Å) of the mouse IP3R1 cytosolic domain were obtained [33]. How-
ever, the poorly diffracting crystals were not suitable to provide atomic structural
details and relied upon the 4.7 Å resolution structure of the full-length, tetrameric
IP3R1 channel solved by cryo-EM [12] to phase the X-ray data in order to build
atomic models of the soluble cytosolic domains.

Aforementioned high-resolution X-ray structures of the soluble ligand-binding
domains provide important structural details regarding IP3 binding determinants [6–
9], however, interpretations and implications to channel function are largely limited
due to the fact that these structures were not solved in the context of a tetrameric
channel assembly that likely imposes additional structural constraints underlying the
high allostericity of IP3R channel. Thus, interpretations regarding the structural
rearrangements upon ligand binding cannot be unequivocally correlated with func-
tional states of the ion conduction pathway because of a lack of the TM and C-
terminal domains, that are known to be functionally coupled to ligand-evoked
channel activation [38]. Attempts to dock the crystal structures fragments into
existing cryo-EM maps [9, 39, 40], assumes that the fragment structures retain an
identical conformation as in the full assembly. Therefore, crystallographic and NMR
studies failed to answer the fundamental questions on IP3R activation and gating:

⁄�

Fig. 6.1 (continued) cryo-EM [26]; Ca2+-induced conformational changes in IP3R1 [27]; crystal
structure of IP3-binding core domains [6]; 3D structures of IP3R1 by negative stain EM [28] and by
cryo-EM [29]; Ca2+-induced rearrangements of IP3R1 by EM [30]; another 3D structure of IP3R1
by cryo-EM [31]; crystal structure of IP3-binding suppressor domain [7]; ligand-induced confor-
mational changes in the N-terminal region by NMR and small-angle X-ray scattering [32]; 3D cryo-
EM structure of IP3R1 in the closed state at subnanometer resolution [10]; crystal structure of N-
terminal ligand binding domains in Apo- and IP3-bound forms [8]; Apo and ligand-bound crystal
structures of Cys-less forms of the N-terminal ligand-binding domains [9]; validation of IP3R1
cryo-EM structure [11]; first near-atomic resolution cryo-EM structure of IP3R1 in its apo-state
[12]; 6–8 Å-resolution crystal structures of the cytosolic domains [33]
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how the channel detects specific ligand signals and converts them into Ca2+ signals;
what is a structural basis for functional coupling underlying the ligand-mediated
channel gating?

It took over two decades of structural studies to achieve an atomistic model of the
full-length, tetrameric IP3R channel finally solved by using the single-particle cryo-
EM technique, which has emerged as the most feasible approach to tackle the
structure and evaluate the dynamic aspects of macromolecular assemblies such as
Ca2+ release channels. However, the journey to a high-resolution structure of IP3R1
was met with many challenges. In the early 2000s several low-resolution 3D
reconstructions (25–40 Å) of the entire IP3R1 were determined almost simulta-
neously by single-particle EM, using both negatively stained and vitrified samples
[26, 28–31]. These 3D structures while consistent with respect to the basic arrange-
ment of the receptor complex, comprising of large cytoplasmic and TM regions,
were strikingly different on a more detailed level. The structures varied in shape,
being described as uneven dumbbell, pinwheel, flower-like and hot-air balloon, with
each exhibiting vastly different dimensions and putative TM domain configurations.
Ultimately, the disparate structures lead to an uncertainty regarding the true 3D
structure of IP3R1 and compromised the credibility for using single-particle cryo-
EM as a tool for reliable structure determination. The long-standing controversy
about the 3D architecture of entire IP3R was a critical obstacle substantially slowing
progress of research aiming to understand structure-function relationships within the
IP3R channel. To resolve this conundrum, extensive biochemical optimizations and
implementation of new single-particle cryo-EM standards were rigorously pursued,
finally resulting in a new, unambiguous cryo-EM structure of IP3R1 solved by our
group to intermediate resolution [10]. Ultimately, it was determined that insufficient
contrast in early cryo-EM images was the likely culprit for the wide variability
exhibited in the previous low-resolution structures of IP3R1 [10]. To date, the best
3D structure of IP3R1 in the apo-state is solved to near-atomic resolution by single-
particle cryo-EM [12].

6.3 Validation of the 3D Structure of IP3R

Due to recent technical advances single-particle cryo-EM has emerged as one of the
most straightforward and powerful techniques capable of generating reliable near-
atomic and atomic-resolution structures of individual proteins and their complexes.
However, membranes proteins and complex biological assemblies have been noto-
riously difficult to prepare for single-particle cryo-EM studies due to their instability
outside of their native lipid membrane environment and dynamic nature. Detergents
are traditionally used to make membrane proteins soluble and suitable for structural
analysis, however the presence of detergent in the buffer leads to producing cryo-EM
images, taken at low electron dose, with low signal-to-noise ratio. It is evident that as
signal-to-noise ratio is reduced, assignment of particle orientations becomes more
susceptible to model bias, leading to the determination of incorrect 3D
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reconstruction [41–43]. This was the primary impediment to the early single-particle
cryo-EM studies of IP3R channel that had a number of false-starts [44]. A reliable
structure of tetrameric IP3R1 channel was determined by our group to intermediate
resolution (10–15 Å, depending on local flexibility in specific domains) by single-
particle cryo-EM in 2011 [10]. Notably, this structure did not bear any resemblance
to any of previously published cryo-EM maps (Fig. 6.2) [26, 29, 31]. However,
multiple, specific validation methods including tilt validation [45, 46], class-average/
map comparisons, independent refinements in multiple software packages and the
‘gold standard’ resolution evaluation method [47] were applied to clearly prove the
veracity of this structure [11]. These key studies [10, 11] laid to rest a critical
controversy on the IP3R1 quaternary structure and highlighted the importance of
cryo-EM density map validation at low resolutions. Overall, key to determining a
reliable structure of IP3R1 was an optimized purification procedure combined with
biochemical and functional characterization of the purified channel. Choice of the
detergent used for the protein solubilization and protein-to-detergent ratio in the
sample have been critical factors in achieving optimal vitrification conditions
including the protein stability, ice thickness, particle distribution on an EM grid,
that together affected the quality of cryo-EM data [41, 42]. Careful consideration of
all these factors mentioned above enabled the structure of IP3R1 to be unambigu-
ously solved initially to nanometer resolution [10] and most recently, to near-atomic
resolution, which has provided critical insights into the IP3R1 gating machinery [12].

6.4 Near-Atomic Resolution Structure of Tetrameric IP3R
Assembly

Structure Determination and Validation Single-particle cryo-EM has recently
made impressive strides towards achieving near-atomic (3–5 Å) resolution struc-
tures of a wide array of integral membrane proteins [48–57] including the
megadalton Ca2+ release channels, IP3Rs and RyRs [12, 58–63]. Moreover, in
some favorable cases, the achievable resolution for single particle cryo-EM is
now comparable to that produced in atomic-resolution X-ray crystallographic stud-
ies (2–3 Å) [48, 64–67]. Two main technical advances in single-particle cryo-EM
have had an immediate impact on cryo-EM studies of ion channels and pushed the
resolution limit in structural studies of IP3R1. First, the use of a direct electron
detector allowed to produce electron images of ice-embedded channel particles with
substantially higher signal-to-noise ratio at both low and high resolution frequencies
and to capture multiframe movies that track measurable electron signal throughout a
time period. The subsequent alignment of these movie frames eliminates the image
blurring that would otherwise happen due to electron beam-induced motion, thus
producing higher contrast images of the particles. Second, significant developments
in image processing algorithms and methodology for single-particle reconstructions
(extensively reviewed in [68–71]) have enhanced our ability to sort out sample
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Fig. 6.2 Tilt-pair validation of IP3R1 structure at intermediate resolution. Validation plots for the
tilt-pair images (lower panel) were calculated against four cryo-EM maps (upper panel) [10, 26, 29,
31]. Each point represents a pair of particles with experimentally known relative tilt. The radius
indicates the computationally determined amount of tilt, and the azimuth indicates tilt direction. The
red circle in (a) denotes particle pairs that cluster around the experimental tilt geometry, thus
validating IP3R1 map above (EMDB-5278); note, that maps shown in (b–d) produce a completely
random distribution with no clustering
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heterogeneity due to genuine protein flexibility and conformational variability of the
IP3R1 channel. Altogether, this profound progress has led to an exponential growth
in the structures solved by single-particle cryo-EM at near-atomic resolutions,
including that of IP3R1.

Overall Channel Architecture The cryo-EM density map of IP3R1 in the apo-state
was determined to 4.7 Å-resolution based on the gold standard FSC criterion [12],
and the veracity of the map was addressed by phase randomization tests (Fig. 6.3a)
[73] and independent reconstructions using two different software packages
(EMAN2.1 and Relion1.3) [74]. The shape and dimensions of the four-fold sym-
metrical 3D density map of IP3R1 are in excellent agreement with our intermediate
resolution cryo-EM structure: two square-shaped regions with side dimension of
~220 Å and ~120 Å connected via stalk densities to form a mushroom-like assembly
of ~190 Å in height [10]. While solved to an overall resolution of 4.7 Å, the
resolution and resolvability of structural features in the IP3R1 density map vary
from 3.6 Å to 6.5 Å (Fig. 6.3b). This variability likely arises from the genuine

Fig. 6.3 Resolution Evaluation and Validation of 3D reconstruction. (a). The gold-standard FSC
curve for the final cryo-EMmap [12]. The overall resolution is 4.7 Å using the FSC cut-off¼ 0.143.
The blue line shows the FSC curve computed for the data in which the phases were randomized in
resolution range from 6 Å to Nyquist; the gold standard FSC curve (black line) is nearly identical to
the “true FSC” (red line). (b). Estimation of local resolution of 3D reconstruction of IP3R1: the cryo-
EM density map is color-coded according to local resolution estimated by RESMAP [72]. The map
is shown in two orthogonal views: a view from cytosol (left) and a side view (middle). A slab
density along four-fold channel axis (dashed line in the middle panel) is shown in the right panel.
The color scale is shown in the right side of (b). As indicated by the local resolution estimation, the
central regions are better resolved than the peripheral densities
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heterogeneity of channel complexes isolated from native tissue, and from the
intrinsically flexible, multi-domain architecture of IP3R1. Nevertheless, the map
was of sufficient quality to trace the backbone topology for 2,327 of 2,750 amino
acids and unambiguously identify ten domains that comprise the full-length IP3R1
protein (Fig. 6.4). Densities in the TM domain were sufficiently resolved to clearly
define side-chains of bulky residues along the ion conduction pathway. The indi-
vidual IP3R1 subunit is made of ten domains that are arranged in the functional
channel assembly around its central four-fold axis to constitute a bulky cytosolic
region connected by ‘stalk’ densities to the TM region (Fig. 6.4).

Solenoid Cytoplasmic Scaffold The majority of cytoplasmic region of the protein
structure is built upon multiple α-helical armadillo repeat domains (ARM1–3) with
an α-helical domain between ARM1 and ARM2, which constitute many modulator
binding sites, and two β-trefoil domains (β-TF1 and β-TF2) comprising the
N-terminal domains contribute, with the ARM1 domain, to the IP3 ligand binding
domains (Fig. 6.4). The structure of the ligand binding domains solved by cryo-EM
is consistent with structures from X-ray crystallography [12, 74]. After the ARM3,
the subunit extends into the ‘intervening lateral’ domain (ILD), which contains two
antiparallel β-strands followed by a helix–turn–helix motif. The C-terminus of the
ILD connects to TM1 of the TMD, which is comprised of six α-helices (TM1–TM6),
a pore (P)-helix and three lumenal loops. The TM6 helix extends beyond the putative
lipid bilayer boundaries to cytosol where it is connected to a helical linker domain
(LNK) followed by the 80 Å long α-helix of the C-terminal domain (CTD).

Transmembrane Domain Structure IP3R channels are members of the tetrameric
cation channel superfamily, where each subunit contains six TM helices (TM1–
TM6), whereby the first four TM helices (TM1–TM4) form a peripheral bundle
connected to the pore bundle (TM5/TM6) through the lateral TM4–5 linker helix
(Figs. 6.6 and 6.7). TM5 and TM6 from each subunit pack in a right-handed bundle
creating a single ion-conducting pore in the center of the channel. The pore-forming
helices from one subunit interact with the TM1–TM4 helical bundle of the neigh-
boring subunit, described as ‘domain swapping’. The swapped architecture of TM
domains is a conserved feature of the tetrameric cation channels and helps to
stabilize the channel structure.

The Ca2+ conduction pathway is lined by four TM6 helices ~55 Å long and, tilted
37� relative to the membrane normal. The TM6 helices closely approach each other
curving radially to form a tapering path for ions (Fig. 6.5). A constriction point along
the TM6 helices suggests a physical gate for ion permeation. A series of hydrophobic
residues, L2582, F2586 and I2590 face the Ca2+ permeation pathway with the
narrowest point observed at F2586, where it shapes a pore of 5 Å in diameter,
suggesting non-conduction Ca2+ channel (Fig. 6.6b). R2597, identified closer to the
cytosolic vestibule of the ion conduction pathway, likely forms a positively charged
constriction region in the tetrameric channel to ensure electrostatic repulsion of
positive ions.
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Structural Coupling in Tetrameric IP3R1 Particularly unique to the IP3R1 archi-
tecture is that the entire tetrameric channel assembly is built around two four-helix
bundles: TM and cytosolic bundle that are connected via the LNK domain to form a
central core along the central channel axis (Fig. 6.5). The TM bundle is right-handed
and formed by the TM6 helices (one from each subunit) whereas the cytosolic
bundle contains the 80 Å long α-helix of the CTD of each subunit packed in a
left-handed fashion. This cytoplasmic bundle was described in an earlier cryo-EM
study as the ‘plug’ density [10]. The LNK domain is comprised of two short, nearly
orthogonal helices. The N-terminal ligand binding domains (LBD) are organized
around the CTD bundle and form apical densities in the cryo-EMmap of IP3R1. As a
consequence of this structural organization, the CTD bundle connects the LBDs to
the TM domains. Moreover, the CTD of one subunit interacts with the β-TF2 domain
of the adjacent subunit (Figs. 6.6 and 6.7).

While precise conformational changes associated with IP3-induced activation of
channel gating have yet to be established for the tetrameric channel, several discrete
inter- and intra-subunit interfaces identified in the near-atomic cryo-EM structure
may be responsible for the propagation of the ligand-binding signal to the TMD,
promoting channel opening. Previously, an intra-subunit interface between the
β-TF1 and β-TF2 domains was shown to be dynamic, allowing for β-TF1 to twist
in response to IP3 binding [8, 9], however, the context for ligand binding domains
arrangement in the tetrameric structure would reveal further interactions important
for signal transduction. The β-TF1 domain, termed the suppressor domain due to its
role in reducing the channel’s affinity for IP3 [75, 76], contacts the β-TF2 domain of
the neighboring subunit via residues within the hotspot loop on β-TF1 (Fig. 6.7).
Mutations within the hotspot loop can alter or abolish (Y167A) IP3-evoked Ca2+

release without hindering IP3 binding to the receptor protein [77]. Removal of the
suppressor domain results in a channel that binds IP3 but fails to open the pore
[78, 79]. Furthermore, the β-TF1 domain contains a helix-turn-helix motif that
projects into the interior of the cytoplasmic solenoid structure and makes inter-
subunit contacts with ARM3 domain of the adjacent subunit. ARM3, which con-
nects to the TMD via ILD, serves an important regulatory domain as it contains the
Ca2+ sensor region and conserved glutamate residue (E2101) shown to play a role in
Ca2+ regulation of channel gating. All together, the structural and functional studies
point to the importance of the β-TF1 domain in coupling of IP3 binding to activation
of the channel gate.

Therefore, in the tetrameric IP3R1 the entire cytosolic solenoid scaffold commu-
nicates with the TMDs via the ILD and the central CTD helical bundle (Fig. 6.4b, c).

Fig. 6.4 (continued) and from lumen (right). (b) Ribbon diagram of a single subunit of IP3R1 (left
panel) with domains color-coded as indicates in the right panel. The model is overlapped with cryo-
EM density map of the tetrameric channel. Topological organization of the ten domains identified in
one subunit of IP3R1 (right panel)
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The near-atomic resolution cryo-EM map of IP3R1 provides the first direct structural
evidence supporting a mechanism whereby IP3-evoked signals are communicated to
the channel gate via long-range allosteric interactions involving the CTD and ARM
domains, and the metastable region formed by the ILD and LNK domains at
the interface between the CY and TM regions, is responsible for propagation of
channel gating signal. This model is consistent with earlier biochemical studies that
showed the deletion of last 43 residues from the CTD disrupt channel gating
[80]. Noteworthy, the mutations within the ‘leaflet’ structure [33], corresponding
to the first two strands of the ILD observed in the full, tetrameric IP3R1 channel [12],
support the mechanism of signal transduction through the ILD/LNK interface
originally proposed by Fan et al. [12]. Moreover, a chimeric channel that essentially
lacks the cytosolic C-terminal bundle (via genetic replacement with the highly
homologous TMD and CTD from the RyR channel), uncouples IP3-evoked confor-
mational changes from channel gating [9].

Fig. 6.5 Central core structure of tetrameric IP3R1. (a) Ribbon diagram of α-helical bundle
structure is color-coded by subunit and superimposed with cryo-EM density of tetrameric channel.
The central bundle structure spans the entire density map of IP3R1 along its four-fold axis. (b) The
two alpha-helical bundles are formed by TM6 and CTD -helices from each subunit and connected
via four LNK domains (one from each subunit). Of note, the cytosolic bundle of the CTD α-helices
is left-handed, while the TM bundle is right-handed Four-fold axis is indicated by the dashed line;
arrows indicate the bundle handedness; the central core structure is color-coded by subunit
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Fig. 6.7 Intra- and inter-subunit interactions. Side view of IP3R1 density map, slices through the
map at indicated positions are shown in (1) structural coupling between the CTD and IP3-binding
domains, blue stars denote IP3-binding sites; (2) inter-subunit contacts of β-TF1 with ARM3
domains; (3) TM1-TM4 bundle of one subunit interacts with the pore helices (TM5 and TM6)
from the neighboring subunit, reflecting the ‘domain swapped’ architecture

⁄�

Fig. 6.6 (continued) charged constriction near the cytosolic vestibule of the ion conduction pathway
are labeled. (c) Structure of IP3R1 viewed from the cytosol with LBDs and CTDs color-coded by
subunit; pink stars denote IP3-binding sites; zoomed-in panel shows contacts between LBD and
CTD of adjacent subunits. Residues involved in IP3 binding are rendered as blue spheres, purple
spheres denote Tyr167
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6.5 Structure-Function Conservation in Ca2+ Release
Channel Family

The ryanodine receptors (RyR) and the inositol 1,4,5-trisphosphate receptors (IP3R)
are two closely related families of intracellular Ca2+ release channels. IP3R and RyR
channels principally perform the same intracellular function: to transport Ca2+ across
the ER/SR membrane. However, they respond to different cellular stimuli, and the
intensity, shape and duration of their Ca2+ signals are defined by an extensive
collection of regulators. IP3R1s are activated by IP3 produced in response to cell
surface receptor stimulation. Whereas, RyR1 channels respond to small elevations of
cytosolic Ca2+ or through sensing plasma membrane depolarization by direct cou-
pling with the voltage-gated Ca2+ channels in skeletal muscle.

Functional Ca2+ release channels form exceptionally large, tetrameric assemblies
containing four protomers of about 2,700 amino acid residues for IP3Rs and about
5,000 amino acid residues for RyRs, accountings for an entire channel molecular
mass of over 1.2 MDa and 2.3 MDa, respectively. The channels share 30–40%
sequence identity within theirC-terminal transmembrane domains [19, 20]. Bioinfor-
matic analysis also revealed a shared domain organization in the N-terminal regions
[81]. However, large sections of the Ca2+ release channels have no sequence overlap.
Therefore, structural studies of these channels are critical to understanding both their
shared and disparate structure-function relationships. Moreover, primary sequence
alignments of IP3R and RyR families have played a major role in the comparative
analyses to decipher their structure-function relationship, however, the lack of high-
resolution 3D protein structures of IP3R and RyR substantially restricted the capa-
bility to fully rationalize the channels’ properties. Quite timely, structures of both
IP3R1 and RyR1 were recently solved to near-atomic resolution by cryo-EM
[12, 58–63] and the 3D structural similarities for many domains were more stunning
than expected based on primary sequence analysis (Fig. 6.8) [12]. Both structures
report an overall α-helical solenoid scaffold structure of a multidomain cytoplasmic
region comprising 80–90% of the protein mass, six TM α-helical domains per
subunit and cytosolic N- and C- terminus. However, IP3R1 exhibits a long
α-helical bundle running through the entire cytoplasmic region (Fig. 6.8b), that is
not present in RyR1. Furthermore, RyR1 contains several domains that are not found
in IP3R1, doubling the size of its cytoplasmic assembly in comparison to IP3R1
(Fig. 6.8). It has been recently shown using phylogenetic analyses of the IP3R and
RyR families that the modern RyR genes diverged from an ancient IP3R gene
superfamily [82]. Thus, it is likely that RyR gene acquired the additional domains
(SPRY 1–3, Ry1–4, EF-hand) necessary for RyR’s specific cell functions on the
background of the ancient IP3R genetic structure. The evolutionary constraints on
3D protein structures are much tighter than those on the primary sequence, and as
such protein folds are generally more conserved. Thus, a certain amount of amino
acid sequence variation can be tolerated to yield a similar 3D structure, as observed
in the high structural conservation but low sequence identity among the shared
domains of IP3R1 and RyR1. Consequently, 3D structural comparisons can give
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more accurate sequence alignments and be more informative. In the case of IP3R and
RyR, using the entire primary sequence for alignments of such large proteins with
low overall sequence homology and many stretches of non-homologous regions
results in many misalignments depending on the user’s choice of algorithm and
options. Recent structural studies of RyR1 clearly demonstrate this point [59, 60].

Fig. 6.8 Structural conservation of Ca2+ release channels. (a) Linear representation of IP3R1 and
RyR1 structural domains based on their structural alignments. RyR1 domains with no structural
homology to IP3R1 are represented as gray insertions below the RyR1 linear representation. (b)
Structures of IP3R1 (3JAV), RyR1 (5TB0) viewed along the membrane plane color-coded
according to (a). (c) Correspondence of domains between IP3R1 and RyR1. Reported are Cα root
mean squared deviation for the aligning residue pairs. IP3R1 domains are color-coded by domain;
RyR1 is colored tan
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Cryo-EM studies of IP3R1 and RyR1 channels reveal a clear structural homology
within the N-terminal domains: β-TF1, β-TF2 and ARM1 of IP3R1 and NTD-A,
NTD-B and N-Sol of RyR1 (with Cα-RMS deviations of 1.7 Å, 1.8 Å and 2.5 Å,
respectively), consistent with previous X-ray crystal structures, yet they share a
relatively modest sequence identity (~20–30%) between the channel domains. In
IP3R1 the N-terminal domains (β-TF1, β-TF2 and ARM1) are responsible for IP3
binding and initiating ligand-gated signaling, yet the RyR1 channel does not bind
IP3. However, RyR1 N-terminal domains are still relevant to Ca2+ channel function
as exemplified by mutations within the hotspot loop of RyR1 and RyR2’s NTD-A
domain correlating with human diseases of malignant hyperthermia, arrhythmia and
tachycardia, as well as peptide disruption of hotspot loop interactions resulting in
leaky channels [83]. Analogous mutations within β-TF1 of IP3R1 were found to
diminish or ablate IP3 signaling to the channel pore without affecting IP3 binding to
the channel [77]. Moreover, the β-TF1/NTD-A of IP3R1 and RyR1, respectively,
form an inter-subunit bridge with ARM3/C-solenoid domains, described as the Ca2+

sensor, and may relay ligand-evoked signals to the channel. In IP3R1, the β-TF2/
CTD inter-subunit contacts are also proposed to be essential for structure-functional
coupling, however, RyR1 lacks an analogous structure indicating that this mode of
signal transduction through the CTD bundle is unique to IP3R1. These structure-
function studies support a broadly conserved role for IP3R1 and RyR1 N-terminal
domains in relaying important signaling information to the gating machinery.

IP3R1 and RyR1 are both sensitive to a biphasic Ca2+ feedback mechanism,
whereby low Ca2+ concentrations potentiate channel activation and higher Ca2+

concentrations inhibit channel function [84]. However, the locations and physiolog-
ical impacts of the Ca2+ binding sites have yet to be fully resolved. A Ca2+ sensor
domain in IP3R1 and RyR1 was first described through efforts to associate conserved
residues with their functional role. Mutation of the highly conserved glutamate
residues (E4032 in RyR1 and E2101 in IP3R1) were previously identified to affect
Ca2+ sensitivity for activation of IP3R1 and RyR1 channels [85, 86], and therefore
the domain was proposed to serve an equivalent Ca2+ signaling role in both channel
families. However, both Efremov et al. [60] and des Georges et al. [59] claim that the
conserved glutamate residues are not equivalent based purely on sequence align-
ment. In contrast, the structural alignment of the domains containing the E2101 and
E4032 (ARM3 of IP3R1 and C-solenoid domain of RyR1) reveal a strongly con-
served protein fold (Cα-RMS deviation of 1.8 Å) with the conserved glutamate
residues occupying the same spatial location within the domain alignment (Fig. 6.9).
The resulting sequence alignment based on the aligned structures showed additional
conserved residues (Fig. 6.9), including two residues recently proposed to coordinate
Ca2+ for RyR1 [59]. Whether these residues play a role in coordinating Ca2+ in the
IP3R1 channel remains to be answered by high-resolution structures of the Ca2+

bound IP3R1 channel.
The overall architecture of the TM domains in IP3R1 is similar to that of RyR1

structure (Fig. 6.8). Both channels are based on the conserved architecture of
tetrameric cation channels, in that each subunit has six TM spanning helices in a
domain swapped arrangement with one TM6 helix from each subunit comprising the
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ion conduction pathway. A physical gate is formed by the large hydrophobic
residues on TM6 at F2586 in IP3R1 and I4937 in RyR1. This structural homology
accounts for many functional similarities between IP3R and RyR channels and
suggests a common molecular architecture for the ion-permission pathway. How-
ever, important variations (e.g. TM5–6 lumenal and TM2–3 cytosolic loops in IP3R1
and TMx and S2S3 in RyR1) may explain differences in the gating properties of
IP3R and RyR channels.

Several domains of IP3R1 have been proposed to form a metastable assembly at
the cytosolic and TM interface, whereby the ILD and LNK of the same subunit come
together in a highly responsive domain to react to various cellular inputs to control
channel gating [12]. Recently, the RyR cryo-EM structure determined in the pres-
ence of channel activators, Ca2+, ATP and caffeine, revealed several domain inter-
faces necessary to coordinate activating ligands, with the CTD playing a major role.
ATP binds RyR1 at the interfaces of TM6/CTD/TaF; the Ca2+ binding site is

Fig. 6.9 Structural conservation of putative Ca2+ sensor region. (a) The armadillo repeat domain
3 (ARM3) of IP3R1 (3JAV) and the C-solenoid of RyR1 (5TB0) share structural and sequence
conservation. IP3R1 is colored chartreuse and RyR1 is colored tan. Cα root mean squared deviation
is 1.8 Å. Zoomed-in view shows Ca2+ binding pocket identified in RyR1 [59]. The conserved
residues E2101 (IP3R1) and E4032 (RyR1) implicated in channel Ca2+ sensitivity are colored red.
(b) Structure-based sequence alignment for the ARM3 and C-solenoid domain is shown. Structur-
ally equivalent residues in IP3R1 based on the putatively identified RyR1 Ca2+ binding pocket are
indicated with a box. E2101 and E4032 are colored red. Identical residues are indicated with a ●
below the alignment
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comprised of the C-Sol and CTD, while the caffeine binding site is formed by S2S3
domain and the CTD. The RyR1 activators, when bound at the CTD interfaces, are
proposed to rearrange the channel by priming the gating machinery to adopt a
structural state that that favors a greater open probability [59]. While it is known
that IP3R1 is regulated by ATP and Ca2+, it exhibits a much lower sensitivity to
caffeine than RyR1 and fittingly the S2S3 domain which helps to coordinate caffeine
in RyR1 is absent in the structure of IP3R1. Whether the analogous residues play a
role in coordinating ATP and Ca2+ in the IP3R1 channel remains to be answered by
high-resolution structures of ligand-bound IP3R1 channel. In IP3R1 and RyR1 their
respective ILD-LNK and TaF-CTD domains form a similar intra-subunit structure,
whereby the LNK/CTD domain is sandwiched between the set of β-strands followed
and the helix–turn–helix portion of the ILD/TaF domain. We suggest that this points
toward a conserved metastable assembly among all Ca2+ release channels whereby
allosteric modulation of channel gating is funneled through the ILD-LNK of IP3R or
the TaF-CTD of RyR to influence the channel gate (see Fig. 6.10).

6.6 Conclusions and Future Perspective

Understanding structural basis of molecular transport across biological membrane is
a challenging frontier in structural biology fascinating researches for many years.
Ca2+ release channels were among the first ion channels attempted by the single-
particle cryo-EM approach. The current cryo-EM studies of IP3R1 channel provided
4.7 Å-resolution structure of the entire channel in its apo-state that addresses a
critical barrier to progress in the IP3-mediated Ca2+ signaling research: understand-
ing the structural basis of the functional coupling between IP3 binding to the
receptor protein and Ca2+ translocation via the channel gate. Among tetrameric
cation channels with the domain-swapped architecture of the TM assembly, IP3R1
channel is unique in the respect of the 3D architecture of its C-terminal domain
forming a left-handed α-helical bundle along the central four-fold axis that spans the
entire cytosolic region of the channel. This unexpected arrangement of the CTDs in
tetrameric IP3R suggests a distinctive allosteric mechanism underlying activation of
the channel gating that relies on a direct mechanical coupling between the CTD and
IP3-binding domains of adjacent subunits and involves rearrangements of several
inter-domain interfaces. Another prominent feature of IP3R1 channel is the α-helical
solenoid architecture of cytoplasmic domains that serve as scaffolds for interaction
with multiple auxiliary proteins that associate with IP3R1 in situ and finely tune its
activity (Fig. 6.10). All together, these findings support a mechanism whereby long-
range allosteric interactions through the CTD and cytoplasmic domains provide the
functional coupling between ligand binding and channel opening. Overall, while the
main conclusions reached based on near-atomic resolution cryo-EM structure of
IP3R1 will likely hold, research aimed at the detailed understanding of IP3R
function is now poised to propel structure determination of the entire IP3R channel
at atomic resolution and in different functional states. There is an optimistic
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prospect for further improvement in resolution of IP3R structure. In general, large
proteins proved most amenable for high-resolution single-particle cryo-EM, but
they are also prone to large-scale motions in particular domains limiting local-
resolutions in the cryo-EM density map. Single-particle cryo-EM is not only a
proven alternative to crystallography for 3D structural analysis at atomic level, it is
uniquely valuable for probing protein dynamics by capturing 2D images of large
particle populations of distinct structural conformations, followed by computation-
ally classifying them and reassembling into a 3D map. Cryo-EM can now efficiently
analyze protein structure-function giving rise to many important mechanistic
features.

Until now cryo-EM structural studies of IP3R1 have been conducted on the
channel purified from native source, yet the regions for which the IP3R1 backbone
structure that have yet to be resolved overlap with the known locations for alternative
splicing and post-translational modifications. This level of heterogeneity cannot be

Fig. 6.10 Putative binding sites for several channel-specific ligands are indicated on the IP3R1
structure; for clarity two opposite subunits are shown. (ATP, ATP-binding; CaM/CaBP, calmod-
ulin/Ca2+ binding protein; Httexp, huntingtin; Bcl-2, B-cell lymphoma-2; Bcl-Xl, B-cell lymphoma-
extra-large; PP1a, protein phosphatase 1A; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
magenta sphere denotes E2101) [87]
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solved by ‘smart’ software and has complicated structure-functional studies of
IP3R. In this regard, attempts to reduce the level of structural heterogeneity, with
the production of recombinant IP3R proteins, will be advantageous for achieving
higher resolution structures by single-particle cryo-EM. Furthermore, based on
numerous functional studies multiple conformations with different lifetimes and
stability likely underlie IP3R’s functional states. Approaches to reduce movements
of the IP3R protein include stabilization of the protein conformation by binding of
specific ligands, which would promote formation of stable protein complexes
suitable for high-resolution structure determination. Thus, success in the structural
arena has been, and will continue to be contingent on the development of new
technologies including expression of IP3R proteins, stabilization of specific confor-
mational states and complexes and the ability to collect and process large cryo-EM
data sets.

Furthermore, it remains largely unclear to what extent the 3D structures of
detergent-solubilized channels represent the structure of the physiologically active
channel in biological membrane environment. New approaches are currently being
developed to overcome limitations of current single-particle cryo-EM studies of
membrane proteins in a detergent-solubilized state. These include substitution of
detergents with new surfactants such as ‘amphipols’ for better structural preservation
in the absence of a bilayer, keeping membrane proteins soluble and in their func-
tional form in aqueous solution [41, 88]. Additionally, nano-discs, a disc-shaped
lipid bilayer stabilized by encircling amphipathic helical scaffold proteins have been
shown to maintain purified membrane proteins in a particularly stable state and allow
the protein to be maintained at concentrations suitable for cryo-EM studies
[48]. However, one must keep in mind that this approach is prone to a general
limitation of single-particle cryo-EM when exploring structure-function of ion
channels: both faces of the channel assembly are exposed to the same environment,
while in vivo ion channels function in the biological membrane and are exposed to
an essentially asymmetric cellular milieu. Structural studies of ion channels
reconstituted into lipid vesicles will likely have a high impact on structural analysis
as this approach reflects both the presence of lipids, which can affect channel activity
and also allows the exploration of the structural basis for gating characteristics in a
native-like environment [89–91]. To date, a steadily growing community of
researchers is energized with the prospect of using cryo-EM to study ion channels
in lipid membrane and to obtain atomic-resolution structure. Overall, the field is now
taking advantage of the high-resolution and high-throughput single particle cryo-
EM, which together with advanced biochemical and physiological studies, will lead
to increased rate of structure-function discoveries in the near future.
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Chapter 7
IP3 Receptor Properties and Function at
Membrane Contact Sites

Gemma Roest, Rita M. La Rovere, Geert Bultynck, and Jan B. Parys

Abstract The inositol 1,4,5-trisphosphate (IP3) receptor (IP3R) is a ubiquitously
expressed Ca2+-release channel localized in the endoplasmic reticulum (ER). The
intracellular Ca2+ signals originating from the activation of the IP3R regulate mul-
tiple cellular processes including the control of cell death versus cell survival via
their action on apoptosis and autophagy. The exact role of the IP3Rs in these two
processes does not only depend on their activity, which is modulated by the cytosolic
composition (Ca2+, ATP, redox status, . . .) and by various types of regulatory
proteins, including kinases and phosphatases as well as by a number of oncogenes
and tumor suppressors, but also on their intracellular localization, especially at
the ER-mitochondrial and ER-lysosomal interfaces. At these interfaces, Ca2+

microdomains are formed, in which the Ca2+ concentration is finely regulated by
the different ER, mitochondrial and lysosomal Ca2+-transport systems and also
depends on the functional and structural interactions existing between them. In this
review, we therefore discuss the most recent insights in the role of Ca2+ signaling in
general, and of the IP3R in particular, in the control of basal mitochondrial bioener-
getics, apoptosis, and autophagy at the level of inter-organellar contact sites.

Keywords Apoptosis · Autophagy · Ca2+ microdomains · Cell death · Cell survival ·
Endoplasmic reticulum · IP3 receptor · Lysosomes · Membrane contact sites ·
Mitochondria

Gemma Roest and Rita M. La Rovere are Joint first authors.

G. Roest · R. M. La Rovere · G. Bultynck (*) · J. B. Parys (*)
Laboratory for Molecular and Cellular Signaling, Department of Cellular and Molecular
Medicine & Leuven Kanker Instituut, KU Leuven, Leuven, Belgium
e-mail: geert.bultynck@kuleuven.be; jan.parys@kuleuven.be

© Springer International Publishing AG, part of Springer Nature 2017
J. Krebs (ed.), Membrane Dynamics and Calcium Signaling, Advances in
Experimental Medicine and Biology 981,
https://doi.org/10.1007/978-3-319-55858-5_7

149

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-55858-5_7&domain=pdf
mailto:geert.bultynck@kuleuven.be
mailto:jan.parys@kuleuven.be


Abbreviations

ALS Amyotrophic lateral sclerosis
AMPK AMP-activated kinase
ATG Autophagy-related
BIRD-2 Bcl-2/IP3R disruptor-2 peptide
CICR Ca2+-induced Ca2+ release
CREB cAMP response element-binding protein
DT40 TKO DT40 IP3R triple knock-out
ER Endoplasmic reticulum
Fis1 Fission 1 homologue
GRP75 Glucose-regulated protein 75
GRP78/BiP Glucose-regulated protein 78
GSK3β Glycogen synthase kinase-3β
IMM Inner mitochondrial membrane
IBC IP3-binding core
IP3 Inositol 1,4,5-trisphosphate
IP3R IP3 receptor
LC3 Microtubule-associated protein light chain 3
LRRK2 Leucine-rich repeat kinase 2
MAM Mitochondria-associated ER membrane
MCU Mitochondrial Ca2+ uniporter
Mfn Mitofusin
mPTP Mitochondrial permeabilization transition pore
mTORC1 Mechanistic target of rapamycin complex 1
OMM Outer mitochondrial membrane
NAADP Nicotinic acid adenine dinucleotide phosphate
PACS-2 Phosphofurin acidic cluster sorting protein 2
PERK Protein kinase RNA-like ER kinase
PIP3 Phosphatidylinositol 3,4,5-trisphosphate
PKB/Akt Protein kinase B
PML Promyelocytic leukemia
PTEN Phosphatase and tensin homolog
PTPIP51 Protein tyrosine phosphatase-interacting protein-51
ROS Reactive oxygen species
RyR Ryanodine receptor
SERCA Sarco-/endoplasmic reticulum Ca2+ ATPase
TCA Tricarboxylic acid
TFEB Transcription factor EB
TMX Thioredoxin-like transmembrane protein
TPC Two-pore channel
TRPML Transient receptor potential mucolipin
ULK1/2 Atg1/Unc-51-like kinase 1/2
UPR Unfolded protein response
VAPB Vesicle-associated protein B
VDAC Voltage-dependent anion channel

150 G. Roest et al.



7.1 The IP3 Receptor, the Main Ca2+-Release Channel
of the Endoplasmic Reticulum

Complex spatio-temporal Ca2+ signals regulate many fundamental cellular processes
including fertilization, differentiation, proliferation, gene transcription, metabolism,
contraction, secretion, etc. [1, 2]. The endoplasmic reticulum (ER) is the main Ca2+-
storage organelle and therefore plays a central role in intracellular Ca2+ signaling.
ER Ca2+ handling depends on three major mechanisms, Ca2+ uptake via the sarco-/
endoplasmic Ca2+-ATPases (SERCA) [3], Ca2+ storage by various luminal Ca2+-
binding proteins [4] and controlled Ca2+ release. Besides passive Ca2+ leak through
still largely unidentified basal ER Ca2+-leak channels, Ca2+ release out of the ER
primarily occurs via the inositol 1,4,5-trisphosphate (IP3) receptor (IP3R) and the
ryanodine receptor (RyR). While the RyR is predominantly expressed in a limited
number of tissues, especially muscles and brain [5], the IP3R is ubiquitously
expressed and present in virtually every cell type [6]. IP3Rs are activated by IP3
produced by phospholipase C after cell activation, e.g. by extracellular agonists,
hormones, growth factors or neurotransmitters, and play a crucial role in the
initiation and propagation of intracellular and intercellular Ca2+ signals [7–10].

In Mammalia and other higher organisms, three different genes encode IP3Rs
(ITPR1, ITPR2 and ITPR3) giving rise to three isoforms named IP3R1, IP3R2, and
IP3R3 that display at the amino acid level an overall similarity of 75–80% [11]. Each
of these isoforms is about 2700 amino acids long and assembles into tetrameric
structures with a total molecular mass of 1.2 MDa. Splice isoforms and the possi-
bility to form both homo- and heterotetramers increase the diversity between IP3Rs.
Each monomeric isoform has the same general structure containing five distinct
functional domains (Fig. 7.1): the N-terminal coupling domain usually called the
suppressor domain (for IP3R1: a.a. 1–225), the IP3-binding core (IBC, a.a. 226–578)
containing the IP3-binding site, the central coupling domain or modulatory and
transducing domain (a.a. 579–2275), the channel domain containing six trans-
membrane helices (a.a. 2276–2589) and finally the C-terminal tail also named
gatekeeper domain (a.a. 2590–2749) [13, 14].

At the structural level progress has followed two main paths. First, X-ray crys-
tallography permitted to obtain high-resolution structural information of the
N-terminal part of the IP3R, i.e. the suppressor domain and the IBC [15, 16]. The
latter contains two domains, a first one containing a β-trefoil fold (IBC-β) and a
second one containing an armadillo repeat fold (IBC-α) with the cleft between them
forming the IP3-binding site. Their structure was also resolved at high resolution
(3–3.8 Å) both for the apo- and the IP3-bound form, elucidating changes occurring
during IP3R activation [17, 18]. In the presence of IP3, a rearrangement of IBC-β and
IBC-α occurs, constraining the IP3-binding cleft. Additionally, the suppressor
domain, originally in contact with both IBC-β and IBC-α, re-orients itself, probably
to couple to the channel domain for its activation. Recently, Mikoshiba and
co-workers succeeded in obtaining the crystal structure for the 2217 a.a. long cytosolic
part of IP3R1 at a resolution of 5.8–7.4 Å [19]. Comparison of the structures of
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different truncated variants obtained in the absence and the presence of IP3 supports
a long-range gating mechanism in which the signal is transferred from the IBC via
two α-helical domains (HD1, a.a. 605–1009 and HD3, a.a. 1593–2217) to a so-called
leaflet (corresponding to a.a. 2195–2215 of HD3) that relays the IP3R conforma-
tional change to the channel pore. Strikingly, the HD3/leaflet region was essential for
the IP3R Ca2+-release activity in intact cells exposed to extracellular agonists.

Second, cryo-electron microscopy allowed gaining an increasingly better view of
the full-length IP3R structure. Serysheva and co-workers obtained by single-particle
cryo-electron microscopy about 85% of the structure of rat cerebellar IP3R1 at a 4.7 Å
resolution in the apo-state [20, 21], confirming the close apposition of the N- and
C-termini.

This structure enables the binding of four IP3 molecules to a tetrameric IP3R, but
the exact stoichiometry underlying IP3R opening by IP3 remained for a long time
elusive. The elegant work of Yule and co-workers, based on the ectopic expression
in null-background HEK293 cells of concatenated IP3Rs of which the IP3-binding
sites could be mutated, indicated that IP3R-mediated Ca2+ release is only triggered
when 4 IP3 molecules are bound to the tetrameric IP3R [22]. This stringent condition
will not only prevent spurious IP3R opening, but also enables the buffering of
a significant amount of IP3 molecules by the IP3R channels themselves, ensuring
that sufficiently high IP3 concentrations are reached before IP3R opening takes
place [23].

Fig. 7.1 Linear representation of the type 1 IP3R isoform and its regulation by proteins involved in
the control of cell survival and cell death. The five distinct IP3R1 functional domains are delineated:
the suppressor domain, the IP3-binding core, the modulatory and transducing domain, the channel
domain containing the six trans-membrane helices (indicated as black bars) and the gatekeeper
domain. Oncogenes are represented in green, while tumor suppressors are indicated in red.
Bar-headed lines indicate an inhibitory interaction and arrow-headed lines indicate a stimulatory
interaction. For more information, see text. Reproduced with modifications from own previous
work ([12], https://doi.org/10.1016/j.bbamcr.2016.01.002)
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Besides the physiological agonist IP3, two metabolites produced by Penicillium
brevicompactum, the adenophostins A and B, can activate the IP3R at a much lower
concentration than IP3 itself [24]. Cytosolic Ca

2+ is considered an important co-agonist
of the IP3R that acts in a bell-shaped dependent manner: a low [Ca2+] (typically
�0.3 μM) enhances IP3-induced Ca2+ release, while a high [Ca2+] (above 0.3 μM)
suppresses IP3-induced Ca2+ release [25–28]. ATP [29] and oxidizing conditions as
e.g. thimerosal [30, 31] were also shown to stimulate IP3-induced Ca2+ release.
Finally, cAMP has been reported to sensitize IP3Rs [32] independently of any
phosphorylation event [33]. Moreover, very recently evidence was presented that
when cAMP is produced, IP3 can induce Ca2+ release from a different Ca2+ store
that is not sensitive to IP3 alone [34].

Interestingly, each of the IP3R isoforms acts as a signaling hub, able to integrate
various cellular inputs and to deliver a specific output signal that elicits a specific
cellular response [9, 10, 35]. It should therefore be emphasized that although all IP3R
isoforms function along the same basic mechanisms, important differences in sen-
sitivity exists between the various IP3R isoforms, with IP3R2 being the most atypical
one [36]. The sensitivity of the IP3R isoforms to IP3 follows the rank-order
IP3R2> IP3R1> IP3R3 [37–41]. In addition, the sensitivity to cytosolic Ca

2+ varies
between the various IP3R isoforms [42–44]. ATP similarly has a biphasic effect on
IP3R activity with between the IP3R isoforms different sensitivities as well for the
stimulatory [40, 45, 46] as for the inhibitory phase [47]. Moreover, IP3R2, the
isoform that is most sensitive to stimulatory ATP concentrations [45], proved to
be dominant in a heterotetrameric receptor [48]. Finally, the oxidizing agent thimer-
osal has a biphasic action on IP3R1 but only an inhibitory one on IP3R3 [46, 49]
while cAMP seems to have its main (or only) effect on IP3R2 [32].

Inhibition of IP3R activity is generally achieved by one of the following com-
pounds: heparin, 2-APB, xestospongin C (or B) and caffeine. Except for the problem
that all those compounds display non-specific effects [50], an additional problem is
that they also may display a differential sensitivity between the various IP3R
isoforms [51]. The synthesis of IP3 derivatives may however provide in the future
more specific and/or more potent inhibitors [52].

Further regulation of IP3R activity can be obtained by various post-translational
modifications, including palmitoylation [53], cross-linking by the action of
transglutaminase 2 [54] and phosphorylation/dephosphorylation events triggered by
multiple protein kinases and protein phosphatases [55, 56]. Finally, the existence of
multiple regulatory or scaffolding proteins able to associate with the IP3R tetramer and
to modulate its activity should be emphasized. Over 100 proteins have already been
shown to interact with and regulate the IP3R [57], including IRBIT [58, 59], calmod-
ulin [60–64], neuronal CaBP1 [65–67], the anti-apoptotic Bcl-2 [68–70], Bcl-XL [71]
and reticulocalbin 1 [72], the pro-autophagic Beclin 1 [73, 74], the chaperones ERp44
[75], GRP78/BiP [76] and sigma-1 receptor [77] and cytochrome c [78].

Many of these associated proteins, including several oncogenes and tumor suppres-
sors (Fig. 7.1), are involved in the regulation of apoptosis and autophagy [12, 79]. This
correlates with the important function of IP3Rs and IP3R-mediated Ca2+ signals in the
control of cell-fate decisions, including processes related to cell death and survival
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[80]. More specifically, the role of the IP3R and of IP3-induced Ca2+ release has been
recognized in both apoptosis [81–86] and autophagy [85–90]. These processes depend
on the activity of the IP3R and its regulation by associated proteins and protein kinases,
as well as on its intracellular localization, especially at the interface between ER and
mitochondria or at the interface between ER and lysosomes.

7.2 Mitochondrial and Lysosomal Ca2+ Handling in Cell
Death and Survival Processes

7.2.1 Apoptosis and Its Regulation by Ca2+

Apoptosis is the major form of programmed cell death and can be initiated by either
an extrinsic or an intrinsic –mitochondrial- pathway that both converge at the level of
the activation of the effector caspases (caspase-3, -6 and -7) [91–93].

In the intrinsic pathway, Ca2+ overload of the mitochondrial matrix is a well-known
factor leading to apoptosis [94]. Interestingly, several links exists between Ca2+ and
apoptosis. In a first mechanism, mitochondrial Ca2+ is thought to bind cardiolipin, which
thereby dissociates from mitochondrial complex II. The mitochondrial complex II
disintegrates, leading to the release of the succinate dehydrogenase A and B subunits.
This results in a massive reactive oxygen species (ROS) production and opening of the
mitochondrial permeability transition pore (mPTP) [95]. This mPTP was proposed to
arise from dimers of the F-ATP synthase in the inner mitochondrial membrane (IMM)
[96, 97], though there still exists some controversy on the exact subunits involved
[98]. Recent data indicate that mPTP opening can occur subsequently to Ca2+ binding
to the β subunit of the catalytic F1 part [99]. This likely results in a conformational
change transmitted via the oligomycin-sensitivity conferring protein subunit to the
peripheral stalk and the IMM.

The mPTP is a high conductance channel that upon its opening results in the
collapse of the electrochemical potential and in a loss of ion and solute distribution,
terminating ATP synthesis. Subsequently to mPTP opening, solutes enter the mito-
chondrial matrix, leading to mitochondrial swelling, rupture of the outer mitochon-
drial membrane (OMM) and release of the pro-apoptotic factors located in the
cristae, including cytochrome c. The release of these factors to the cytoplasm in
turn leads to caspase activation and apoptosis [100].

Besides mPTP opening, Ca2+ can also indirectly activate mitochondrial apopto-
sis. Cytosolic Ca2+ can activate calcineurin, which dephosphorylates the sensitizer
BH3-only protein Bad. This will cause its release from 14-3-3 proteins and allow its
interaction with anti-apoptotic Bcl-XL. The latter will then be unable to counteract
Bax/Bak activation and the subsequent permeabilization of the OMM will lead to
apoptosis [101].

Finally, prolonged, severe depletion of the ER Ca2+ store will lead to ER
stress and activation of the unfolded protein response (UPR) to re-establish ER
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homeostasis. If the latter cannot be achieved, the UPR will eventually promote the
expression of pro-apoptotic proteins, including members of the Bcl-2 family like
BH3-only proteins, as well as that of GADD34 and of ERO1α, all leading to the cell
demise by apoptosis [102, 103].

7.2.2 Autophagy and Its Regulation by Ca2+

Autophagy is a highly conserved degradation pathway in which cellular components
are targeted to the lysosomes. Basal and stress-induced autophagy act as survival
pathways ensuring that protein aggregates, long-lived proteins, lipids, dysfunctional
organelles or intracellular pathogens are digested and their constituents recycled,
contributing to protein quality control, energy and cellular homeostasis [104]. Yet,
excessive autophagy, brought about by the autophagy-inducing Tat-Beclin 1 peptide
or by a severe/on-going nutrient starvation stress, can result in autophagic cell death
(or so-called “autosis”) via a process that is regulated by the Na+/K+-ATPase pump
[105, 106].

Macroautophagy, generally referred to as autophagy, is the best-studied type of
autophagy. It is characterized by the de novo formation of double-membrane
vesicles named autophagosomes that engulf cytosolic proteins and/or organelles,
the “cargo”. These autophagosomes eventually fuse with the lysosome to form
autolysosomes in which the cargo is degraded.

Main upstream controllers of autophagy are AMP-activated kinase (AMPK) and
mechanistic target of rapamycin complex 1 (mTORC1). AMPK triggers autophagy
in two ways, as it can phosphorylate and inhibit mTORC1, while directly activating
the Atg1/Unc-51-like kinase 1/2 (ULK1/2) complex. The process downstream of
ULK1/2 is further controlled by many proteins including about 30 autophagy-related
(Atg) proteins [107, 108].

The initiation of the autophagy can start at various intracellular compartments,
though the ER –and the ER-mitochondrial contact sites– seems to form a preferential
location [109–111]. The original structure forming on the ER has been named the
omegasome, which subsequently expands to form the phagophore [112]. Its subse-
quent elongation and closure, mediated by the Atg12-Atg5 complex, and the
lipidation of microtubule-associated protein light chain 3 (LC3) by Atg4 and Atg8,
lead to the formation of the autophagosomes. These will eventually fuse either
directly, or indirectly via prior fusion with an endosome, with lysosomes, forming
hereby the autolysosomes needed for cargo degradation [107, 113].

The regulation of autophagy by Ca2+ appears quite complex as intracellular Ca2+

can stimulate or even be essential for autophagy [54, 73, 114–118] while it also can
inhibit it [119–122]. Possible explanations to resolve the apparent controversy
include the use of various cell types and various autophagy induction methods,
and the fact that Ca2+ can act on multiple check points upstream of autophagy as well
as during the autophagic process [85, 87–89, 123–127]. In that respect, the intracel-
lular localization of the IP3Rs appears important. Ca2+ signals directed to the
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mitochondria will e.g. control mitochondrial metabolism and thus impact autophagy
differently than Ca2+ signals directed to other targets. The importance for cell
survival/cell death of IP3R localization at membrane contact sites will therefore be
discussed in the subsequent sections.

7.3 The Role of the IP3R at ER: Mitochondrial Contact
Sites

Ca2+ signals originating from the ER critically control cell death and survival by
impacting the mitochondria [94, 128, 129]. This is possible through the existence of
sites of close apposition between the ER and the mitochondria, covering about 10%
of the mitochondrial surface, depending on the metabolic state of the cells
[130]. These sites are based on the existence of structural connections between
both organelles, resulting in the formation of mitochondria-associated ER mem-
branes (MAMs). In those MAMs, numerous proteins were identified that play a role
in Ca2+ handling, lipid transfer, inter-organellar tethering, regulation of mitochon-
drial fission and fusion, cell death control and mitochondrial metabolism [131–136].

The distance between both organelles is an important element in the control of
cell death versus cell survival [134]. The contact sites are dynamic structures in
which the distance between both membranes as well as the length of these contact
sites vary in function of the physiological conditions. In general, the contact sites run
over several hundreds of nanometers of length and the distance between smooth ER
and mitochondria range between 10 and 50 nm and between rough ER and mito-
chondria between 50 and 80 nm [130]. By using synthetic linkers, ER-mitochondrial
distance could experimentally be fourfold reduced increasing simultaneously four-
fold the length of the ER-mitochondrial interface [137]. This resulted in an acceler-
ated mitochondrial Ca2+ accumulation and an increased Ca2+-dependent activation
of the mPTP. Such tightening of the contact between ER and mitochondria physi-
ologically occurs e.g. in cells undergoing apoptosis.

In physiological conditions, the distance between ER and mitochondria is deter-
mined by proteins responsible for tethering both organelles together. Although the
molecular identity of the tethers remains less well understood in higher organisms
than in yeast, several proteins contributing to ER-mitochondrial tethering have
already been identified [133, 134, 138] (Fig. 7.2).

In the first place, one should mention that the ER-localized IP3Rs are in the
MAMs physically coupled to the voltage-dependent anion channels (VDAC)
1 located in the OMM via chaperones like glucose-regulated protein 75 (GRP75)
[140] (Fig. 7.2a). This tethering enables an efficient “quasi-synaptic” Ca2+ transfer
between ER and mitochondria [141]. This structure leads to high local [Ca2+] (in the
range of 10–20 μM) in the ER-mitochondrial interspace [142, 143], which over-
comes the low-affinity properties of the mitochondrial Ca2+ uniporter (MCU) of the
IMM [144]. Through the existence of these Ca2+ microdomains, the mitochondria
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can be regulated even by low-level Ca2+ signals. Dependently on the Ca2+ signal
properties either cell survival or cell death can be promoted.

Mitofusin (Mfn) 2, enriched in the MAMs, was proposed to form homo- and
heterodimers with mitochondria-localized Mfn2 and Mfn1 respectively (Fig. 7.2b),
thereby establishing proper ER-mitochondrial apposition [145, 146]. Mfn2 function
can be modulated by various proteins, including trichoplein/mitostatin, which coun-
teracts Mfn2 function [147], and the ubiquitin ligase MITOL, which stimulates Mfn2
degradation [148]. In agreement with the model that Mfn2 has a tethering function,
both trichoplein/mitostatin and MITOL impair mitochondrial Ca2+ uptake and
protect against Ca2+-dependent apoptosis. Other studies however have challenged
the concept of Mfn2 as an ER-mitochondrial tether and actually proposed that it
functions as an anti-tethering protein. This was based on the observation that cells
lacking Mfn2 display an increased ER-mitochondrial tethering and an augmented
agonist-induced mitochondrial Ca2+ uptake [149–152]. Resolving this controversy
will probably depend on obtaining more detailed insights in the molecular compo-
sition of the ER-mitochondrial interface [153, 154].

Other proteins endowed with a role as tethers between the ER and the mitochon-
dria are the scaffolds based on (a) vesicle-associated protein B (VAPB) in the ER
interacting with protein tyrosine phosphatase-interacting protein-51 (PTPIP51) of
the OMM, (b) on Bap31 in the ER and Fission 1 homologue (Fis1) in the OMM and
(c) the ER stress sensor protein kinase RNA-like ER kinase (PERK) [133, 134, 138].

Fig. 7.2 The ER-mitochondrial tethers. Schematic visualization of the most important
ER-mitochondrial tethers: (a) the IP3R-GRP75-VDAC tether, (b) mitofusin-based tethering, (c) the
VAPB-PTPIP51 tether and (d) the Bap31-Fis1 tether. For more information, see text. Reproduced
from ([139], https://doi.org/10.1016/j.tins.2016.01.008) available through https://creativecommons.
org/licenses/by/4.0/
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VABP is an integral ER membrane protein which mutation occurs in forms of
motor neuron diseases including amyotrophic lateral sclerosis (ALS) [155]. Its inter-
action via its N-terminus with PTPIP51 (Fig. 7.2c) controls ER-mitochondria cou-
pling and Ca2+ transfer between both organelles [156]. Moreover, the VAPB P56S
mutant, which causes familial type 8 ALS [157], demonstrates both an increased
binding to PTPIP51 and an increased Ca2+ flux to the mitochondria.

A pro-apoptotic interaction of Bap31 with Fis1 has been demonstrated
(Fig. 7.2d), though the role of this interaction under normal physiological conditions
is not yet understood [158]. The pro-apoptotic effect is due to the fact that this
platform can both recruit pro-caspase-8 and increase Ca2+ transfer from the ER to the
mitochondria. Moreover, the multifunctional phosphofurin acidic cluster sorting
protein 2 (PACS-2) can modulate ER-mitochondria coupling and this has been
related to Bap31 cleavage [159, 160].

Finally, PERK contributes to ER-mitochondria tethering independently of its
canonical role in the UPR pathway, since in PERK-deficient cells the expression
of a kinase-dead PERK was sufficient to re-establish ER-mitochondrial contacts and
to re-sensitize them to apoptosis [161].

7.3.1 IP3R-Mediated Ca2+ Signals in Cell Survival

Basal IP3R-mediated Ca2+ signals-usually in the form of Ca2+ oscillations- drive
mitochondrial bioenergetics (Fig. 7.3a), especially by stimulating the activity of
pyruvate dehydrogenase, isocitrate dehydrogenase and α-ketoglutarate dehydroge-
nase. These enzymes participate in the tricarboxylic acid (TCA) cycle and so control
adequate ATP synthesis [162, 163]. In addition to this, mitochondrial Ca2+ can also
enhance the activity of the ATP synthase complex V and of the adenine nucleotide
translocator [164]. Furthermore, IP3R-driven Ca2+ oscillations also sustain the
mitochondrial metabolism by driving the transcription of the gene for MCU via
regulation of the transcription factor CREB [165].

DT40 cells devoid of all IP3R isoforms (DT40 TKO, [166]) demonstrated in
comparison to their wild-type counterparts a very different basic energy metabolism,
with an increased Warburg effect and increased ROS production, explaining their
reduced proliferation [167]. These effects may be aggravated by reduced MCU
expression in cells lacking IP3R expression and thus Ca2+ oscillations [165]. Inhibi-
tion of IP3Rs in non-tumor cells led to a decreased ATP production, a subsequent
activation of AMPK and therefore an increase in pro-survival basal autophagy
[168]. The latter effect might depend on growth conditions as the increase in
AMPK activity in DT40 TKO cells was observed in one study [168] but not in
another [167]. Interestingly, similar results were obtained when ER-mitochondria
coupling was impaired by downregulation of VABP or of PTPIP51 [169]. Tightening
of the ER-mitochondria connection by a synthetic linker or by overexpression of
either VABP or PTPIP51 reversed the effect. However, overexpression of the tether
proteins only impaired autophagy induced by mTORC1 inhibition and not nutrient
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starvation-induced autophagy, uncovering differences between the role of mitochon-
drial Ca2+ handling in different types of autophagy.

In contrast, the survival of tumorigenic cells depends on the IP3Rs as adequate Ca
2+

signaling is necessary to sustain mitochondrial metabolism [170, 171]. Although
tumor cells proliferate in an uncontrolled way independently of the mitochondrial
bioenergetics, they need the TCA cycle for the production of metabolites as nucleo-
tides for cell growth and proliferation. The AMPK activation and the subsequent
autophagy occurring after IP3R inhibition is therefore not sufficient to sustain cell
survival, resulting in a mitotic catastrophe.

Fig. 7.3 Ca2+ transfer between ER and mitochondria and between ER and lysosomes. Schematic
representation of Ca2+ handling in juxta-ER microdomains. (a) Ca2+ transfer to the mitochondria is
mediated by the close connection between the IP3R in the ER and VDAC in the outer mitochondrial
membrane (OMM). Moreover, additional tethers (the mitofusin tether is depicted) contribute to the
close apposition of ER andmitochondria. The Ca2+ in the mitochondrial matrix drives mitochondrial
bio-energetics via stimulation of the TCA cycle, the ATP synthase complex V and the adenine
nucleotide translocator. In case of mitochondrial Ca2+ overload, the mPTP is opened, causing
mitochondrial swelling and apoptosis. (b) Regulation of the Ca2+ concentration in the microdomain
between ER and lysosomes involves both the IP3R in the ER membrane and the lysosomal Ca2+

channels as TRPML1 and TPC2. Lysosomal Ca2+ uptake likely occurs via a Ca2+/H+ exchanger and
molecular identification of ER-lysosomal tethering is presently lacking. The Ca2+ in the
microdomain between ER and lysosomes can regulate the autophagic process upstream of
autophagosome formation, during autophagic flux and via calcineurin-mediated activation of tran-
scription factor EB. Ca2+ fluxes are depicted by red arrows. The green arrows indicate stimulatory
interactions. For more information, see text
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Of note, the net effect of IP3Rs on mitochondrial bio-energetics will depend on the
local activity of the SERCA pumps at theMAMs (Fig. 7.3a), which, by pumping Ca2+

back into the ER, will limit the available Ca2+ in this microdomain and thus counter-
act ER-mitochondrial Ca2+ transfer. The local SERCA activity can be dynamically
regulated, for instance by associated proteins like thioredoxin-like transmembrane
protein (TMX) 1 [172, 173]. This redox-sensitive oxidoreductase is enriched at the
MAMs, locally inhibiting SERCA pump activity and thus causing a local increase in
[Ca2+] at the ER-mitochondrial interface and enhancing oxidative phosphorylation.
In contrast, low levels of TMX1 will enhance SERCA activity, shifting Ca2+ away
from the mitochondria and from the Ca2+-driven bio-energetic pathway. In fact, loss
of TMX1 has been observed in tumor cells, favoring their growth by potentially
contributing to the Warburg effect. Nevertheless, a low-level ER-mitochondrial Ca2+

transfer must remain present to sustain proper TCA cycling and the production of the
mitochondrial intermediates necessary for anabolic processes that ensure cell survival
upon cell division [80, 170].

Apart from a regulation of autophagy, mitochondrial Ca2+ also impacts
mitophagy, the specific elimination of mitochondria via the autophagic process. In
fibroblasts expressing a mutation in the electron transport chain leading to a mild
phenotype, mitochondrial Ca2+ uptake decreased, leading to increased autophagy,
increased mitophagy and increased biogenesis of new mitochondria [174]. This
adaptive response may account for the limited phenotype observed in these cells.
In human RPE1 cells, ER-mitochondrial contacts appeared necessary for starvation-
induced autophagy and for mitophagy [175]. The sigma-1 receptor located at the
MAMs was crucial for starvation-induced autophagy. Its downregulation, however,
did not affect mitophagy, and neither did the downregulation of all the RyR
isoforms, of all the SERCA isoforms, or of any of the three IP3R isoforms. Since
the combined knockdown of all three IP3R isoforms or of the MCU inhibited
mitophagy, this specifically indicates the importance of IP3R-mediated Ca2+ transfer
from the ER to the mitochondria. Noteworthy, the sigma-1 receptor at the MAMs
stabilizes IP3R3 and so regulates Ca2+ transfer between ER and mitochondria [176]
(Fig. 7.3a).

The anti-apoptotic proteins Bcl-2, Bcl-XL and Mcl-1, of which at least the first
two have been identified in the MAM fraction [136] (Fig. 7.3a), can bind to the
gatekeeper domain in the C-terminal region of the IP3R (Fig. 7.1), which is activated
by its interaction with the N-terminal IP3-binding domain [177]. Their binding leads
to a sensitization of the IP3R, increased transfer of Ca2+ to the mitochondria and
therefore an increased production of ATP, promoting cell survival [69, 71,
178]. Recent work uncovered the existence of a biphasic action of Bcl-XL on the
IP3R, i.e. a high-affinity activation at low Bcl-XL concentration and a lower affinity
inhibition at high Bcl-XL concentrations [179]. Finally, it should be mentioned
that Bcl-XL bound to the IP3R C-terminus in the presence of active K-Ras4B
phosphorylated by protein kinase C, forms a trimolecular complex that antagonizes
the anti-apoptotic action of Bcl-XL and promotes cell death via excessive
autophagy [180].
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7.3.2 IP3R-Mediated Ca2+ Signals in Apoptosis

In contrast, excessive IP3R-mediated Ca2+ release directed to the mitochondria will
lead to mitochondrial Ca2+ overload and eventual apoptosis, as discussed above (Sect.
7.2.1). Especially IP3R3 [181] and VDAC1 [182] were proposed to play an important
role in pro-apoptotic Ca2+ signaling, but depending on the cell type, also other IP3R
isoforms can participate in such pro-apoptotic Ca2+ signaling [183, 184]. Moreover,
besides IP3Rs, other Ca

2+-transport systems that can impact ER-to-mitochondria Ca2+

flux can be enriched in the MAMs, including SERCA pumps [185] and S1T, a
truncated form of SERCA1, induced upon ER stress and unable to pump Ca2+

[186]. By forming an ER Ca2+-leak pathway, S1T expression leads to ER depletion,
mitochondrial immobilization and increased ER-mitochondrial contact sites leading to
increased mitochondrial Ca2+ levels and apoptosis.

At the level of the MAMs, multiple proteins, including oncogenes and tumor
suppressors, regulate IP3R activity and thus ER-mitochondria Ca2+ transfer and
impact the apoptosis process [12].

Various anti-apoptotic Bcl-2 family members (Fig. 7.3a), including Bcl-2, Bcl-XL
and Mcl-1, can modulate IP3R activity [12, 187–191]. Bcl-2 binds to all three IP3R
isoforms at a conserved stretch of 20 amino acids located in the middle of their
modulatory and transducing domain (Fig. 7.1), inhibiting IP3R-mediated Ca2+ release
[192]. Bcl-2 in this way prevents pro-apoptotic Ca2+ signaling. The BH4 domain of
Bcl-2 is hereby sufficient to inhibit IP3Rs and to protect cells against Ca

2+-dependent
apoptosis [70]. Of note, the BH4 domain of Bcl-2 appears to be unique compared to
the related domain present in Bcl-XL, which was much less effective in binding to
and inhibiting IP3Rs [193]. In contrast, the BH4 domain of Bcl-XL appeared more
effective for suppressing VDAC1-mediated pro-apoptotic Ca2+ transfer to the
mitochondria [194].

Consequently, disrupting the interaction by using a peptide corresponding to the
binding site of Bcl-2 on IP3R1 resulted in increased IP3R activity and apoptosis
[192]. Based on this binding site, the cell-permeable Bcl-2/IP3R disruptor-2 peptide
(BIRD-2) was developed [195]. It elicited spontaneous pro-apoptotic Ca2+-release
events in various types of cancer cells, including chronic lymphocytic leukemia
[195], diffuse large B-cell lymphoma [183], multiple myeloma and follicular lym-
phoma [196] and small cell lung cancer [197].

IP3R activity can also be reduced by phosphorylation by the pro-survival protein
kinase B (PKB/Akt) thereby preventing pro-apoptotic Ca2+ release [198–200]. The
PKB/Akt phosphorylation site is conserved among all three IP3R isoforms (Fig. 7.1),
but a more selective role for PKB/Akt in the regulation of IP3R3 was proposed,
as a study demonstrated that PKB/Akt could only dampen the Ca2+ signals in
cells expressing that isoform [201]. The phosphatase and tensin homolog (PTEN),
a phosphatidylinositol 3,4,5-trisphosphate (PIP3) phosphatase upstream of
PKB/Akt, counteracts the effect of PKB/Akt on IP3Rs while re-expression
of PTEN in PTEN-deficient cancer cells restored their sensitivity to pro-apoptotic
Ca2+-dependent stimuli [200]. Further studies indicated a direct role for PTEN on
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IP3R phosphorylation and function at the MAMs, where PTEN functioned as a
protein phosphatase counteracting PKB/Akt-mediated phosphorylation of IP3R3 chan-
nels and augmenting ER-mitochondrial Ca2+ flux [202]. In addition to this, it was very
recently discovered that PTEN promotes Ca2+-induced apoptosis in a phosphatase-
independent way [203]. Indeed, PTEN competes with the F-box protein FBXL2, an
ubiquitin E3 ligase component belonging to the SCF (SKP1, Cullin 1, F-box protein)
E3 ligase family [204] with known tumor suppressor action by arresting the cell cycle
[205, 206], for binding to the IP3R3 channels. FBXL2 is responsible for IP3R3
ubiquitination and its subsequent proteasomal degradation. As a consequence,
PTEN, by competing with FBXL2, stabilizes IP3R3 and promotes continuous Ca2+

transfer to the mitochondria leading to apoptosis. Finally, the negative regulation of
IP3R3 by PKB/Akt is antagonized by the tumor suppressor promyelocytic leukemia
(PML) that recruits protein phosphatase PP2A to the MAMs. The latter dephosphor-
ylates PKB/Akt, inhibiting its kinase activity and thus suppressing PKB/Akt-mediated
phosphorylation of IP3Rs (Fig. 7.1). Through this mechanism, PML increases Ca2+

release by the IP3R, supporting mitochondrial Ca2+ overload and apoptosis [207].
In the heart, it was demonstrated that cyclophilin D participates to the IP3R-

GRP75-VDAC complex and regulates Ca2+ transfer to the mitochondria [208]. Its
genetic or pharmacological inhibition attenuated mitochondrial Ca2+ overload and
protected the cells from the consequences of hypoxia-reoxygenation.

Glycogen synthase kinase-3β (GSK3β) is another regulator of the IP3R located in
the MAMs [209]. GSK3β phosphorylates the IP3R and increases IP3-induced Ca2+

release. Upon ischemia-reperfusion injury, GSK3β activity is increased in
cardiomyocytes, leading to increased pro-apoptotic Ca2+ signaling towards the mito-
chondria and cell death. Conversely, pharmacological inhibition of GSK3β protects
the heart against damage subsequent to ischemia-reperfusion injury.

Finally, it should also be mentioned that increased transfer of Ca2+ to the
mitochondria can also lead to cellular senescence. Adequate Ca2+ transfer to the
mitochondria via IP3R2 and the MCU appeared important in oncogene-induced
senescence and replicative senescence [210].

7.4 The Role of the IP3R at ER: Lysosomal Contact Sites

Lysosomes do not only play a fundamental role in the degradation of proteins
and organelles, but are also bona fide Ca2+ stores [211–213] containing Ca2+ at a
concentration of about 500 μMwhile their pH is between 4 and 5 [214]. Ca2+ uptake
in the lysosomes is usually assumed to be mediated by a Ca2+/H+ exchanger [215]
though other possibilities exist. In contrast to the uncertainty concerning the uptake
mechanism, multiple Ca2+-release channels are known to be present in the lyso-
somes, including transient receptor potential mucolipin (TRPML) 1 and two-pore
channel (TPC) 2 [216]. Moreover, the lysosomes were identified as a target for
nicotinic acid adenine dinucleotide phosphate (NAADP), a very potent agent
eliciting Ca2+ release even at nanomolar concentrations (for a recent review, please
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see [217]). With respect to the Ca2+-releasing agent NAADP, most evidence point
towards channels of the TPC family as their target but other channels, including
TRPML1, have also been proposed. Further work is needed to fully understand the
function of the various TPC channels, as work by various groups have shown that
they can permeate several ions, including Ca2+, Na+ and H+, and that their properties
can be strongly dependent on experimental conditions and/or the presence of
regulatory factors [218, 219].

As the autophagy process is regulated by Ca2+ (see above, Sect. 7.2.2) and as the
Ca2+ ion has only a short range of messenger action [220], it can be assumed that the
Ca2+ concentration in the microdomain between the ER and the lysosomes plays an
important role in the control and/or fine-tuning of the autophagic process. This
concentration will depend on the relative activity of the Ca2+ transporters in ER
and lysosomes, their mutual functional interaction and the relative distance between
the two organelles [85] (Fig. 7.3b).

In that respect, it is important to note that the two main Ca2+ channels expressed
in the lysosomes, i.e. TRPML1 [221–223] and TPC2 [219, 224, 225] have already
been implicated in autophagy (see further below).

As is the case for the mitochondria, also a very close association between ER and
lysosomes was documented. Extensive contact sites between the two organelles
were visualized through electron microscopy, showing in primary human fibroblasts
that over 80% of the lysosomes are forming contacts of <20 nm with the ER
[226]. This close connection should allow for mutual functional interactions between
ER and lysosomes. In rat pulmonary artery smooth muscle cells, the close contacts
between lysosomes and the sarcoplasmic reticulum allow for the functional coupling
of lysosomes to RyR3 via Ca2+-induced Ca2+ release (CICR) [227]. The contact sites
involved show a membrane separation of about 15 nm apart, and extend for over
300 nm; increasing the membrane separation to 50 nm leads to a failure in activating
RyR3. In contrast to what is known about other contact sites, the molecular mech-
anisms responsible for ER-lysosomal tethering are still only very partially recog-
nized [228, 229].

Several studies have demonstrated that a small amount of Ca2+ released by
NAADP can trigger much larger Ca2+ signals by activation of IP3Rs or RyRs located
on the ER by CICR or by ER Ca2+ store overload [226, 230–232] (Fig. 7.3b). The
converse situation is also possible and Ca2+ released by the ER can affect lysosomal
Ca2+ handling by stimulation of either NAADP synthesis or of the NAADP-induced
Ca2+ release [233]. The Ca2+ ions released by the IP3R can also be taken up in the
lysosomes, leading to a dampening of the Ca2+ signals [234, 235]. A similar
functional interaction also exist between active TRPML1 channel and ER Ca2+

release [236].
Taken together, this indicates that Ca2+ microdomains exist between the ER and the

lysosomes in which the local Ca2+ concentration is regulated in a very complex way,
whereby the IP3R plays an important role [85, 213, 237–240] (Fig. 7.3b). These Ca2+

microdomains can therefore regulate the autophagy process. Evidence for stimulatory
[241, 242] and inhibitory [243, 244] effects of lysosomal Ca2+ release on autophagy
were presented. These differences in effects can be due to the use of different cellular
models and of different mechanisms of autophagy induction differentially affecting the
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relation between ER and lysosomes, but can also be an indication that Ca2+ can impact
in a different way the various stages of the autophagic pathway. Moreover, the various
lysosomal Ca2+ channels have been linked to different parts of the autophagy process.
The absence of TRPML1 led to an upregulation of autophagy induction but an
impaired lysosomal fusion resulting in the accumulation of significantly larger vesicles
with a higher [Ca2+] [245]. TRPML1 was upregulated during nutrient starvation [246]
and is important for the centripetal movement of lysosomes after autophagy induction
[247]. In cardiomyocytes, TPCs seem essential for both basal and induced autophagy
[248]. Moreover, TPCs can be regulated by the leucine-rich repeat kinase 2 (LRRK2).
The latter is a multifunctional protein, of which various mutated species have been
implicated in various diseases and Parkinson’s disease in particular. In the cell, it
participates in the control of various important processes including autophagy [249]. It
now appears that LRRK2 stimulates NAADP-induced Ca2+ release from the lyso-
somes [241] (Fig. 7.3b). Furthermore, the aberrant lysosomal morphology observed in
fibroblasts from patients harboring the LRRK2 G2019S mutation—the most promi-
nent one in Parkinson’s disease- can be rescued by TPC2 inhibition or knockout
[250]. The local role of Ca2+ in this process is underpinned by the fact that BAPTA-
AM, a fast intracellular Ca2+ buffer, but not EGTA-AM, a slow intracellular Ca2+

buffer, could also rescue the aberrant lysosomal morphology.
Finally, nutrient starvation induced TRPML1-mediated Ca2+ release out of

the lysosomes, locally activating calcineurin [251]. Calcineurin subsequently
dephosphorylated transcription factor EB (TFEB) leading to its nuclear transloca-
tion. Importantly, TFEB is a master regulator of many genes of the lysosomal/
autophagic pathway [252], including the gene for TRPML1 itself [253, 254]. This
demonstrates that TRPML can mediate its own upregulation through Ca2+-depen-
dent activation of TFEB. Moreover, this upregulation appears essential for adapting
lysosomes to conditions of nutrient starvation [246].

These results indicate that the IP3R, together with the lysosomal Ca2+ channels,
participate in the occurrence of local Ca2+ signals in the microdomain between ER
and lysosomes and can thus impact autophagy progression at various levels.

7.5 Conclusions

The IP3R, by evoking intracellular Ca2+ signals with a specific spatio-temporal
profile, is well known to regulate multiple cellular processes, ranging from fertili-
zation to cell death via control of differentiation/proliferation, metabolism, contrac-
tion, secretion and many other processes. The IP3R, of which three isoforms exist, is
finely regulated by a variety of cytosolic factors including Ca2+ itself and ATP, as
well as by a multitude of regulatory proteins, including cell death and survival
proteins and kinases and phosphatases. The intracellular localization of the IP3R at
ER-mitochondrial and at ER-lysosomal contact sites is however also very important
for its fundamental role in regulating cellular bioenergetics, autophagy and apopto-
sis. The existence of Ca2+ microdomains at these inter-organellar interfaces and the
possibility to locally control [Ca2+] in these microdomains, distinct from the bulk
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cytosolic [Ca2+], allows for a versatile role of Ca2+ signaling in a cell’s decision to
engage cell death, cell survival or cell adaptation processes in basal and stress-related
conditions.
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Chapter 8
Structural Details of the Ryanodine
Receptor Calcium Release Channel and Its
Gating Mechanism

Katrien Willegems and Rouslan G. Efremov

Abstract Ryanodine receptors (RyRs) are large intracellular calcium release channels
that play a crucial role in coupling excitation to contraction in both cardiac and skeletal
muscle cells. In addition, they are expressed in other cell types where their function is
less well understood. Hundreds of mutations in the different isoforms of RyR have been
associated with inherited myopathies and cardiac arrhythmia disorders. The structure of
these important drug targets remained elusive for a long time, despite decades of
intensive research. In the recent years, a technical revolution in the field of single particle
cryogenic electron microscopy (SP cryo-EM) allowed solving high-resolution structures
of the skeletal and cardiac RyR isoforms. Together with the structures of individual
domains solved by X-ray crystallography, this resulted in an unprecedented understand-
ing of the structure, gating and regulation of these largest known ion channels. In this
chapter we describe the recently solved high-resolution structures of RyRs, discuss
molecular details of the channel gating, regulation and the disease mutations. Addition-
ally, we highlight important questions that require further progress in structural studies
of RyRs.

Keywords Calcium signalling · Ryanodine receptor · Ion channel gating · Cryo-EM

8.1 Introduction

Ryanodine receptors (RyRs) are ion channels residing in sarcoplasmic reticulum
(SR) or endoplasmic reticulum (ER) membranes. They couple action potential
excitation with contraction of muscles, in the process known as excitation–contrac-
tion coupling (EC-coupling), by releasing calcium from the intracellular calcium
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stores [1]. While the function of RyRs has been primarily characterized in muscle
contraction, these receptors are expressed in many cell types including neuronal,
smooth muscles, endothelial and pancreatic cells, where exact involvement of RyRs
in calcium homeostasis is less well understood [2].

RyRs are high-conductance cation-selective homo-tetrameric ion channels with a
molecular mass exceeding 2.2 MDa. This largest known ion channel is named after
one of its exogenous ligands ryanodine, an alkaloid plant toxin from Ryania
speciosa. Known for its insecticidal properties, Ryania speciosa was first described
in 1796 and ryanodine was identified as the active molecule in 1948 [3]. Later
ryanodine was shown to bind with high affinity to a specific receptor [4–7]. Histor-
ically in the 1980s it was shown that three properties essential for muscular contrac-
tion: sensitivity to ryanodine, fast calcium release from the SR and giant ‘foot’
structures [8], the high-density regularly-spaced assemblies separating the transverse
tubules (T-tubules) and SR membranes, were due to a single protein complex,
RyR [9].

Localized to SR/ER membranes, RyR has a large cytoplasmic moiety, consisting
of around 4500 amino acids per monomer (Fig. 8.1a), and a relatively small yet
functionally important luminal region. RyRs are Ca2+ gated cationic ion channels
weakly selective for Ca2+ over other cations. At nanomolar calcium concentration
RyRs are closed. Their open probability rises in submicromolar to micromolar range
while millimolar calcium concentrations inhibit the channels [10–12]. The mecha-
nisms of RyR activation in EC-coupling is tissue dependent. In cardiac muscles, an
action potential activates L-type voltage gated Ca2+ channels (Cav1.2) inducing an
inward flow of calcium that activates RyR2. This coupling mechanism is known as
calcium-induced calcium release (CICR). In skeletal muscles the activation of
Cav1.1 triggers opening of RyR1 in the absence of calcium inflow. This still poorly
understood mechanism is known as direct coupling [1].

The calcium release by RyR is modulated by many factors ranging from small
molecules including Mg2+, ATP, caffeine, toxins, and drugs; to accessory proteins
among which are FKBP12/12.6, calmodulin, S100A1 and sorcin; to post transla-
tional modifications: phosphorylation, oxidation, and nitrosylation [13]. Thus, RyR
can integrate multiple signals to fine-tune responses to cellular stimuli and
homeostasis [14].

RyR Isoforms
Three RyR isoforms are found in mammals, RyR1, 2 and 3. They share around 65%
sequence identity and have subtle functional differences. The isoforms differ in
expression patterns, with RyR1 highly expressed in skeletal muscles and RyR2 in
cardiac muscles. RyR3 is ubiquitously expressed at low levels, often overlapping
with the expression of one or both of the other isoforms [15, 16]. RyRs are also
widely expressed at different levels and specific isoform ratios in several other
tissues including neurons, smooth muscles, endothelial cells and pancreatic cells
[16]. Two RyR homologues, RyRα and β, have been described in non-mammalian
vertebrates [17, 18]. Insects have one RyR homologue that was first described in
Drosophila melanogaster [19]. The insect RyR is the target of several commercial
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Fig. 8.1 Architecture of RyR1. (a). Structure of rabbit RyR1 in complex with FKBP12 (purple)
colored by domains. (b). Upper bar shows a linear representation of the domain organization within
the primary sequence, the color-coding is the same as in (a). Divergent regions (DRs) are indicated
with wave pattern. Domains for which the X-ray structure was solved are indicated with asterisk.
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pesticides belonging to the phthalic acid and anthranilic diamides class [20]. These
channel activators are selective for insect RyRs, poorly conserved between verte-
brates and invertebrates, making them a suitable target for safe pesticides.

Localization and Organization
Intricacy of RyR function is augmented by the specific protein localization within
the cell. In muscle cells some RyRs are localized to terminal cisternae or junctional
SR (jSR), a part of the SR in close contact with the T-tubules, invaginations of the
sarcolemma. In skeletal muscles two jSRs sandwich one T-tubule forming a triad
structure while in cardiac muscles junctions are organized in diads where only one
jSR contacts a T-tubule. In the junctions, arrays of around 100 ordered RyR
molecules [21, 22] form a functional couplon with 10–25 Cav residing in the
T-tubular membrane. In skeletal muscles, Cav-channels are organized in clusters of
four, tetrads, aligned relative to the RyR1 lattice [23]. Within ordered arrays RyRs
can allosterically interact with each other to amplify and synchronize Ca2+ release
[24, 25]. In some cell types RyRs localize to other intracellular nanojunctions
[26, 27]. Such nanodomains are found for example at the SR-lysosome junction in
smooth muscle cells, where they mediate muscle contraction [27, 28] or at the
nucleoplasmic reticulum where RyR1 mediates calcium release into the
nucleus [29].

Role of RyR in Diseases
Mutations in RyR have been primarily associated with a range of myopathies and
cardiac arrhythmia disorders [30]. The Human Gene Mutation Database (HGMD®,
until 2017 [31]) contains 563 mutations in RyR1 and 287 mutations in RyR2 that are
known to cause inherited diseases. RyR3 has been much less studied, but at least
eight mutations in the gene have been suggested to increase the risk for breast cancer
[32, 33].

After more than three decades of intense RyR studies a bulk of functional
information has been produced by single channel recordings, calcium imaging and
3[H]-ryanodine binding assays among other methods. This data were complemented
by structural methods primarily low to medium resolution single particle electron
microscopy (SP EM) maps and by X-ray crystallographic structures of individual
domains [34–38]. The last 2 years however have been marked by a significant
technological progress in single particle cryo-EM [39], which for the first time
allowed solving the high-resolution structure of RyR, building its nearly complete
atomic model and gaining insight into the channel gating and regulation mechanisms
[40, 41].

In the following sections, we focus on the structure, gating mechanism, regulation
and effects of mutations on RyR utilizing the wealth of novel high-resolution
structural information.

Fig. 8.1 (continued) Lower bar: highly conserved regions (red) and regions were accurate sequence
register has not been determined in cryo-EM models (blue) are indicated. (c). Architecture of the
RyR1 monomer. Color-coding as in (a). The images are made using PDB structure 5T15
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8.2 Structure of RyR

Early EM sections on muscle from different species including frog, rabbit and bat
[8, 42, 43] later complemented with single particle 3D reconstructions [44] showed
that RyR is a very large protein with maximum dimensions exceeding 300 Å. It has a
mushroom shape with a cytoplasmic domain constituting 95% of the protein struc-
ture and membrane domain the remaining 5%. Encoded by a single polypeptide of
around 5000 amino acids long, each RyR monomer can be divided into 13 well-
defined domains (Fig. 8.1).

Structural information used to build the currently most complete atomic models
of RyR comes from two complementary techniques. High-resolution cryo-EM
structures for rabbit skeletal RyR1 and porcine cardiac RyR2 isoforms were recently
determined [40, 41, 45–48]. Due to protein flexibility the resolution of the cryo-EM
maps on the periphery of the protein is low [46], there the structural models are
complemented by high-resolution X-ray structures of individual domains [34–
38]. The highest resolution and currently the most complete cryo-EM model of
rabbit RyR1 is determined at a resolution of 3.6 Å and includes around 4200 residues
[40]. In this model the exact register is not assigned for around 1000 residues
(Fig. 8.1b). Taking into account disordered regions and loops, the accurate atomic
model currently accounts for around 65% of the RyR1 polypeptide.

There is still no commonly used nomenclature for the RyR domains, to minimize
confusion in this chapter we will follow the most traditional naming of domains,
where possible, combined with the names introduced in the first atomic structure of
RyR1 [41].

Architecture of RyR
The apparent complexity of the RyR structure can be significantly reduced by
noticing that the cytoplasmic domain is created by a repetition of only a handful of
structural motifs and folds. Thus, around 60% of the cytoplasmic domain is folded
into α-solenoid structures created by repeated helical hairpins, another 15% is
accounted for by three β-sandwich SPRY domains and another 9% is formed by
two α-helical repeat domains. The remaining 16% are shared between two
N-terminal β-trefoil domains (9%) and disordered regions (Fig. 8.1). The structure
of the TM domain belongs to the voltage-gated ion channel superfamily fold.

The cytoplasmic domain can be divided into the central core moiety and periph-
eral domains. The central core is composed of two consecutive N-terminal domains
(NTD) with a β-trefoil fold (Fig. 8.1c) named NTD-A (residues 1–207) and NTD-B
(residues 208–395). NTD-AB is followed by an α-solenoid domain, composed of
two separated in sequence stretches of polypeptide, NTD-C (396–632) and Handle
domain (1650–2147) (Fig. 8.1c). This α-solenoid domain bends in a horseshoe-like
structure composed of ten helical hairpins. On the C-terminal side this domain is
continued by the Central domain (3639–4253) positioned underneath the NTD-AB
domains of the adjacent RyR protomer. The Central domain is folded into an
α-solenoid formed by six helical hairpins complemented with the C-terminal
U-motif (Fig. 8.1c).
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The central core and TM domain form a compact structure conserved between
RyR and its evolutionary homologue inositol-1,4,5-triphosphate receptor, IP3R. The
most conserved regions are found in proximity of the fourfold symmetry axis of the
receptor [46].

The central core is ‘decorated’ by additional, less conserved domains. A large,
around 1000 amino acids (residues 632–1650), loop joining helices of the α-solenoid
domain (Fig. 8.1b) forms a compact cluster of SPRY domains (SPRY1, SPRY2,
SPRY3) with the Repeat12 domain protruding outside to form the characteristic
hook-like corners (clamps) of the square-shaped cytoplasmic domain (Fig. 8.1a,c).

Finally, the structure is completed by another large α-solenoid domain, Helical
domain (residues 2148–2703 and ~2942–3610), located in the primary sequence
between the Handle and Central domain. The Helical domain contains 17 helical
hairpins (Fig. 8.1b,c). Its N-terminus contacts the Handle domain and its C-terminus
ends under the SPRY cluster of the neighboring protomer. The Repeat34 domain
(2734–2939) inserted approximately in the middle of the Helical domain protrudes
out of the upper surface of the receptor. Further we describe in more details the
structure, function of and interactions between the individual domains.

Central Rim
When assembled into a tetramer, the NTD-AB domains form a ring-like structure
also known, from earlier EM studies, as central rim [49] (Fig. 8.1a). This is one of the
most conserved domains between RyR and IP3R (Fig. 8.1b). In IP3R, NTD-B forms
a part of the inositol-triphosphate binding site [50], while in RyR it does not binds
any known cofactor. In spite of the significant dimensions of the cytoplasmic
domain, the interaction surface between the protomers is relatively small, these
interactions are mainly mediated by NTD-AB. NTD-AB interacts with the
NTD-AB, Central and Helical domains of the neighboring protomer. These interac-
tions involve hydrogen bonds and numerous salt bridges. Consequently, mutations
in NTD-AB can compromise the interaction between the protomers resulting in
reduced protein stability and increased flexibility [36] explaining the high concen-
tration of disease mutations within this domain.

Clamps
SPRY are domains with β-sandwich fold named after SplA kinase and RyRs, the
proteins in which they were initially identified from sequence alignments [51]. In
RyRs, three SPRY domains form a compact cluster in the corner of the cytosolic cap
that was traditionally referred to as clamp [49]. The cluster of SPRY domains is
located within the region poorly resolved by cryo-EM not allowing reliable ab initio
mode building. High-resolution X-ray structures of SPRY1 (633–825, 1622–1649)
and SPRY2 (1070–1240) have been solved [34, 38]. The high-resolution structure of
SPRY3 (1241–1602) is not known, only the backbone trace for this domain has been
built in the cryo-EM model [40]. Interestingly, a polypeptide fragment, remote in
sequence, contributes to a β-strand (1622–1649) of the convex β-sheet of
SPRY1 [41].

SPRY domains are often involved in protein–protein interactions [52]. In RyR
SPRY1, together with the Handle domain, forms a binding site for FKBP12 (12-kDa
FK506-binding protein) [41]. SPRY2 is located at the lower side of the SPRY cluster
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and interacts with the C-terminal tip of the Helical domain from the neighboring
promoter. SPRY3 is positioned on the upper surface of RyR facing the plasma mem-
brane. It was suggested to be involved in the direct coupling mechanism [45, 53]. In
addition, the SPRY3 contains a long disordered loop of 133 residues (1297–1430) that
corresponds to divergent region 2, DR2 (Fig. 8.1c) [54]. This loop faces the upper
surface of the receptor and might be involved in interactions with proteins in the terminal
junctions.

Repeat Domains
Two Repeat domains, Repeat12 (861–1054) and Repeat34 (2734–2939) contributed
by neighboring protomers, are found relatively close to each other in the clamp
domain (Fig. 8.1a). These domains are tandem repeats of around 110 amino acids
(Fig. 8.1c) [55]. The crystal structures of both repeat domains are known [35, 37, 38]
and they are significantly different despite the similarity expected based on their
primary sequence. While the Repeat34 domain has a pseudo symmetrical horseshoe
shape formed by repeating two α-helices and one short β-strand, the symmetry in
Repeat12 is interrupted by an additional β-sheet and a long structured loop [38]. The
resolution of the cryo-EM maps in the regions of Repeat domains is too low to
reliably distinguish between two possible docking options. Repeat12 is involved in
formation of 2D RyR arrays, thereby it might also be involved in the allosteric
coupling between RyRs [14, 56]. Repeat34 is also known as the phosphorylation hot
spot of RyRs, the phosphorylation sites are located on the disordered loop linking
repeats 3 and 4 [37].

α-Solenoid domains are formed by multiple repeats of helical hairpin motifs,
creating extended flat structures common in eukaryotic organisms [57]. α-Solenoid
domains often play a role as scaffolds and are involved in protein–protein and
protein–ligand interactions. Due to their shape they can be flexible and able to
adapt different conformations [58]. Among the α-solenoid domains constituting
RyR, the Helical domain is the largest (Fig. 8.1c). It spans around 1200 residues
folded into an extended superhelical domain. The Repeat34 domain is inserted
approximately in the middle of the Helical domain. Within the tetramer assembly,
Helical domains form the edges of the square-like cytoplasmic cap (Fig. 8.1a). Due
to the flexibility of the extended RyR cap, the density of a large part of the Helical
domain has insufficient resolution to build an accurate model, therefore the poly-
peptide chain register has been assigned only for 330 N-terminal residues (Fig. 8.1b).
The C-terminal end of this domain, formed by an additional seven α-helices,
interacts with the SPRY2 domain of an adjacent protomer, stabilizing the tetrameric
assembly.

α-Solenoid domain composed of the NTD-C and Handle domain interacts with
most other cytoplasmic domains: NDT-AB, SPRY, Helical and Central as well as
with FKBP12. The Handle domain has a characteristic protrusion formed by
extremely long α-helices (residues 1961–2039) flanked by shorter α-helices
(Fig. 8.1c) that harbors one of calmodulin (CaM) binding sites, CaMB1
[40, 59]. The Handle domain also includes a large unresolved loop of 48 (residues
1874–1922) that corresponds to the DR3 region [54] and another long unresolved
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loop between the residues 2048 and 2089 (Fig. 8.1b, c). Both loops are found on the
outer surface of RyR below the FKBP12-binding site.

Central domain is one of the most conserved domains (Fig. 8.1b) and it is pivotal
for allosteric gating of the channel by calcium [40, 45, 47]. Twenty α-helices packed
in an armadillo structure build up the domain. It harbors a pair of EF-hands
(4071–4132) inserted in a loop connecting two α-helices (Fig. 8.1c). The
C-terminus of the Central domain folds in a peculiar structure, coined U-motif
[41], critical for the assembly and gating of RyR. The U-motif folded into a
β-hairpin and an α-hairpin, separated by a short α-helix is located underneath the
Central domain (Figs. 8.1c, 8.2c). The Central domain is linked to the TM domain by
an exceptionally long, nearly 400 amino acids, disordered fragment corresponding to
DR1 region.

TM domain of RyR belongs to the six transmembrane (TM) helical (S1–6) class
of tetrameric ion channels (Figs. 8.1, 8.2) that includes TRP channels and voltage-
gated channels. Within this class of channels, the structure of the TM domain is

Fig. 8.2 Structure and interactions of the transmembrane domain. (a). Side view of a TM domain
dimer of rabbit RyR1 in open conformation. The C-terminal domain (CTD) and the EF-hand
domain of the adjacent monomer are shown as well, using color-coding as in Fig. 8.1. The
proline-rich loop in the S2S3 helical bundle is indicated in cyan. The gate-forming residue I4937
is shown in orange. Side chains for the charged residues in the cytoplasmic S6 helix and in the
luminal loop are shown. (b). Close-up of the gate and selectivity filter. Side chains of the negatively
charged residues on the luminal loop are shown. (c). Close-up view of the CTD clamped by the
U-motif from the Central domain. The U-motif is omitted on panel (a)
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conserved in spite of poor sequence homology. Helices S1–S4 form a voltage-
sensing-like domain (VSD-like domain) (Fig. 8.2). RyRs lack the positive charges
on helix S4 responsible for voltage sensing in voltage-gated ion channels. Unique to
and conserved between RyRs is a cytoplasmic domain formed between helices S2
and S3 (residues 4666–4787). This S2S3 domain is folded into six short helical
segments and an extended proline-reach loop (4756–4765) (Fig. 8.2a) suggested to
be a potential SH3-binding site [40]. The S2S3 domain interacts with the EF-hand
domain of the neighboring protomer.

The ion pore is formed by S6 helices arranged in a right-handed bundle around
fourfold symmetry axis. At the luminal side the architecture of the ion selectivity
filter is similar to that of tetrameric potassium channels and TRPV channels. The
selectivity filter is formed by the loop connecting S5 and S6 on the luminal side
(Fig. 8.2b). It is supported by a half-helix called pore helix (P-helix) and a re-entrant
loop with a single helical turn that lines the surface of the selectivity filter. Remark-
ably, in RyRs the selectivity filter is shorter and wider than in the other known ion
channels, which is consistent with high channel conductance and poor selectivity.
The carbonyl oxygens of Ala4892, Gly4894, Gly4895 (in rabbit RyR1) form the
narrowest constriction of the filter, separated by a distance of ~9 Å versus ~5 Å in
other ion channels. On the luminal side Asp4899 and Glu4900 side chains contribute
to the wide selectivity filter vestibule. The ion filter in RyR is separated from the gate
by a hydrophobic cavity, similar to the other ion channels.

The structures of RyR determined in the absence of free calcium represent the
closed channel conformation. The channel gate is located at the cytoplasmic mem-
brane surface, where hydrophobic Ile4937 side chains constrain the pore to a radius
of 0.6 Å (Fig. 8.3c, d) making it impermeable to dehydrated charged ions including
Ca2+. On the luminal side, the P-helix is linked to the S5 helix with an unusual
negatively charged luminal loop (4863–4875) [41] in which six out of seven residues
are Asp or Glu (Fig. 8.2). This luminal loop may attract calcium ions and contribute
to ion selectivity or might be involved in storage-overload induced calcium release
(SOICR) [41]. The ion conduction channel extends over 30 Å into the cytoplasm by
unusually long extensions of the S6 helices lined with Glu and Asp residues
(Fig. 8.2), which may contribute to ion selectivity as well. The ion conductive
pore of RyR does not appear to have a strict, well-defined selectivity filter like
most other ion channels. Selection likely happens at several places: cytoplasmic
funnel, filter region and luminal loop. Such architecture allows for maintaining high
channel conductance without compromising selectivity for positively versus nega-
tively changed ions.

C-terminal domain (CTD, residues 4957–5037) connects the TM domain with
the cytoplasmic cap. This domain is very conserved, it folds into five short α-helices
positioned under the Central domain where it is tightly clamped by the U-motif
(Figs. 8.1c, 8.2c). The S6-CTD connection is rigidified by a zinc ion coordinated by
residues Cys4958, Cys4961, His 4978 and His 4983 within a zinc finger motif
(Fig. 8.4a). This zinc finger is important for the gating mechanism of RyR and is
conserved between RyR and IP3R.

8 Structural Details of the Ryanodine Receptor Calcium. . . 187



Fig. 8.3 Gating of RyR1.
(a). Side view of a RyR1
dimer showing the rocking
movement of the
cytoplasmic cap of RyR1 in
closed state. Vector field on
the right monomer
illustrates the
conformational changes
upon transition between two
conformations observed in
closed state of RyR1. The
vectors are scaled by a factor
of two for clarity. (b).
Conformational changes
upon transition from closed
(blue) to open state (green)
are similar to the rocking
movements between closed
states. The vector field
shows additional structural
changes in the Central and
TM domains. Scaling of the
vectors as in (a). (c). Side
views of RyR1 dimers in the
closed and open state
showing the channel pore,
color-coding as in (b). The
surface lining the pore is
illustrated in grey and was
calculated with HOLE
[60]. (d). Graph showing the
pore radius for the closed
and open state along the
vertical axis of the channel
with the distance shown
relative to the gate residue
I4937. Color-coding as in
(b). (e). Top view of the gate
region showing the opening
of the pore-lining helices
with the side-chain of the
gate-forming residue I4937
moving outward as
conformation changes from
closed (orange) to open (red)
state. (closed state PDB
5TB0, open state PDB
5TAL)
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Fig. 8.4 Regulation of RyRs. (a). Side view and close-ups of RyR1 monomer showing the Central,
TM domain and CTD with bound calcium, caffeine, zinc and ATP at their binding sites. Side chains
of residues involved in the binding are shown and colored orange. (b). Ryanodine binds inside the
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Structural Differences Between RyR Isoforms
At the level of the primary structure there are three major regions of diversity
between the mammalian isoforms. These regions are named DR1 (4254–4631),
DR2 (1342–1403) and DR3 (1872–1923) (Fig. 8.1c) [54]. As has been described
in this section, all these regions are disordered in the structure. While DR2 and DR3
are 50–60 amino acids long, DR1 is exceptionally long and consists of 377 amino
acids. The exact role of these regions is not known. A chimera of RyR1 with the DR1
region from RyR2 showed changes in sensitivity to Ca2+ and caffeine [61]. In
addition, DR1 harbors one of the predicted calmodulin binding sites (CaMB),
CaMB3. DR regions are loop-like insertions with their N- and C-termini located
close to each other. Therefore they do not play a role of simple linkers between
domains but might be involved in mediating interactions of RyR with other proteins
or RyR domains [14, 62].

Recently the structure of RyR2 with 65% of sequence identity to RyR1 was
determined [47]. As expected the architecture of RyR2 is very similar to that of
RyR1 [47]. The functional differences between the channels including mechanisms
of EC-coupling, regulation by CaM and other proteins, sensing of luminal Ca2+

response to store-overload, as well as difference in affinity for FKBP12 versus
FKBP12.6 must be defined by finer structural differences.

8.3 Gating of RyR

Understanding the mechanism of RyR gating by Ca2+ is central to understanding
RyR function. High-resolution RyR1 structures revealed that the EF-hand domain is
located next to the conserved core of the protein and close to S6 gating helices
(Fig. 8.2). It was suggested that the EF-hand domain may function as molecular
switch triggering calcium-dependent RyR1 gating [46]. Recently it was shown that
deletion of the complete EF-hand domain does not affect the activation of RyR by
cytosolic calcium [63]. This excludes the role of the EF-hand in calcium-dependent
channel activation.

The high-resolution structure of RyR in the open state was required to resolve the
molecular mechanism of gating. In particular it was important to visualize the fully
opened gate and determine the calcium-binding site. Obtaining the structures of

Fig. 8.4 (continued) pore. Side-chains of the gate residue I4937 (red) and residue Q4933 (orange)
involved in the binding are shown. Only the pore-forming helices S5 and S6 are shown for clarity.
(c). Binding of FKBP12 to SPRY1 and Handle domain. (d). Close-up side view of a RyR1
monomer with predicted calmodulin binding sites indicated in red. Only CaMB1 is structured in
the most recent 3D models, CaMB2 is indicated with a dashed line between the C-terminus of the
Central domain and the N-terminus of the helical domain and CaMB3 is indicated by a red dashed
line within the DR1 (black dashed line). (e). Repeat34 is a phosphorylation hot spot with five
phosphorylation sites located on a disordered loop shown by dashed line
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RyR1 in the open state has proven to be a challenge for a number of reasons. The low
open probability of RyR1 upon activation by calcium, is one of them. At the optimal
concentration of Ca2+, 50 μM, the open probability of RyR1 reaches only around
20% [10, 40]. Therefore, additional ligands like ATP and caffeine, or biphenyl
2,29,3,59,6-pentachlorobiphenyl (PCB95) stabilizing the open state, were required
to enrich its population [40, 45]. Another challenge was the flexibility of RyRs
[40, 45, 46, 48], which required extensive 3D particle classification [40]. Finally, the
choice of detergent was also critical. In Tween-20 for example RyR1 remained in
closed conformation under activating condition [45].

High-resolution structures of RyR in open conformation have been reported for:
rabbit RyR1 activated by Ca2+, ATP and caffeine determined at resolution of 3.8 Å
[40]; rabbit RyR1 activated by combination of calcium and PCB95 determined at
resolution of 5.7 Å [45] and porcine RyR2 in presence of calcium and PCB95 at a
resolution of 4.2 Å [47].

In the absence of activating ligands, the conformational changes due to flexibility
of RyR are not associated with channel gating. They are confined to the crown of the
cytoplasmic domain and appear as a rotation of all but the Central, TM and CTD
domains around an axis parallel to the membrane plane (Fig. 8.3a) [40, 45]. Between
the conformations individual domains move as rigid bodies without significant intra-
domain rearrangements [40, 45, 46]. These movements likely represent a continuum
of conformations rather than a set of discrete states [40, 45, 46].

In the presence of calcium and activating molecules, specific conformational
changes take place in the Central domain and CTD resulting in the gate opening
(Fig. 8.3b). Similarly to conformational changes due to channel flexibility, NTD,
Handle and Helical domains do not show any intra-domain changes associated with
channel opening. They move towards the membrane and twist counter clockwise in
the membrane plane by about two degrees.

Interestingly, while the open probability of RyR1 reconstituted into a lipid bilayer
under conditions used for cryo-EM is close to unity, in cryo-EM only half of the
channels are found in the open conformation [40], suggesting that RyR1 solubilized
in CHAPS tends to be stabilized in the closed conformation or remained completely
closed when solubilized in Tween-20 [45].

Gate Opening
The conformational changes associated with the transition from closed to open gate
involve rotation of the Central domain relative to the S6 helix around the axis
parallel to the membrane plane (Fig. 8.3b). In the TM domain, structural changes
associated with gate opening include radial outward movement of the S6 helices.
This appears as bending of the helix around a hinge located at residue G4934 (G4864
in RyR2), three residues below gate residue I4937 (I4867 in RyR2) (Fig. 8.3c)
[40, 47]. This hinge glycine is known to be important for gating in both RyR1 and
RyR2 [64, 65]. In the open channel the outward movement of S6 results in dilation
of the pore constriction. The Cα-Cα distance between I4937 increases by 6 Å and the
distance between the closest atoms of the side chains increases from around 5 to over
12 Å. The pore constriction increases from ~1.2 Å to 7 Å and now occurs at the polar

8 Structural Details of the Ryanodine Receptor Calcium. . . 191



residues Gln4933 located one helical turn below I4937 (Fig. 8.3d). The remaining
parts of the ion pore, including the filter and luminal loops, remain virtually
unchanged during gating.

The opening of the cytoplasmic part of the S6 bundle (S6c) is concomitant with
an outward shift of the helical hairpin of the U-motif by 3 Å (Fig. 8.3b) and
amphipathic helices S4S5 forming a ring around S6 also move outwards by 3 Å
(Fig. 8.3e). The VSD-like domain slightly rotates outward as a rigid body away from
the channel axis as the gate opens. The opening is likely associated with switching a
pattern of salt bridges between the S6 helices and around horizontal S4S5 helix
[40, 45]. These networks of salt bridges may stabilize open or closed conformations
of the channel minimizing occurrence of the intermediate states.

Calcium-Binding Site
Remarkably, the high-resolution structure of RyR1 in presence of Ca2+ reveals a
density consistent with a bound Ca2+ ion [40]. This putative Ca2+ ion is intercalated
between the Central domain and the CTD (Fig. 8.4a). It is coordinated by the
carboxylate side chains of E3967 and E3893 on the α-solenoid core of the Central
domain and the backbone carbonyl of T5001 form the CTD. Residues Q3970 and
E5002 are too far away from Ca2+ to directly coordinate it but may contribute to ion
binding through water molecules [40].

Earlier mutational studies did indicate that the cytosolic calcium-sensing domain
is located inside the Central domain: mutating residue E4032 (E3987 in RyR2 and
E3885 in RyR3) disrupted CICR in all three isoforms [12, 66]. Interestingly, E4032
is at least 10 Å away from the resolved Ca2+ binding site therefore it is not involved
in Ca2+ binding, but may stabilize the interaction between the CTD and the Central
domain. IP3Rs can also be activated by cytosolic calcium in addition to being
sensitive to inositol-1,4,5-trisphosphate [67, 68]. The five residues coordinating
the putative Ca2+ ion are conserved in all IP3R isoforms [40].

The Mechanism of Gating
To rationalize how binding of Ca2+ leads to the opening of the ion channel, its
activation can be considered as a two-step process: first, priming by calcium and
second stabilization of the open conformation by ATP and caffeine [40].

Binding of Ca2+ results in the nearing of the ion-coordinating residues of the
α-solenoid core of the Central domain, E3867 and E3893, towards T5001 on the
CTD. The Cα-Cα distances reduce by 1.5–2 Å. As result, the α-solenoid core of
the Central domain pivots by about six degrees around the β-hairpin of the U-motif
shifting the N-terminus of the Central domain and consequently the rest of the
cytoplasmic cap towards the membrane surface resulting in global structural
changes. These conformational changes do not result in pore opening, however.

Upon addition of ATP and caffeine, no significant structural changes occur
between the Central domain and CTD. The Central domain rotates in the membrane
plane and the TM and Central domain are slightly rearranged. The largest structural
changes occur locally at S6c (4936–4956) and in the adjacent region of the CTD
(4957–4985), accompanied with a shift of the helical hairpin of the U-motif parallel
to the membrane. These local structural changes occur exactly next to the ATP and
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caffeine binding sites [40]. Since the affinities for both ATP and caffeine are in the
millimolar range, their binding energies are relatively small and comparable to the
thermal energy. Therefore it appears that in the presence of Ca2+ transition from a
closed to open channel is associated with bending of S6c and part of the adjacent
CTD. This mechanism suggests that the rigid connection between S6 and the CTD,
provided by a Zn finger, is critical for the channel gating. To open the channel, the
conformational changes need to occur in the context of an assembled tetramer and
are dependent on interaction between protomers. Since the interaction of the Central
and the CTD domains between protomers is weak, this function is accomplished by
NTD-AB making it an important part of the gating mechanism.

8.4 Regulation of Gating

A wide range of endogenous regulators, post-translational modifications and exter-
nal factors like drugs and pollutants regulate RyRs [13]. Many of these regulators
have been thoroughly studied biochemically and now can also be analyzed in the
context of high-resolution structural data.

Caffeine and ATP bind RyR with millimolar affinities. Caffeine is a commonly
used RyR agonist that decreases the threshold for spontaneous Ca2+ release and
increases the open probability by changing the sensitivity for luminal Ca2+

[69]. ATP and other nucleotides bind RyRs and in presence of Ca2+ increase open
probability two to threefold [70, 71]. Since ATP concentration in muscle cells is also
in the millimolar range, activation of RyR by ATP is physiologically relevant and is
important for sustaining EC coupling and avoiding muscle fatigue and metabolic
catastrophe when ATP levels in the cell drop [71–73]. Both ATP and caffeine bind at
the interface of the CTD with other domains [40]. ATP binds at the interface of S6c
with the CTD (residues M4954, E4955, F4959, T4979, L4985) and the U-motif
(residues K4211, K4214, R4215) (Fig. 8.4a) [40]. Adenine binds into a hydrophobic
pocket formed by the CTD next to the zinc-binding site (C2H2-type, residues
C4958, C4961, H4978, H4983), while phosphate groups interact with lysines in a
horizontal helix of the U-motif. The caffeine-binding site is located at the interface of
the CTD (residues I4996 and Y5014), S2S3 domain (residue W4716) and another
helix from the helical hairpin of the U-motif (residue E4239) (Fig. 8.4a) [40]. In line
with the important role that the CTD and the U-motif play in the conformational
changes during gating, binding of ATP and caffeine in this region stabilize inter-
domain interactions favoring an open gate.

Ryanodine binds to open RyR with nanomolar affinity and stabilizes a
subconductive state [74]. Early studies [75–77] already pointed towards a binding
site localized within the pore region and predicted that Q4863 (in RyR2, Q4933 in
RyR1) is involved in ryanodine binding [78, 79]. Density corresponding to
ryanodine bound to rabbit RyR1 was detected inside the hydrophobic cavity of the
pore (Fig. 8.4b) [40]. It is consistent with a single ryanodine molecule bound to
Q4933 in agreement with earlier stoichiometric measurements [80]. In contrast to the
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other pore-lining residues Q4933 is not conserved in IP3R, which does not bind
ryanodine [5, 6, 40].

When bound in the pore to calcium-activated RyR, ryanodine stabilizes the open
conformation of the pore. It partially occludes the ion conductance pathway resulting
in a subconductance state. Ruthenium red, a channel blocker, was also visualized
inside the pore of a RyR1 [81].

PCB95 is a neurotoxic pollutant selective for RyRs over IP3Rs in neurons
[82, 83]. It binds RyR and stabilizes its open conformation. PCB95 was used to
lock RyR1 and RyR2 in the open state for structure determination [45, 47] but its
binding site has not been visualized.

Mg2+ inhibits RyR at millimolar concentrations [84]. Current structural informa-
tion does not provide the straightforward explanation of its inhibiting effect. One
possibility, discussed by Clarke and Hendrickson [85], is that Mg2+ competes with
Ca2+ for the same binding site but has preference for different ion coordination
favoring closed channel conformation.

FKBP
Most of the recently published RyR cryo-EM structures were in complex with the
auxiliary protein FKBP12 [40, 41, 45, 47, 48]. FKBP12 and FKBP12.6 are consti-
tutively bound to skeletal and cardiac RyR, respectively. It is suggested that they
stabilize the closed state, prevent subconductive states and play a role in allosteric
gating [25, 86, 87], which is questioned by other studies [88]. FKBP binds in
between the Handle and SPRY1 domain (Figs. 8.1a, 8.4c). Model of SPRY1-
FKBP12 interface suggests interaction of FKBP with residues F674, L675, H736
and L737 of SPRY1 [38, 41]. FKBP12 interacts with the surface of the α-solenoid
and a downstream loop (residues 1779–1785), over large surface with high shape
complementarity (Figs. 8.1a, 8.4c), explaining the high affinity of FKBP.

Calmodulin is one of the best-characterized regulators of RyR. The effect of
calmodulin binding is isoform-dependent: RyR1 is activated by apoCaM and
inhibited by calcium bound CaM, CaCaM [89], while RyR2 is inhibited by CaM
independently of calcium concentrations [90]. Three CaM binding sites (CaMB)
were predicted in RyR1: 1975–1999 (1), 3614–3643 (2) and 4295–4325 (3) [91]
(Fig. 8.4d). Only CaMB1 is resolved in the structure of RyR [40], the other sites are
predicted to be disordered. CaMB1 corresponds to a helical turn in the Handle
domain (Fig. 8.4d). Low resolution cryo-EMmapping of CaM binding sites revealed
different sites for apoCaM and CaCaM in RyR1 with apoCaM binding ~30 Å higher
[92]. These locations and distance are consistent with mapping of CaMB1 and 2 on
the highest resolution structure of RyR1 [40]. The CaMB2 is a flexible peptide
connecting the C-terminal end of Helical domain with the N-terminus of the Central
domain, which is close to CaMB1 in the quaternary structure (Fig. 8.4d). Intrigu-
ingly, apoCaM binds to RyR2 at the same location as CaCaM in RyR1, which is
consistent with the similar functional effects [91]. A crystal structure of CaCaM
bound to a α-helical peptide in CaMB2 region was solved [93]. However, the
corresponding peptide is disordered in cryo-EM structures even though its sequence
is highly conserved between all RyR isoforms. Given the location of the CaM
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binding sites, it likely regulates the open probability of RyR by influencing relative
orientations of RyR domains by for example interacting with EF-hand domain [94].

Post-Translational Modifications (PTM)
RyRs are also regulated by post-translational modifications including phosphoryla-
tion, oxidation and nitrosylation [95–98]. The effect of PTMs on RyR gating is very
complex and it has been a topic of debate and controversy in the field [95]. The
importance of phosphorylation in for example heart failure is an accepted phenom-
enon [95]. Because RyR has over 40 phosphorylation sites, a large number of
phosphorylation states can occur complicating the study of the phosphorylation
effect [14]. Additionally, comparison of the natively and in vitro dephosphorylated
RyR1 did not reveal any significant structural differences [48]. Intriguingly, one of
the best characterized phosphorylation hot spots is located within Repeat34 on a
disordered loop facing the upper surface of RyR [35, 37], where Ser2808 and
Ser2814 (in RyR2) [14] are phosphorylated (Fig. 8.4e). Based on the available
structures it can be suggested that the functional significance of this phosphorylation
site can only be understood in a context of the in vivo protein assembly around RyR.

8.5 RyR in Diseases

Mutations in RyRs and their accessory proteins have been linked directly and
indirectly to a spectrum of human diseases. The largest class of these diseases belongs
to a group of channelopathies [99]. More recently, other diseases including
Alzheimer’s [100] and Huntington’s disease [101] have been linked to a distorted
calcium homeostasis in neurons, where RyRs and IP3Rs are thought to play a major
role. Abnormalities in post-translational modifications of RyRs can also lead to
pathologies among which are muscle fatigue and cardiac arrhythmias
[102, 103]. The consequences of disease-causing point mutations on the level of
channel function are very diverse, including increased open probability, leakiness of
the pore, uncoupling of excitation-contraction or reduced expression [104–112].
Below we give an overview of RyR-associated diseases and analyse them using
available structural information.

Diseases Associated with Mutations in RyR1
Malignant hyperthermia (MH) is a pharmacogenetic disease, in which patients with
mutations in the RyR1 gene have a pathological reaction to inhalational anaesthetics
(halothane, isoflurane, sevoflurane, desflurane) or depolarizing muscle relaxants
(succinylcholine) [113, 114]. Upon exposure, MH will manifest with increased
muscle rigidity and an alarming high core body temperature due to excessive
hydrolysis of ATP by SERCA (SR/ER calcium ATPases) and PMCA (plasma
membrane Ca2+ ATPase) reacting to elevated cytoplasmic Ca2+ concentration
[96]. An MH episode is treated by administration of dantrolene, the molecular
mechanism of which is still not understood. Mutations in RyR1 can also lead to
congenital myopathies including the most common central core disease (CCD) and
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other related myopathies [115]. CCD is characterized by weakness of the muscles,
delayed motor development, hypotonia and motor deficiencies. To date physiother-
apy to strengthen and maintain the muscles is the only treatment available to the
patients [115].

Diseases Associated with Mutations in RyR2
Mutations in the RyR2 gene are associated with cardiac arrhythmia disorders that
often lead to sudden cardiac death (SCD) in young people [116]. Catecholaminergic
Polymorphic Ventricular Tachycardia (CPVT) has been associated with mutations in
RyR2 and RyR2-accesory proteins CSQ2 (calsequestrin) [117], triadin [118] and
CaM [119]. Sixty percent of all known CPVT mutations are in RyR2 [120]. CPVT is
characterized by severe cardiac arrhythmia in response to emotional or physical
stress that can lead to sudden cardiac death in young individuals with a structurally
normal heart [121]. No effective treatment for CPTV is available to date.

Arrhythmogenic Right Ventricular Cardiomyopathy 2 (ARVC2) is another rare
cardiac arrhythmia disorder caused by mutations in RyR2 [110, 122]. ARVC covers
a diverse spectrum of genotypes with very similar disease phenotypes. The patho-
logical hallmark of ARVC is the progressive substitution of the right ventricle
myocardium by fibrofatty tissue [123]. ARVC2 is like CPVT characterized by
adrenergic-induced arrhythmias, with no effective treatment available today [124].

Functional Consequences of RyR Mutations
MH mutations in RyR1 cause an excessive Ca2+ leak in response to activators
[96, 125]. Two types of RyR1 deregulation have been associated with CCD causing
mutations: a constitutively leaky channel [13] and EC-uncoupling [104]. A
CCD-causing mutation I4897T (hRyR1) located in the selectivity filter results in
dysfunctional EC coupling [104, 126–128]. Therefore only heterozygous carriers are
viable [129]. Given the position of the mutation it most likely results in non- or very
poorly functioning channels.

CPVT mutations lead to excessive calcium release from the SR during exercise or
emotional stress [107]. Several CPVT mutations, spread over the primary sequence,
were shown to alter the sensitivity for luminal Ca2+ and to lower the threshold for
store-overload induced calcium release (SOICR) [108]. Other mutations, mostly
located in the N-terminal region, were linked to delayed termination and increased
amplitude of Ca2+ release [109].

Disease Mutations and RyR Structure
When the disease-causing mutations are plotted onto the linear sequence, four hot
spots become evident (Fig. 8.5a) [116, 127]. More recently described mutations in
RyR1 are homogeneously distributed over the protein sequence rendering the hot
spots less pronounced (Fig. 8.5a). Taken together, around 850 disease-causing
mutations have been described for all RyRs (data from HGMD [31]).

Mapping positions of the disease mutations on the RyR structure provides insight
on their mechanisms and on the mechanism of RyR. Structurally the hot spots are
situated at the NTD, the N-terminal part of the helical domain, the central domain
and the TM region (Fig. 8.5b). Interestingly, residues in the Ca2+ binding site, the
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zinc finger, or gate-keeper I4937 are not affected by mutations, likely because of
their crucial role in RyR functioning, as loss of function mutations would be lethal.
Dense clusters of mutations are found at the interfaces of NTD-AB with other
domains as well as within NTD-AB. Surprisingly, numerous mutations are found
at the interface of NTD-AB with Helical domain (Fig. 8.5b) suggesting important
functional role of this interaction. The interface of NTD-AB with Central domain is
also often mutated in diseases, as expected from our mechanistic model of gating.

Another important hot spot is found within the TM region. Mutation-induced
conformational change of the pore can destabilize the channel to increase or decrease
its open probability. An important functional outcome of some mutations in RyR2,
located in all mutation hot spots, is an altered threshold for activation by luminal
Ca2+ [108]. There is no agreement in the field on the location of “luminal Ca2+

sensor” [112, 116, 130–133], however.
Interestingly, a noticeable amount of mutations in RyRs are clustered together in

the S2S3 helical bundle and the U-motif in close proximity of the recently identified
caffeine binding site [40] highlighting a functional role for these structural elements.

Fig. 8.5 Distribution of disease mutations in RyR1 and RyR2. (a). Linear representation of the
domain organization (color-coding as in Fig. 8.1) and mutation distribution within the primary
sequence, with each circle (RyR1) or diamond (RyR2) representing position of a disease-causing
point mutation (The Human Gene Mutation Database, HGMD® [31]). Four mutation hot spots I–IV
(red) can be identified. (b). Positions of disease-causing mutations (HGMD®) are shown as red
spheres for RyR1 (left) and RyR2 (right) monomer. Color-coding of the domains as in Fig. 8.1
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A number of mutations are found in the periphery of RyRs (Fig. 8.5b). The
functional consequences of these mutations are less evident. They possibly disrupt
interaction with accessory proteins including assembly of two-dimensional RyR
arrays.

8.6 Conclusions

The last years were marked by a significant progress in the structural studies of RyR.
The high-resolution structures revealed detailed organization of this large ion
channel and conformational rearrangements associated with the channel gating. In
particular, mechanisms of channel permeation by ions and the activation by calcium
and small-molecule ligands are now significantly better understood. At the same
time many questions related to the regulation of RyR and the functional role of its
huge cytoplasmic domain remain unanswered. With the high-resolution structures of
RyR at hands it will now be possible to design more accurate experiments to verify
the mechanistic hypothesis and accurately interpret results of biophysical and bio-
chemical experiments. Without doubts the coming years will be marked by further
progress in revealing the complex function of RyR at atomic level.
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Chapter 9
Store-Operated Calcium Entry: An
Historical Overview

James W. Putney

Abstract Store-operated calcium entry is a mechanism of Ca2+ signaling that has
evolved from theory to molecules over a period of 30 years. This brief overview
summarizes the major milestones that have led to the current concepts regarding the
mechanisms and regulation of this most widely encountered of calcium signaling
mechanisms.

Keywords Calcium signaling · Calcium channels · Store-operated channels ·
Intracellular calcium stores · Signaling mechanisms · History

The first appreciation of the function of calcium in tissue responsiveness is generally
credited to Sidney Ringer [1], based on his observations of the requirement of
extracellular calcium for continued contractility of ex vivo frog hearts. However,
the idea that the role of calcium was to trigger events in the cytoplasm came much
later, probably in a general sense from Heilbrunn’s volumes on An Outline of
General Physiology [2]. A concise summary of much of the early history of the
concept of calcium as a cell signal can be found in a review by Petersen et al. [3].

The field of calcium signaling can be arbitrarily subdivided into mechanisms by
which cytoplasmic Ca2+ signals are generated, and mechanisms by which Ca2+

signals are sensed and interpreted. Muscle led the way with regard to much of the
early work on Ca2+ signaling, owing largely to the ability to readily observe and
measure the response to Ca2+ signals, producing muscle contraction or shortening.
The basic mechanism of muscle contraction, involving interaction of actin and
myosin, was discovered by Albert Szent-Gyorgyi in the 1940s (c.f. [4]), and
subsequently a number of studies demonstrated that the direct application of Ca2+

to the cytoplasm of skeletal muscle could induce contraction (reviewed in [5]).
However the actual Ca2+ sensing molecule, troponin, was not found until about
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20 years later by Ebashi et al. [6]. Remarkably, only about 2 years after the discovery
the Ca2+ sensing function of troponin, Cheung reported on a Ca2+-dependent
activation of cyclic nucleotide phosphodiesterase [7], which turned out to be the
most widely encountered intracellular Ca2+ sensor, calmodulin [8, 9].

Regarding the mechanism by which Ca2+ signals arise, a fundamental question
relates to the source of Ca2+ entering the cytoplasm. Today we know that Ca2+

enters the cytoplasm either across the plasma membrane through Ca2+ channels, or
from intracellular sites of sequestration, most commonly the endoplasmic
(or sarcoplasmic) reticulum. Despite the observations of Ringer of the necessity
of external Ca2+, the first suggestion of Ca2+ functioning as a signal by Heilbrunn
posited a release of Ca2+ from stores within the cell [2]. In identifying the source of
Ca2+ stores, again it was skeletal muscle that led the way. The Ca2+ stores in
muscle were identified as the sarcoplasmic reticulum, and not as the source of
released Ca2+, but rather as the site responsible for removing Ca2+ from the
cytoplasm, known as “relaxing factor” [10, 11]. Interestingly, despite the clear
and accepted view that the source of signaling Ca2+ in muscle was the sarcoplasmic
reticulum, many held the view that in other cell types, Ca2+ was released from
mitochondria ([12–14] but see [15]). It was not until the discovery of the Ca2+

mobilizing action of inositol 1,4,5-trisphospate (IP3, [16, 17]) did it become
unmistakably clear that the intracellular Ca2+ store underlying Ca2+ signaling is
the endoplasmic (or sarcoplasmic) reticulum.

The first experimental evidence for Ca2+ channels in the plasma membrane came
from studies of 45Ca2+ uptake into squid axons [18] and frog Sartorius muscle [19]. At
about the same time, the first electrophysiological evidence came from studies in
crustaceans [20]. By the 1970s the concept of Ca2+ influx as a general contributor to
cell activation was gaining general acceptance, and presumptive evidence, based on
the effects of adding and removing external Ca2+ began to appear [21–24].

A revolution in Ca2+ signaling methodology occurred in 1982 with the publica-
tion of the first fluorescent Ca2+ indicator that could be loaded into the cytoplasm of
living cells, Quin2 [25]. Quin2 was shortly thereafter displaced by the technically
superior Fura2 [26]. Remarkably, despite the development over the past 30 years of
numerous other small molecule indicators, and now the availability of genetically
encoded Ca2+ indicators, Fura2 still appears to be a favorite in the field as an
all-around technically suitable indicator. The ability to measure cytoplasmic Ca2+

in real time afforded much better kinetics and not surprisingly the accumulation of
considerable information on the relationship between intracellular Ca2+ release and
Ca2+ influx across the plasma membrane.

So, by the 1980s it was clear that Ca2+ could enter the cytoplasm by either
discharge from the endoplasmic (or sarcoplasmic) reticulum, or by entry across the
plasma membrane presumably through Ca2+ channels resident there. However, the
relationship between the two was not clear. In many excitable cells, the clearest
example being the heart, entry of Ca2+ through voltage activated channels in the
plasma membrane is amplified by a process of Ca2+-induced Ca2+ release from the
sarcoplasmic reticulum [27]. However, in non-excitable cells (and many excitable
cells as well), when Ca2+ signals were activated by ligands for surface membrane
receptors, the relationship between the two processes was unclear. The majority of

206 J. W. Putney



surface receptors that activate Ca2+ signals do so by a pathway involving activation of
a polyphosphoinositide directed phospholipase C that degrades phosphatidylinositol
4,5-bisphosphate to diacylglycerol and the soluble head group, inositol 1,4,5-
trisphosphate (IP3) [28, 29]. In 1983, Michael Berridge posited that IP3 could be
the signal for release of Ca2+ from the endoplasmic reticulum [16], and in a collab-
oration with other laboratories, provided strong evidence for this idea demonstrating
that IP3 applied to permeabilized pancreatic acinar cells could indeed catalyze rapid
release of store Ca2+ [17].

Three years after the discovery, I published a hypothesis paper in Cell Calcium
proposing a mechanism linking the release of Ca2+ by IP3 to plasma membrane Ca2+

entry [30]. The basic idea was that the depletion of Ca2+ in the endoplasmic reticulum
would by some means signal back to the plasma membrane activating Ca2+ perme-
able channels there. Because I saw this mechanism as providing Ca2+ to the intracel-
lular store to be subsequently released by IP3, I coined the term “capacitative calcium
entry” emphasizing the serial arrangement of Ca2+ flow and Ca2+ storage. The
arguments were based on the failure of other investigators to demonstrate direct
effects of IP3 on plasma membrane channels, and earlier work from my laboratory
[31] and work from Casteels and Droogmans [32] demonstrating that the refilling of
Ca2+ pools after discharge did not require an activated receptor. In their 1981 paper,
Casteels and Droogmans proposed that refilling occurred through a direct pathway
from the extracellular space to the smooth muscle sarcoplasmic reticulum, not
traversing the cytoplasm [32].

In 1989, I published two studies carried out by a postdoctoral fellow, Haruo
Takemura, that provided strong evidence for the capacitative calcium entry model,
and also showed that Ca2+ entered the cytoplasm directly, rather than via an
obligatory transit through the endoplasmic reticulum. In the first of these, we
utilized a protocol by which stores were discharged by a muscarinic agonist in
the absence of external Ca2+, the agonist removed by use of a strong blocking
agent, and then the stores were reloaded by addition of Ca2+ extracellularly
[33]. Cytoplasmic Ca2+ was monitored by Fura2 fluorescence. This was essentially
a repeat of an earlier experiment carried out in my laboratory prior to the advent of
fluorescent Ca2+ indicators in which [Ca2+]i was inferred from the rate of 86Rb+

efflux (an indicator of Ca2+-activated K+ channel activity) [31]. As in the previous
experiment, Ca2+ stores refilled quickly and completely after receptor blockade,
confirming the receptor independence of the influx mechanism. However, in the
earlier study no indication of a rise in [Ca2+]i during refilling was seen, while with
the fluorescent Ca2+ indicator, a clear rapid influx of Ca2+ was evident, indicating
influx directly into the cytoplasm.

The second study published in 1989 arose from a collaboration between my
laboratory and a medicinal chemist in Copenhagen, Ole Thastrup. Thastrup had
purified a plant toxin named thapsigargin which he and Michael Hanley had shown
was capable of releasing Ca2+ from the same pool as agonists, but without
increasing IP3 [34]. Thapsigargin therefore provided a useful test of the capacitative
calcium entry model. The results of our experiments, again carried out by Haruo
Takemura, showed that thapsigargin activated sustained Ca2+ influx in parotid
acinar cells, and this entry was not additive with entry activated by a muscarinic
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agonist [35]. Additionally, the fact that the apparent rate of entry with thapsigargin
was similar to that with a muscarinic agonist further demonstrated that Ca2+ entered
the cytoplasm by a pathway that did not necessarily traverse the endoplasmic
reticulum. With the muscarinic agonist, that increases IP3, the rate of exit to the
cytoplasm should be much faster than with thapsigargin, which does not increase
IP3. Since the rate of entry to the cytoplasm was not greater with IP3 present, Ca

2+

must have entered the cytoplasm by a more direct route.
The issue of the route of Ca2+ entry was further laid to rest in 1992 when Hoth and

Penner published the first report of a store-operated current which they termed Icrac
[36]. Recordings of this current were published earlier by Lewis and Cahalan [37],
but were not recognized as being store-operated. Hoth and Penner [38] extensively
characterized Icrac which had some interesting and important properties. First, it was
slow to develop with a time constant of 20–30 s. This indicated a slow and possibly
complex mechanism for activation. The current was very small, of the order of 1 pA/
pF at 0 mV. Icrac was highly selective for Ca2+ over monovalent cations, but would
permit permeation of Na+ in the absence of divalent cations. There was no measur-
able increase in noise associated with Icrac, indicating that the single channel
conductance was extremely small. Subsequently, Prakriya and Lewis [39] estimated
the single channel conductance of CRAC channels to be of the order of 0.2 pS, based
on noise analysis.

The discovery and characterization of Icrac clearly established that the basic
concept of capacitative or store-operated Ca2+ entry was correct. Depletion of Ca2+

from the endoplasmic reticulum brings about activation of Ca2+ permeable channels
in the plasma membrane. Two essential questions remained: what is the signal from
the endoplasmic reticulum to the plasma membrane, and what is the molecular nature
of the channel?

A number of different laboratories published studies suggesting mechanisms for
activating plasma membrane Ca2+ channels, including cyclic GMP, an arachidonic
acid metabolite, a cytochrome P450 product, a secretion mechanism for channel
insertion, inositol tetrakisphosphate, a small G-protein (reviewed in [40]). One
interesting approach was to attempt to bioassay a signaling molecule without prior
knowledge of its structure. The first such attempt from Randriamampita and Tsien
[41] described an activity in extracts of store-depleted cells that activated Ca2+

influx. These authors termed this activity calcium influx factor, or CIF. Some
properties of CIF were described, including the curious ability to act when applied
extracellularly. Subsequently other laboratories carried out studies with similar
(although unlikely identical) extracts [42–44]. The Bolotina laboratory carried out
a number of studies with partially purified extracts, and demonstrated that its activity
depended on the presence of Ca2+ independent phospholipase A2 (iPLA2) [45]. The
CIF concept has not gained general acceptance, however, owing in part to a
frustrating failure to obtain a structure of the active principle, and also owing to
alternative discoveries regarding the activation mechanism of CRAC channels,
discussed below.

As to the nature of the channel itself, initially much attention was focused onmembers
of the mammalian TRPC subfamily of cation channels. These channels were original
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identified [46] by homology with theDrosophila photoreceptor TRP channel which was
believed to be activated downstream of phospholipase C [47]. Early reports showed
activation of Drosophila TRP [48] and mammalian TRPC channels [49–52]. However,
other studies failed to reproduce these findings [53–55]. This controversy has been
discussed in a number of reviews [40, 56–58]. Electrophysiological studies clearly
demonstrated that TRPC currents are quite distinct from Icrac, being rather
non-selective and with much larger single channel openings [49, 59]. Thus, if TRPCs
form store-operated channels, it is unlikely they are the canonical CRAC channels
originally described by Hoth and Penner [36]. While currently there is still not complete
consensus on the roles of TRPCs in store-operated entry, some general points have
emerged. First, it is clear that the 7 TRPCs can function as components of non-store-
operated channels activated downstream of phospholipase C. TRPC3, 6 and 7 can be
activated by the lipid product of phospholipase C, diacylglycerol [54, 60]. TRPC4 and
5 are also activated downstream of phospholipase C, but the precise nature of this
regulation is still unknown [55, 61]. The majority of studies suggest that TRPC1 does
not function in a homomeric non-store-operated channel [62] but rather as a subunit
together with other TRPCs [62, 63]. TRPCs can function as channels regulated by Ca2+

store depletion, but as to whether this qualifies them as true store-operated channel is a
semantic issue (discussed in more detail below).

The emergence of high-throughput screening techniques eventually led to the
identification of both the signaling mechanism and the pore forming subunit of store-
operated channels. Roos et al. [64] in a limited screen of potential channel and
signaling proteins, identified stromal interacting molecule (STIM) as a critical
molecule for activation of Icrac in Drosophila S2 cells. Shortly thereafter, Liou
et al. [65] identified STIM1 and STIM2 in a screen in mammalian cells, and
demonstrated that store depletion caused aggregation of STIM molecules at sites
close to the plasma membrane. STIM had been previously identified as a plasma
membrane protein with a Ca2+ binding EF-hand motif [66]. In the plasma membrane,
the EF-hand would face the extracellular space, but in the endoplasmic reticulum, it
would face the lumen of the endoplasmic reticulum. Thus, Liou et al. [65] demon-
strated that mutation of the Ca2+ binding EF-hand motif caused constitutive aggre-
gation into near plasma membrane puncta, and constitutive Ca2+ influx. Subsequent
work by a number of laboratories established that STIM1, and to a lesser extent
STIM2, functions as the initial Ca2+ sensor in the endoplasmic reticulum (reviewed
in [67, 68]). Depletion of Ca2+ from the endoplasmic reticulum results in dissocia-
tion of Ca2+ from STIM1, aggregation of dimers into higher order multimers, and
trapping of the multimers in endoplasmic reticulum—plasma membrane junctions
where STIM1 interacts with, and directly activates store-operated CRAC channels.

The identification of the pore-forming subunit of the CRAC channel came
approximately 1 year after the identification of STIM. Feske et al. [69] utilized a
combination of pedigree analysis of a family carrying a mutation resulting in loss of
Icrac, together with a whole genome screen in Drosophila S2 cells and identified a
gene encoding a small membrane protein with no previous assigned function. They
named this protein Orai, which in Greek mythology were gate keepers. There were
three homologs of Drosophila Orai in the mammalian database, one of which
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corresponded to the mutation responsible for loss of Icrac. This was then designated
Orai1, and the remaining 2, Orai2 and Orai3. Shortly thereafter two other laboratories
confirmed this finding. Vig et al. [70] designated CRACM for CRAC modulator,
while Zhang et al. [71] did not propose nomenclature other than the database
designation olf186-F. Zhang et al. [71] also provided the important observation that
co-expression of Orai with STIM1 results in amany-fold increase in Icrac. It is perhaps
noteworthy that while all three groups firmly established the necessity of Orai in
store-operated Ca2+ entry, none went so far as to propose that this molecule was
actually a part of the CRAC channel itself. Indeed, Orai has little or no homology to
any other known ion channel. Perhaps this is not surprising, given that the properties,
especially the single channel conductance of CRAC channels, are so distinct from
other known ion channels. The evidence that Orai is indeed a pore forming subunit of
the CRAC channel came from studies in which single amino acid mutations resulted
in channels with substantially altered ion selectivity [72–74]. Recently the crystal
structure of theDrosophilaOrai channel was published, and surprisingly the channel
is a hexamer, formed by three dimers of Orai [75] (but see [76]).

Both STIM and Orai are known to subtend functions other than their roles in
store-operated Ca2+ entry. STIM1 has been shown to interact with proteins associ-
ated with the growing ends of microtubules where it is involved in remodeling of the
endoplasmic reticulum [77]. Multiple phosphorylations of the cytoplasmic domain
of STIM1 during mitosis prevent this interaction, presumably to allow appropriate
segregation of the endoplasmic reticulum from the mitotic spindle [78]. In addition
to their role in store-operated CRAC channels, Orai proteins function in other Ca2+

permeable channels. Ambudkar’s laboratory has shown that Ca2+ entering through
Orai1 CRAC channels can signal recruitment of TRPC1 channels to the plasma
membrane where they interact with STIM1 and open to pass Ca2+ [79]. The resulting
current, Isoc (store-operated Ca2+ current), is only modestly Ca2+ selective in com-
parison to Icrac. It is not clear whether Isoc is a combination of two currents, a CRAC
current and a relatively non selective TRPC1 current, or possibly current through a
channel formed with both Orai1 and TRPC1 subunits. Orai1 can also function as a
pore forming subunit of non-store-operated channels activated by either arachidonic
acid [80] or an arachidonic acid metabolite, leukotriene C4 [81]. The current is called
Iarc (arachidonate regulated Ca2+ current) and the ARC channels appear to be
pentamers containing both Orai1 and Orai3 subunits [82].

In the 30 years since the proposal of capacitative calcium entry [30] much has
been learned about the molecular basis of this widely encountered Ca2+ signaling
mechanism. Currently, this information is being utilized in the design of animal
models to shed light on the systems physiology of store-operated Ca2+ entry
[83, 84]. And hopefully the next step will see the translation of this information to
better understanding of debilitating diseases as well as novel approaches for their
amelioration.
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Chapter 10
From Stores to Sinks: Structural
Mechanisms of Cytosolic Calcium
Regulation

Masahiro Enomoto, Tadateru Nishikawa, Naveed Siddiqui, Steve Chung,
Mitsuhiko Ikura, and Peter B. Stathopulos

Abstract All eukaryotic cells have adapted the use of the calcium ion (Ca2+) as a
universal signaling element through the evolution of a toolkit of Ca2+ sensor, buffer
and effector proteins. Among these toolkit components, integral and peripheral
proteins decorate biomembranes and coordinate the movement of Ca2+ between
compartments, sense these concentration changes and elicit physiological signals.
These changes in compartmentalized Ca2+ levels are not mutually exclusive as
signals propagate between compartments. For example, agonist induced surface
receptor stimulation can lead to transient increases in cytosolic Ca2+ sourced from
endoplasmic reticulum (ER) stores; the decrease in ER luminal Ca2+ can subse-
quently signal the opening surface channels which permit the movement of Ca2+

from the extracellular space to the cytosol. Remarkably, the minuscule compart-
ments of mitochondria can function as significant cytosolic Ca2+ sinks by taking up
Ca2+ in a coordinated manner. In non-excitable cells, inositol 1,4,5 trisphosphate
receptors (IP3Rs) on the ER respond to surface receptor stimulation; stromal inter-
action molecules (STIMs) sense the ER luminal Ca2+ depletion and activate surface
Orai1 channels; surface Orai1 channels selectively permit the movement of Ca2+

from the extracellular space to the cytosol; uptake of Ca2+ into the matrix through the
mitochondrial Ca2+ uniporter (MCU) further shapes the cytosolic Ca2+ levels.
Recent structural elucidations of these key Ca2+ toolkit components have improved
our understanding of how they function to orchestrate precise cytosolic Ca2+ levels
for specific physiological responses. This chapter reviews the atomic-resolution
structures of IP3R, STIM1, Orai1 and MCU elucidated by X-ray crystallography,
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electron microscopy and NMR and discusses the mechanisms underlying their
biological functions in their respective compartments within the cell.

Keywords Inositol 1,4,5-trisphosphate receptor (IP3R) · Stromal interaction
molecule-1 (STIM1) · Orai1 · Mitochondrial calcium uniporter (MCU) · Store
operated calcium entry (SOCE) · Calcium release activated calcium (CRAC) · X-ray
crystallography · Nuclear magnetic resonance (NMR) spectroscopy · Electron
microscopy · Calcium signaling

10.1 Calcium Signaling

All eukaryotic cells have adapted changing calcium (Ca2+) ion gradients within and
between compartments as primary and secondary cell signaling messages that code
and decode myriad processes ranging from fertilization and cell division (i.e. life) to
apoptosis and necrosis (i.e. death) in health and disease [1–3]. This universality of
Ca2+ signaling depends on a toolkit of proteins specifically expressed in the lumens
and associated with compartment membranes which facilitate the movement of Ca2+

between compartments, buffer free Ca2+ concentrations or sense changes in Ca2+

levels and effect downstream signaling processes [3–6]. The functions of these
protein toolkit components are highly coordinated to precisely regulate Ca2+ levels
in a temporal and spatial manner, hence the Ca2+ concentration levels of intracellular
compartments are inter-dependent [4]. In other words, increases in cytosolic Ca2+

levels can be driven by changes in endoplasmic reticulum (ER) stored Ca2+ levels
and locally shaped by sinks such as mitochondria. The plasma membrane
(PM) forms a tight, low dielectric barrier which prevents unsolicited passage of
ions. Thus, free extracellular Ca2+ is basally maintained at approximately mM
concentrations, whereas on the other side of the biomembrane, cytosolic Ca2+ levels
are maintained several orders of magnitude lower at approximately sub-μM concen-
trations. ER Ca2+ levels are in the approximately hundreds of μM, while mitochon-
drial Ca2+ levels are in the approximately μM range [7–10].

While intracellular molecular signaling can be directly initiated by movement of
Ca2+ down the steep concentration gradient from the extracellular space to the
cytosol, a plethora of proteins which decorate the PM can be activated independent
of the high extracellular Ca2+ levels and lead to cytosolic Ca2+ changes solely via
movement of compartmentalized Ca2+. For example, G-protein coupled receptors
(GPCR)s, receptor tyrosine kinases and T/B-cell receptors are all activated by
extracellular ligands which lead to the activation of various phospholipase C
isoforms [8, 11]. Phospholipase C catalyzes the hydrolysis of phosphatidylinositol
4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and inositol 1,4,5-trisphosphate
(IP3) [11]. Both the IP3 and DAG can subsequently mediate downstream signaling
events. DAG can regulate several proteins such as protein kinase C, transient
receptor potential (TRP)C and RhoGAP (reviewed in [11]). IP3 acts as a small
diffusible ligand which binds to IP3 receptors (IP3R) on the ER with sub-μM affinity
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[12]. IP3Rs are Ca
2+ channels which have increased open probability with IP3 bound

allowing significant Ca2+ to move down the concentration gradient from the ER
lumen into the cytosol. Because the ER Ca2+ store is finite, the increase in cytosolic
Ca2+ sourced by the ER lumen is only transient in nature. Sarco/endoplasmic
reticulum Ca2+ ATPase (SERCA) pumps hydrolyze adenosine triphosphate (ATP)
to actively move Ca2+ back into the ER lumen against the concentration gradient and
restore basal levels of Ca2+ [13, 14].

Many cellular processes such as those mediated by transcriptional changes
require longer-lived cytosolic Ca2+ increases than can be sourced by intracellularly
stored Ca2+ alone. Consequently, cells have evolved the use of store operated Ca2+

entry (SOCE) to couple external cell stimulation and intracellular Ca2+ store mobi-
lization with the relatively immense supply of extracellular Ca2+. SOCE is the
process whereby ER luminal Ca2+ store depletion leads to the activation of Ca2+

channels on the PM which facilitate the movement of Ca2+ down the steep concen-
tration gradient from the extracellular space to the cytosol [15, 16]. The increase in
cytosolic Ca2+ is longer lived than the preceding transient release of Ca2+ from the
internal stores. Physiological SOCE occurs via agonist-induced stimulation of the
PM surface receptors and subsequent IP3 production; however, any means of ER
luminal Ca2+ depletion will lead to SOCE. For example, pharmacological inhibition
of the SERCA using thapsigargin (TG) causes a passive depletion of the ER luminal
stores which activates SOCE. TG is a widely used pharmacological research tool to
study SOCE [17].

SOCE not only provides Ca2+ to the cytosol which refills the ER luminal stores in
collaboration with SERCA and promotes sustained cytosolic Ca2+ signals for tran-
scriptional changes such as those mediated by the calmodulin/calcineurin/nuclear
factor of activated T-cells pathway [18], but also provides Ca2+ which can be taken
up by other organelles such as mitochondria [19–23]. Mitochondria are known as the
powerhouses of cells. This colloquial name stems from the production of large
amounts of ATP, a chemical store of energy used by myriad enzymes, structural
and transporter proteins. However, the proton pumping by the electron transport
chain leads to the generation of a large negative membrane potential across inner
mitochondrial membrane which is an enormous driving force for Ca2+ uptake into
the mitochondrial matrix [24–27]. Unregulated Ca2+ uptake into the matrix would be
calamitous due to degeneracy of the electrochemical gradient, upregulation of
respiratory chain activity and induction of matrix Ca2+-overload linked apoptosis
[25, 28]. Thus, cells have evolved the mitochondrial Ca2+ uniporter (MCU) to
strictly control most of the Ca2+ entry across the inner mitochondrial membrane
into the matrix. Upon agonist-induced increases in cytosolic Ca2+, through SOCE for
example, the MCU is subsequently activated and cytosolic Ca2+ is rapidly taken up
into the matrix. The Ca2+ uptake by MCU shapes the local Ca2+ signals in the cytosol
and regulates enzyme activity in the matrix [29]. Notably, the increase in matrix Ca2+

is only transient as the function of exchanger toolkit components such as the
mitochondrial sodium (Na+)/Ca2+ exchanger (NCLX) [30–32] quickly dissipate
the Ca2+, preventing the catastrophic chronic disruption of the electrochemical
gradient.
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The physiological conceptualization of both SOCE and mitochondrial Ca2+

uptake preceded the identification of the molecular players mediating these pro-
cesses by several decades [15, 33]. Using systems biology approaches involving
inhibiting and interfering RNA screens, stromal interaction molecule (STIM)-1 and
STIM2 were identified as Ca2+ sensors of ER luminal Ca2+ concentrations and
activators of the PM-resident Ca2+ channels that drive SOCE [34–36]. Pedigree
analyses involving families with severe combined immunodeficiency (SCID) syn-
dromes which are characterized by a lack of Ca2+ release-activated Ca2+ (CRAC)
channel activity in T-cells were used to subsequently identify Orai proteins as the
subunits which make up CRAC channels [37–42]. CRAC channels mediate SOCE
which underlies the transcriptional changes associated with the immune response
[8, 43].

While the SOCE/CRAC components have been well defined over the past
decade, the exact molecular identities responsible for mitochondrial Ca2+ uptake
mechanisms have been elusive until recently. In 2011, computational mining of
mitochondria-expressed proteins combined with cell biology approaches led to the
identification of the core MCU component which forms the channel pore and a
plethora of regulators which collectively function in a higher order complex to
mediate Ca2+ uptake into the matrix [44, 45]. Some of the prominent MCU
regulators include MCUb, a dominant negative channel pore subunit homologue
[46], mitochondrial Ca2+ uptake (MICU) proteins, gatekeepers and Ca2+ threshold
regulators of MCU activity [47, 48], MCU regulator-1 (MCUR1), an important
scaffold protein which stabilizes the higher order MCU complex [49], essential
MCU regulator (EMRE), a single TM protein which is indispensable for mito-
chondrial Ca2+ uptake [50] and SLC25A23, a magnesium (Mg2+)-ATP and phos-
phate transporter which interacts with MCU and MICU1 and enhances
mitochondrial Ca2+ uptake [51].

Collectively, we are now much closer to illuminating a complete blueprint of the
molecular components and signaling networks controlling compartmentalized Ca2+

regulation in eukaryotic cells. For example, IP3Rs, STIMs, Orai1 and MCU complex
proteins function in discrete regions of the cells to produce highly coordinated Ca2+

signals. IP3Rs respond to surface agonist-induced IP3 production by depleting ER
luminal Ca2+ stores; STIMs sense this ER Ca2+ depletion and activate PM Orai1
channels in the activation of SOCE; MCU quickly takes up cytosolic Ca2+ to shape
the local Ca2+ encoded messages. From a structural biology standpoint, tremendous
progress has been made in recent years, not only due to the identification of major
molecular players mediating SOCE and MCU activity, but also due to technological
advancements in structural biology techniques, particularly with respect to IP3Rs.
This chapter reviews important progress made in elucidating the high-resolution
structural mechanisms of function of these vital Ca2+ signaling toolkit components:
IP3Rs, STIMs, Orai and MCU. Nevertheless, it is important to recognize that IP3R,
STIM, Orai and MCU proteins are only a small fraction of the plethora of proteins
involved in the regulation of intracellular Ca2+ signaling.
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10.2 N-Terminal Domain of IP3R

Initial structural studies on the IP3R focused on the N-terminal domain (NTD;
residues 1–604), as it contains the binding site of the key IP3 ligand. High-resolution
crystal structures of the NTD determined by X-ray crystallography [52–56] have
contributed to our understanding of the molecular mechanism underlying the high
~nM binding affinity of the receptor for IP3 [57–62]. The NTD of IP3Rs is composed
of two functional domains: the suppressor domain (SD; residues 1–223 of IP3R1)
and the IP3-binding core (IBC; residues 224–604 of IP3R1) (Fig. 10.1a). The first
high-resolution crystal structure was the IBC of IP3R1 in complex with IP3 (PDB
code 1N4K) [55]. The IBC forms an L-shaped structure with the two structurally
distinct domains: the β-domain (IBC-β) and the α-domain (IBC-α) oriented approx-
imately perpendicular to each other. The IBC-β adopts a β-trefoil fold, whereas
IBC-α adopts an armadillo solenoid fold. The basic amino acids located on the cleft
of the IBC formed by both domains comprise the IP3 binding site. The crystal
structures of the SD have been determined for IP3R1 (residues 1–223, PDB code
1XZZ) and IP3R3 (residues 1–224, PDB code 3JRR) [54, 55]. The SD folds into a
hammer-like structure with a β-stranded “head” domain and a helix-turn-helix “arm”

domain. The isolated IBC is the minimal region required for IP3 binding and shows
an extremely high affinity for IP3 in vitro [i.e. equilibrium dissociation constant (Kd)
~2.3 nM] [64]. Intriguingly, the IP3 binding affinity of the entire NTD encompassing
both the SD and IBC is reduced approximately twenty times (i.e. Kd ~45 nM),
implying that the SD suppresses IP3 binding to the IBC [62]. In addition to the
suppressive binding role of the SD, it is essential for IP3-induced channel gating, as a
single mutation within the SD (i.e. Tyr167Ala) abolishes IP3-evoked Ca2+ release
without affecting the IP3 binding affinity [65]. Although precisely how the IP3-
binding induced signals are transmitted to the channel domain remained elusive after
these seminal structural papers, studies revealed the importance of the Tyr167-
containing critical loop of the SD which links IP3 binding to channel gating [54, 65].

In 2011 and 2012, two research groups independently determined crystal struc-
tures of the NTD of IP3R1. Lin et al. solved both apo- and IP3-bound NTD structures
of rat IP3R1 at 3.8 Å resolution from a single crystal grown in the presence of IP3
(PDB code 3T8S) [53]. Subsequently, NTD structures of rat IP3R1 with all Cys
residues mutated to Ala (i.e. the Cys-less form) at higher resolutions were determined.
Importantly, the crystals were separately grown in the absence and presence of IP3,
and apo- and IP3-bound NTD structures were resolved to 3.0 Å for the apo-state
(PDB code 3UJ4) and 3.6 Å for the IP3-bound state (PDB code 3UJ0) (Fig. 10.1a)
[52]. The individual structures of the three domains comprising the NTD (i.e. SD,
IBC-β and IBC-α) are highly similar to the separately determined structures of SD
[54, 55] and IBC [56]. Nonetheless, these NTD structures revealed the arrangement
of the SD and IBC domains with respect to one another. The SD, IBC-β and IBC-α in
the NTD structure form a triangular architecture with the SD positioned behind the
IP3-binding site. This arrangement suggests that the SD allosterically inhibits IP3
binding to the IBC. Specifically, the SD interacts with IBC-β and IBC-α, forming
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Fig. 10.1 Structural features of IP3R-NTD region. (a). Superimposed apo-NTD and (SD, blue;
IBC-β, red; IBC-α, green) and IP3-bound NTD (gray) structures. The structures are aligned by
overlapping the IBC-β. (b). The two interfaces between the SD and IBC domains (colored as in A).
The β-interface (top) and α-interface (bottom) are shown. (c). 17.5 Å cyo-EM electron density map
of IP3R1 in the closed state (EMDB code EMD-5278) is shown from top (left) and side (right)
views. Docked crystal structures of IP3R1-NTD (PDB code 3UJ0) are shown as ribbon represen-
tation with SD in blue, IBC-β in green and IBC-α in red. The HS-loop in the SD is colored magenta.
The windows of IP3R1 are indicated with arrows. The membrane bilayer boundaries are depicted
with broken lines. (d). The structure of the C-lobe of CaBP1 (CaBP1-C) bound to IP3R1-NTD in a
1:1 complex. NMR structural restraints were used to define contacts between IP3R1-NTD (SD,
pink; IBC-β, yellow; IBC-α, gray) and CaBP1-C (cyan, with Ca2+ atoms colored orange). Key
residues at the binding interface are highlighted in magenta (CaBP1-C) and red (IP3R1). (e). Model
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two discrete interfaces (i.e. β-interface and α-interface, respectively) (Fig. 10.1a).
The short β-interface (Fig. 10.1b, top) consists predominantly of hydrophobic
interactions between Pro49, Phe53 and Phe223 from the SD and Pro291 and
Ala292 from the IBC-β, and is supported by a salt bridge between Lys225 and
Asp228. The longer α-interface (Fig. 10.1b, bottom) is stabilized by hydrophobic
interactions between Val33 in the SD and a pocket formed by Val452, Phe445,
Ala449 and Leu476 within the IBC-α. Electrostatic interactions between Arg54 and
Lys127 from the SD and Asp444 from the IBC-α also contribute to the stability of
the α-interface. The functional importance of residues associated with the α-interface
is demonstrated by the Val33Lys mutation, which almost completely abolishes the
effects of the SD on IP3 binding and attenuates the maximal open probability of the
full-length channel [55, 66].

10.2.1 IP3-Induced Receptor Activation

The structural comparison of NTDs in the absence and presence of IP3 reveals the
IP3 binding-induced conformational changes that are essential for channel activation
(Fig. 10.1a). The most significant structural change induced by IP3 binding is the
domain reorientation between IBC-β and IBC-α, resulting in partial closure of the
IP3-binding cleft. Remarkably, the interactions forming the α-interface are
completely maintained after IP3 binding, while the β-interface is disrupted resulting
in a slight increase in the distance between the SD and IBC-β. Additionally, the SD
rotates towards the IBC, and the direction of swing is nearly perpendicular to the
closure of IBC. These studies further refined our understanding of the IP3-evoked
conformational changes which occur within NTD and suggested that the rotational
movement of the Tyr167-containing critical loop in SD with respect to IBC-β is an
initial step of the key conformational coupling with the channel domain for its
activation [52].

⁄�

Fig. 10.1 (continued) for the tetrameric IP3R1/CaBP1-C complex (colored as in D) generated by
superimposing IP3R1-NTD crystal structure onto the 17.5 Å cyo-EM electron density map of IP3R1
(EMDB code EMD-5278). (f). Interactions between adjacent IP3R1-NTDs that are mediated by
IBC-β (yellow) and the HS-loop of the SD (magenta) hold the tetrameric InsP3R1 in a closed state.
IP3 binding closes the clam-like IBC, disrupting these intersubunit interactions and allowing the
channel to open. CaBP1clamps the intersubunit interactions associated with the closed state,
thereby inhibiting channel opening. (g). Comparison of the IP3R1-NTD and RyR1-ABC (yellow).
The structures are aligned by overlaying IBC-β and the domain B of RyR1. HS-loops in IP3R1 and
RyR1 are highlighted with a red rectangle, and the conserved residues are represented as sticks at
top right (IP3R1, black lettering; RyR1, red lettering). The α-interface of IP3R1 and the
corresponding interface in RyR1 are boxed with a black rectangle, and the preserved salt bridges
are depicted in a bottom right. The figures in A–C and G are reproduced from [52] and D–F are
reproduced from [63] with permission

10 From Stores to Sinks: Structural Mechanisms of Cytosolic Calcium Regulation 221



Docking the atomic-resolution structures of IP3R1-NTD into a 17.5 Å resolution
full-length cryo-EM structure of IP3R1 (EMDB code EMD-5278) [67, 68] showed
that the NTD forms a tetrameric ring around a fourfold symmetry axis, with the loop
containing residues 165–180 of IP3R1 involved in intersubunit interactions
(Fig. 10.1c). Importantly, Li et al. produced covalently linked tetrameric IP3R1-
NTD through site-specific cysteine insertions in the intersubunit interface that was
modeled in docking studies and demonstrated that IP3 inhibits production of cross-
linked tetrameric IP3R1-NTD in a dose-dependent manner [63]. These observations
suggest that IP3-binding closes the clam-like IBC and thereby disrupts these
intersubunit interactions, allosterically regulating the ion channel conductance [63].

In 2013, the structure of IP3R1-NTD in complex with calcium binding protein
1 (CaBP1) [69–72] was determined using nuclear magnetic resonance (NMR)
spectroscopy-based chemical shift perturbation mapping and paramagnetic relaxa-
tion enhancement (PRE) data [63]. The complex structure showed that exposed
hydrophobic residues in Ca2+-bound CaBP1 interact with clustered hydrophobic
residues in the IBC-β domain of IP3R1 (Fig. 10.1d). Superimposition of the IP3R1-
NTD/CaBP1 complex with the tetrameric IP3R1-NTD revealed that the four mole-
cules of CaBP1 form a ring-like structure around the central cytosolic vestibule
(Fig. 10.1e). Further, chemical cross-linking experiments demonstrated that CaBP1
enhances the production of tetrameric IP3R1-NTD on denaturing gels [63]. The
studies suggest that Ca2+-bound CaBP1 clamps the intersubunit interactions and
thereby inhibits channel opening (Fig. 10.1f) [63].

Ryanodine receptors (RyRs) are IP3R-related Ca2+ release channels located on
the sarcoplasmic reticulum (SR) of excitable cells such as cardiac and skeletal
muscle [73–78]. However, instead of being responsive to the IP3 diffusible messen-
ger, RyRs open in response to local cytoplasmic Ca2+ rises or direct coupling to
L-type Ca2+ channels on the PM in cardiac and skeletal cells, respectively [2–6,
79]. The structure of IP3R1-NTD can be superimposed on the corresponding
N-terminal domain of RyR1, termed the ABC domain where the A, B and C domains
are akin to the IP3R SD-IBC region(PDB code 2XOA) [80] with a relatively low root
mean square deviation in the backbone atoms (i.e. <3 Å). The relative orientation of
the three domains is almost identical (Fig. 10.1g). The IP3R1-NTD and RyR1-ABC
sequence identity and similarity are low (i.e. 17% and 37%, respectively); however,
the sequence and structure of the functionally important loop regions in the two
N-terminal regions are conserved [52, 81–86]. Particularly, the backbone and side-
chain conformation of the hot-spot (HS)-loop which is essential for IP3Rs channel
gating is homologous to that of RyR (Fig. 10.1g, red box). The HS-loop is so named
due to the high frequency of cardiovascular disease-related mutations mapped to this
motif in RyRs [80, 82, 87, 88]. The structural conservation between IP3R1-NTD and
RyR1-ABC is readily obvious at the interfaces of the three domains: the salt bridges
stabilizing the α-interface of IP3R1 (i.e. Arg54/Lys127 and Asp444 of IP3R1) are
conserved in the A–C interface of the RyR1-ABC (i.e. Glu40/Asp61 and Arg402 of
RyR1), although with a reversal of charges (Fig. 10.1g, black boxes). Remarkably,
this high conservation of the key domains between IP3R and RyR transcends the
structure. A chimera in which the SD of IP3R1 was swapped with the RyR1-A
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domain maintains the ability to assemble into a functionally competent tetrameric
channel with similar IP3 sensitivity and magnitude of Ca2+ release as wild-type
IP3R1 in live cells [52]. Additionally, a chimera in which the transmembrane channel
domain (TMD) and C-terminal domain (CTD) of IP3R1 were replaced with the
counterparts from RyR1 was functionally capable of releasing Ca2+ from the ER in
response to IP3 [52]. These studies revealed a remarkably high structural and
functional conservation between IP3R and RyR in the key domains (i.e. ligand-
binding NTD and transmembrane domain).

While it has been a challenge to crystallize the full-length IP3R molecule, cryo-EM
technology recently introduced the first near atomic-resolution picture of the enor-
mous IP3R [89]. In 2015, Serysheva and coworkers determined a ~4.7 Å cryo-EM
structure of the full-length IP3R1 in the closed state (PDB code 3JAV, EMDB code
EMD-6369) [89]. At this resolution, the authors were able to trace approximately
85% of the protein backbone and define the domain architecture of the full-length
IP3R1. The structural details of the full-length IP3R1 elucidated by Serysheva and
coworkers are discussed elsewhere in this book. Recently, the crystal structures of the
large N-terminal cytoplasmic fragments of IP3R1 in apo- and IP3-bound states
corresponding to residues 1–1585 and 1–2217 in mouse IP3R1, respectively, were
determined in a monomeric form at 5.8–7.4 Å resolution (PDB code 5GUG, 5X9Z,
5XA0 and 5XA1) [90]. These structures confirmed the domain architecture of the
N-terminal cytoplasmic domains proposed by the 4.7 Å cryo-EM structure
(Fig. 10.2a), although these crystal structures revealed large differences in relative
orientations of the domains compared to those of the tetrameric cryo-EM structure.
These differences may be due to the nature of the isolated monomeric form and/or
crystal packing. Nevertheless, comparison between apo- and IP3-bound crystal struc-
tures of the large N-terminal cytoplasmic domains uncovered an IP3-mediated con-
formational curvature of the α-helical domains (Fig. 10.2b).

10.2.2 Allosteric Regulation of Channel Gating by IP3

Based on the cryo-EM structure of the intact IP3R channel in the closed state, what
can we speculate about the channel gating mechanism? First, the gating must involve
a long-range communication between the ligand binding domain and the TMD.
Given the spatial distance between the IP3-binding domain and the ion-conduction
pathway, there must be a coupling mechanism for transmission of ligand-evoked
signals to the channel pore to conduct a ligand-binding specific gating. The latest
4.7 Å cryo-EM structure of IP3R1 suggests allosteric modulation of IP3R gating by
IP3-binding could occur via discrete intra- and inter-subunit interfaces. Specifically,
the helix-turn-helix arm motif of the SD, which is also termed β-trefoil 1 (β-TF1;
Fig. 10.2c), likely interacts with the armadillo solenoid repeat 3 (ARM3) within the
adjacent subunit; the HS-loop of β-TF1 (i.e. residues 165–180) is positioned to
interact with non-contiguous regions of the IBC-β, which is also termed β-trefoil
2 (β-TF2), of the adjacent subunit including residues 246–248, 373–376, 387–389
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Fig. 10.2 Near high-resolution structures of the large IP3R1 N-terminal domains in the closed state.
(a). Superimposition of the 7.3 Å crystal structure of the residues 1–2217 of mouse IP3R1 (IP3R1-
2217) (PDB code 5X9Z) with the 4.7 Å cryo-EM IP3R1 structure in the closed state. The structures
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and 426–429; the β-TF1 loop (i.e. residues 136–139) forms additional inter-subunit
contacts of the ARM2 domain; the CTD of one subunit interacts with the β-TF2
within the adjacent subunit.

The cryo-EM densities comprising these contact sites are not resolved well
enough to authenticate these proposed physical interactions; however, a series of
previous reports of biochemical data and/or functional consequences of point or
deletion mutations support the notion that these interfaces play significant roles for
IP3R channel gating. First, β-TF1 domain deletion mutants of IP3R1 do not exhibit
any measurable IP3-evoked Ca2+ release [91]. Further, a single mutation within the
HS-loop (i.e. Tyr167Ala) abrogates IP3-evoked Ca2+ release without affecting the
IP3 binding affinity [65]. Additionally, production of covalently linked tetrameric
IP3R1-NTD by introducing cysteine substitutions at Leu169 within the HS-loop and
Thr373 within β-TF2 is attenuated by IP3 [63]. Deletion of 43 residues or more from
the CTD-helix disrupts IP3-evoked Ca2+ release [92]. Remarkably, a chimeric
channel in which the CTD-linker and CTD-helix domains of IP3R1 are swapped
with the CTD of RyR1 lacking CTD-helix, exhibits significantly decreased IP3
efficacy [52]. Collectively, a model for allosteric regulation of IP3R channel gating
by IP3 is proposed (Fig. 10.2c). One propagation pathway is from the β-TF2 to the
CTD-helix/CTD-linker domains of the adjacent subunit via the β-TF2:CTD-helix
interface. Another pathway is from the β-TF1 to the ARM3/intervening lateral
domain (ILD) via the β-TF1:ARM3 interface. Both transmissions further propagate
to the TMD via direct connection between the CTD-linker/TMD and the ILD/TMD.
In this scenario, binding of a single IP3 molecule to one subunit can trigger a cascade
of conformational change in two neighboring subunits to propagate the IP3-evoked
activating signal to the ion-conducting pore [93–96]. Elucidating the precise atomic-
resolution gating mechanism of IP3R requires higher-resolution structure determi-
nation of both closed and open states of the full-length IP3R. Further, the crystal and
cryo-EM structures provide only static snapshots of these structural states, while
molecular motions underlie all regulatory mechanisms. Thus, conformational
dynamics studies will also be key to increasing our understanding of the structural
mechanisms of IP3R function [97].

⁄�

Fig. 10.2 (continued) are aligned by minimizing the backbone atom root mean square deviation of
the ARM3 domain. The TMD, CTD-linker and CTD-helix domains in the 4.7 Å cryo-EM IP3R1
structure are not shown. (b). Comparison of IP3R1-2217 structures in the apo (colored; 7.3 Å, PDB
code 5X9Z) and IP3-bound (gray; 7.4 Å, PDB code 5GUG) states. The structures are aligned by
superposing the N-terminal β-TF1/SD and β-TF2/IBC-β domains (residues 7–430). (c). Schematic
representation of the proposed inter-subunit interactions involved in propagation of IP3-binding
signal to the ion-conducting pore (color-coded by subunit): from β-TF2 to CTD-helix/linker
domains and from β-TF1 to ARM3/ILD domains of adjacent subunits. Panels a–b and c are
reproduced with permission from [89, 90], respectively
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10.3 STIM1/2 EF-SAM Structure and Function

The ER/SR-resident STIMs and the PM Ca2+ channel Orai proteins are the two
major players of SOCE [34–36, 39, 40, 42, 98]. STIMs are single-pass transmem-
brane protein that sense the changes of ER luminal Ca2+ levels (Fig. 10.3a) [34, 35,
98, 103–105]. Upon Ca2+ store-depletion, STIM proteins undergo oligomerization
and translocation to ER-PM junctions (i.e. known as puncta formation), which
concomitantly attracts the PM resident Orai to the same junction and allows the
two proteins to directly interact, leading to channel activation [98, 106–108]. The
entire activation process initiated by the ER Ca2+ store-depletion involves multi-
step, sequential structural transitions in those proteins that traverse over two mem-
brane layers as a complex [99, 100, 109–112]. High resolution tertiary structures
from NMR and X-ray crystallography and the concerted molecular and cellular level
studies of those proteins have provided the mechanistic insights to build the current
molecular model of SOCE.

The first structural contribution towards elucidating the molecular machinery of
SOCE was brought by an NMR structure of the luminal EF-SAM domain of human
STIM1 in Ca2+ bound form (i.e. quiescent state) [113]. It revealed that the luminal Ca
2+ sensing domain is made up by a unique packing of two well-characterized ubiqui-
tous structural motifs: EF-hand and sterile α motif (SAM) domains. However, the
manner of packing between the EF-hand and SAMdomains was the first such example
found in nature, where the EF-hand pair consisting of a Ca2+ binding canonical
EF-hand (cEF) and a non-canonical EF-hand (ncEF), which does not bind Ca2+,
form an extensive hydrophobic cleft which interacts with the 5th helix of the SAM
domain (i.e. α10 of EF-SAM) (Fig. 10.3b). This α10 helix is centered in the EF-hand
cleft with Leu199 and Leu203 hydrophobic side chains acting as anchor residues
protruding into the cleft (Fig. 10.3b). Earlier, it had been shown that Ca2+ chelation
(i.e. Ca2+ depletion) causes the isolated EF-SAM to undergo partial unfolding coupled
dimerization/oligomerization and also that each isolated domain (i.e. cEF-ncEF and
SAM) fails to form stable monomers [99, 113, 114]. Thus, the structure provided
atomic level insights of how STIM1 is protected from activation. Indeed, mutations
that destabilize the EF-hands or EF-hand:SAM domain interactions suggested by the
structure promote di/oligomerization of EF-SAM [113]. Incorporating those mutations
in the full length STIM1 expressed in cells resulted in puncta formation, independent
of ER Ca2+ levels and constitutive SOCE activation [113]. Collectively, these data
revealed the vital importance of EF-SAM stability mediated by the EF-hand:SAM
domain intramolecular interaction in SOCE regulation.

Vertebrates express a second STIM homologue (i.e. STIM2) [115]. Although
STIM1 and STIM2 both detect decreases of ER luminal Ca2+ via their luminal
domain and activate Orai with the cytosolic domain machinery, the sensitivities to
the luminal Ca2+ levels and the consequent CRAC activation is distinct [34, 35, 98,
116, 117]. STIM2 is highly sensitive to small changes in luminal Ca2+ levels due to a
lower Ca2+ affinity, but only mediate relatively small CRAC currents [118] which
leads to a smaller amount of Ca2+ influx into the cytosol [117, 119]. Thus, STIM2 is
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considered a feedback regulator that functions to maintain basal Ca2+ levels by
regulating small Ca2+ fluctuations [117], while STIM1 is a robust ON/OFF regulator
of SOCE [34, 35]. In vitro studies of STIM2 EF-SAM have also demonstrated a
higher thermostability than the corresponding STIM1 domain monitored by far-UV
circular dichroism; consistent with this enhanced stability of STIM2 EF-SAM

Fig. 10.3 Domain architecture and tertiary structure of the luminal domain of human STIM1 and
STIM2. (a). Domain architecture of human STIM1 and STIM2. Abbreviation for the domains are as
follows: S, signaling peptide sequence; cEF, canonical EF-hand; ncEF, non-canonical EF-hand;
SAM, sterile α-motif; TM, trans-membrane region; CC1–CC3, coiled-coil regions 1, 2 and
3, respectively; P/S, Pro/Ser rich region; K, Lys-rich (poly-K) region. N-glycosylation sites
(Ng) are shown with residue number. Cys residues (C) that are potentially oxidized under oxidative
stresses are also shown. (b). NMR structure of Ca2+-bound human STIM1 EF-SAM domain (PDB:
code 2K60). The mutual folding of the two domains is centered on the anchor residues (L195/L199
shown in red spheres) of the SAM domain (blue). These anchor residues reside in the hydrophobic
cleft formed by the EF-hands (green). N-glycosylation sites (N131 and N171) that destabilize the
EF-SAM domain are shown in orange sticks. (c). NMR structure of the Ca2+-bound form of human
STIM2 EF-SAM domain (PDB code 2L5Y). The domain packing between EF-hands and SAM
domains is maintained by an extended hydrophobic (centered around L199/L203 shown in red
spheres) and ionic interactions (K103/D200 shown with stick representations). A putative N-
glycosylation site (N135) is shown with an orange stick. In B and C, the estimated Ca2+ equilibrium
dissociation constants (Kd) and apparent midpoints of temperature denaturation (Tm) are from [99–
102]. The Ca2+ ion is shown as a yellow sphere
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compared to STIM1, the STIM2 homologue demonstrates slower oligomerization
kinetics induced by the Ca2+ chelation, as monitored by static light scattering
[101]. Although the higher structural stability of STIM2 EF-SAM was initially
somewhat puzzling due to the contradictory lower Ca2+ affinity, the tertiary structure
of STIM2 EF-SAM provided a structural rationalization for these observations
[102]. The structure revealed that STIM2 EF-SAM is formed by extended hydro-
phobic and ionic interactions compared to STIM1 EF-SAM, thus endowing more
tolerance to external perturbations. The hypothesis that linked EF-SAM stability to
STIM function was tested further with the engineering of chimeras.STIM1/STIM2
EF-SAM fusions were created by the segmental shuffling of the first and second
EF-hands (i.e. EF1 and EF2) and the SAM domains [102]. Thermostability analyses
revealed the creation of hyperstable (i.e. super-stable) and the unstable (i.e. super-
unstable) species compared to the wild-type homologues using this chimeric
approach. A combination of EF1 of STIM1 with EF2 and SAM of STIM2
(i.e. referred as ES122) and EF1 of STIM2 with EF2 and SAM of STIM1 (ES211)
resulted in the super-stable and unstable sensors, respectively. When these chimeric
EF-SAM domains were incorporated in the full-length STIM1, the mutant with the
super-unstable EF-SAM (i.e. ES211) induced constant Ca2+ influx irrespective of ER
luminal Ca2+, whereas the mutant with the super stable EF-SAM caused a significant
delay in the generation of maximal CRAC currents after ER Ca2+ depletion
[102]. These data unequivocally linked structural stability of the luminal EF-SAM
domain with the regulation of SOCE. Post-translation modification of STIM1 can
influence the stability of EF-SAM. Specifically, STIM1 can undergo N-glycosylation
at Asn131 and Asn171 of the SAM domain [103, 105]. Mimicking this glycosylation
in vitro was found to reduce Ca2+ affinity and thermal stability compared to wild-
type, thereby enhancing oligomerization propensity of the domain [120]. Consistent
with these in vitro results using isolated EF-SAM domains, expression of an
N-glycosylation blocking mutant (i.e. Asn131Gln/Asn171Gln) version of full-length
STIM1 diminished SOCE Ca2+ influx compared to wild-type [120, 121].

The EF-SAM domains are well conserved between STIM1 and STIM2 with
~60% sequence identity. In contrast, the preceding N-terminal regions are quite
variable. Although no structural motif is predicted based on sequence, inclusion of
the N-terminal sequences (i.e. 40 and 52 additional residues for STIM1 and 2, respec-
tively) stabilizes the luminal domain compared to EF-SAM alone, as indicated by
enhanced melting temperatures for both Ca2+ bound and unbound forms by ~+15 �C
[101]. A pair of Cys residues in this otherwise highly variable N-terminal region are
highly conserved among vertebrates. These Cys (i.e. Cys49 and Cys56 in STIM1)
are two of the few residues that are conserved between STIM1 and 2 in this
N-terminal region. In STIM1, Cys56 was reported to undergo S-glutathionylation
[122], and Cys49:Cys56 were shown to form an intramolecular disulfide bridge
[123] under oxidative stress introduced by hydrogen peroxide or buthionine
sulfoximine (BSO). Both these modifications were shown to promote SOCE activa-
tion [122, 123]. Although the structural mechanism of the enhanced stability intro-
duced by the non-conserved N-terminal residues has yet to be elucidated, it is likely
that Cys oxidation affects the interaction between the N-terminal residues and the
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EF-SAM core, which modulates the Ca2+ affinity and/or domain stability, thereby
modulating SOCE activity.

Initiation of SOCE is facilitated by dimerization and/or oligomerization of STIM
proteins in the luminal domains [99, 107, 124]. Furthermore, the overall Ca2+ influx
(the outcome of the SOCE activation) correlates with the structural stability of the
same luminal EF-SAM domain [102]. It should be noted that the structural stability
of EF-SAM will also influence the homomeric assembly/disassembly rates which
dictates SOCE activation. Vertebrates use the two distinct architectures of STIM1
and STIM2 EF-SAM to sense a wider range of Ca2+ depletion and to affect distinct
Ca2+ signaling outputs. This fine-tuned Ca2+ depletion response is achieved by
combining EF-hands [125–127] and SAM domains [128–133] with opposing prop-
erties within each of the protein: STIM1 has a higher affinity EF-hand domain
combined with a low stability SAM domain; STIM2 has a lower affinity EF-hand
domain combined with a high stability SAM domain. Additionally, recent studies
show that cells further tune SOCE regulation by natural chemical post-translational
modifications such as glycosylation [105, 120, 121, 134–136] or Cys thiol oxidation
[122, 123] at the luminal domain of STIM proteins.

10.3.1 STIM1 Coiled-Coil Domain Structure and Function

STIM1 contains three coiled-coil domains (i.e. CC1-CC2-CC3) in the cytosolic
region of the protein (Fig. 10.3a), which each play different roles in regulating
SOCE. While the luminal STIM domains sense the changes in Ca2+, the cytosolic
coiled-coil domains are the effector machinery which transduce the sensing into
Orai1 activation. CC1, the first of the three conserved domains, encompasses
residues 238–337 and has an elongated α-helical structure spanning ~13 nm in
length [137]. This extended conformation bridges the bulk of the distance between
the ER membrane and the PM, effectively allowing STIM1 to interact with Orai1
channels on the opposite membrane [138–140]. Isolated CC1 fragments tend to
dimerize, and structural analysis has highlighted several intermolecular forces which
promote this self-association [137]. CC1 homodimerizes in an antiparallel manner
with hydrophobic interactions occurring between Leu335, Leu328, Val324 and
Ala317 of one subunit and Leu286, Ile290, Ala293 and Leu300 of the corresponding
partner subunit. Furthermore, H-bonding occurs between Leu303, Arg304 and
Thr307 of one subunit and Glu310 and Gln314 of a parallel subunit, while an
ionic bond occurs between Arg304 and Glu318 (Fig. 10.4a).

CC2 and CC3 encompass residues ~363–423 which are within the STIM-Orai
activating region (SOAR) [141] also known as the CRAC activating domain (CAD)
[142] or coiled-coil boundary 9 (ccb9) [142], the minimal region of STIM1 capable
of coupling to and activating Orai channels. An atomic-resolution structure of vital
STIM1 region has been determined using a Leu374Met/Val419Ala/Cys436Thr
triple mutant SOAR construct [143]. This mutant SOAR also forms a dimer with
each monomer resembling an upper case “R”-like structure containing four
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α-helices: two α-helices located adjacent to the N- and C-terminus, respectively, and
two shorter α-helices running antiparallel relative to each other and positioned
between the terminal helices (Fig. 10.4b). The dimerized SOAR monomers form a
V-shape quaternary structure with several complementary intermolecular interac-
tions stabilizing the dimer state. First, residues Leu347, Trp350 and Leu351 of a

Fig. 10.4 STIM coiled-coil structures in the absence of Orai. (a). X-ray crystal structure of human
STIM1 CC1 residues ~247–336 (PDB code 4O9B). This human CC1 structure consists of an
elongated α-helix which spans ~13 nm. The residues involved in hydrophobic interactions between
the C-terminal regions are indicated (orange sticks). Similarly, an intermolecular ionic interaction
between the helices is shown between R304 (blue stick representation) and E318 (red stick
representation). Note that the precise physiological significance of these intermolecular interactions
are not known; however, the tendency for antiparallel interaction between the C-terminal region of
CC1 was also revealed in the NMR structure of CC1[TM-distal]–CC2 (see Fig. 10.5). The C-terminal
region of CC1 shown to be modulatory in STIM1 function is indicated with a brown dashed ellipse.
(b). X-ray crystal structure of human SOAR domain (PDB code 3TEQ). This human CC2–CC3
structure is composed of two “R” shaped monomers. The hydrophobic interactions (orange stick
representation) and Tyr stacking (magenta stick representation) identified in the crystal structure is
shown. The four helices which make up the “R” shaped architecture are labeled on CC2 (1) and
CC2 (2, 3, 4). (c). X-ray crystal structure of C. elegans SOAR extended to include the C-terminal
CC1 region (brown) (PDB code 3TER). The residues that make up the H-bond network which pack
the CC1 helix (brown) against the core SOAR domain (yellow) are shown (green stick represen-
tations). In A–C only the most prominent forces which mediate the protein–protein interactions are
shown. The location of the amino and carboxyl termini are indicated by (N) and (C), respectively
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single subunit hydrophobically interact with Leu436, Ile433, and Trp430 of the
partner subunit. Furthermore, Arg429 of one subunit forms an H-bond with Thr354
of the second subunit, and Tyr361 residues form stacking interactions between each
monomer (Fig. 10.4b).

A Caenorhabditis elegans version of SOAR which was extended to include a
C-terminal portion of the CC1 domain was also solved by X-ray crystallography.
This C-terminal CC1 region, corresponding to residues 310–337 on human STIM1,
has been termed the inhibitory helix (IH) since studies suggest it plays a role in
keeping STIM1 in a compact, dormant state at rest [143, 144] (Fig. 10.4c). The
C. elegans crystal structure of this extended version of SOAR shows that the IH CC1
helix interacts with the core SOAR domain via Glu264, Asn265, Gln269, Glu272
and Arg276 H-bonding with Ala286, Leu288, Gln291, Arg295, Gly383 and Cys382
of C. elegans SOAR. Additionally, hydrophobic interactions between Val286 of the
IH and Pro385 of the core SOAR domain contribute to the interaction stability.
Interestingly, deleting the corresponding IH region of the human homologue con-
stitutively activates STIM1, independent of ER Ca2+ store depletion [143], and
several mutations have been identified which both promote and inhibit this inhibi-
tory function [109, 143–145]. Given that sequence variations of this CC1 region can
facilitate both activation and inhibition of SOCE, a “modulatory domain” nomen-
clature is better suited to the demonstrated functional role.

10.3.2 Drosophila melanogaster Orai Crystal Structure
and Function

In cellular Ca2+ regulation, Orai1 is the subunit component which assembles into
CRAC channels and mediates SOCE. While high resolution structural information
of any human Orai homologue at the level of the assembled channel remains elusive,
X-ray crystallography was used to solve the crystal structure of the D. melanogaster
Orai homologue which shares >70% sequence similarity with human Orai1 within
the transmembrane (TM) regions [146]. Intriguingly, the crystal structure revealed
that a single D. melanogaster Orai channel exhibits a hexameric quaternary structure
which is contrary to several previous studies which suggested human Orai1 assem-
bles as a tetramer [138, 147–149]. The TM helices (i.e. M1–M4) in this crystal
structure are arranged in concentric rings such that the innermost core is formed
exclusively by M1 of each of the six subunits. M2 and M3 directly surround M1,
with the M1 helix extending beyond the lipid bilayer into the cytosol (Fig. 10.5a)
[150]. Interestingly, the M2 and M3 positioning around M1 suggests a role in
promoting subunit structural integrity for the M2 and M3 helices. The M4 helix
also extends into the cytosol and is kinked such that the extension runs parallel to the
plane of the inner leaflet. Furthermore, this M4 extension interacts antiparallelly with
an adjacent M4 helix which adopts a kink in the opposite direction. Thus, the central
pore exhibits a sixfold symmetry, while the peripheral region of the channel shows a
threefold symmetry due to pairwise M4 coiled-coil interactions (Fig. 10.5b).
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Fig. 10.5 Orai structures alone and in complex with the STIM1 coiled-coil domains. (a).
Hexameric architecture of D. melanogaster Orai (PDB code 4HKR). Each dimer unit within the
hexamer is coloured a different shade of blue. The crystal structure shows a sixfold symmetry
through the center of the channel made of transmembrane 1 (M1) helices and a threefold symmetry
around the outside due to antiparallel interactions of the transmembrane 4 (M4) helices in two
different conformations. The packing of transmembrane 2 (M2) and transmembrane 3 (M3) helices
relative to M1 and M4 within the monomer is indicated. (b). The side view of the channel through
the plane of the membrane reveals the extent of the M1 and M4 extensions into the cytosol. The
antiparallel C-terminal helix interactions are also evident. (c). The pore architecture of
D. melanogaster Orai consists of an anionic, hydrophobic and basic hierarchy. Only two of the
six M1 helices making up the pore (from the six subunits) are shown with the anionic, hydrophobic,
basic side chains linking the pore represented as red, orange and blue sticks, respectively. The
corresponding human amino acid numbers are given in parentheses beside the fly numbering. (d).
Human CC1[TM-distal]–CC2 solution NMR structure (PDB code 2MAJ) corresponding to residues
312–387. The three interfaces which stabilize the dimer structure are indicated as the CC1 (brown)
supercoiled, CC2 supercoiled region (yellow) and CC2:L1’ interface. The residue ranges involved
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The pore made up of the six assembled M1 α-helices consists of four major
sections based on physical characteristics of the lining residues (Fig. 10.5c). At the
extracellular surface lies a glutamate ring that consist of Glu178 (i.e. Glu108 of
human Orai1) integral to both Ca2+ binding and ion selectivity. Next, a hydrophobic
section made up of residues Leu167, Phe171 and Val174 which correspond to
Leu95, Phe99, Val102 found in human Orai1 populate the central portion of the
pore. The cytosolic/intracellular side of the pore surface has surprisingly basic
properties made up of Arg155, Lys159 and Lys163 (i.e. Arg83, Lys87 and Arg91
of human Orai1). Finally, the cytosolic extension of M1 is lined by Gln152 and
Trp148 corresponding to Tyr80 and Trp76 of human Orai1. Interestingly, a heritable
Arg91Trp mutation in human Orai1 is associated with SCID disease; moreover, the
X-ray crystal structure of D. melanogaster Orai harboring the Lys163Trp mutation
which corresponds to the human Arg91Trp revealed the six introduced Trp residues
tightly pack in the M1 cytosolic extension (Fig. 10.5c) [150]. This non-native
hydrophobic plug prevents Ca2+ ions from traversing into the intracellular side of
the channel, and provides a structural mechanism for the loss of function endowed
by this mutation and inability for patients with SCID to mount an immune response
which dependent on functioning SOCE [37].

10.3.3 STIM1 Coupling to Orai1

One of the reasons STIM1 and SOCE constitute a particularly amenable system to
investigate is the remarkable cellular localization and distribution changes which
occur after Ca2+ depletion. With replete ER Ca2+ stores, STIM1 is pervasively
distributed in the ER; however, upon ER Ca2+ store depletion STIM1 oligomerizes
and translocates to sites in close apposition to the PM [107, 124, 139, 140, 151]. The
oligomerization initiated by the luminal EF-SAM domain results in a conformational
extension of the cytosolic coiled-coil regions, promoting further cytosolic domain
homomeric association, culminating in trapping of oligomerized STIM1 at ER-PM
junctions [107, 110, 152, 153]. Localization of STIM1 at the PM is the result of
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Fig. 10.5 (continued) in the supercoiling are shown as magenta sticks and are labeled. (e). Human
CC1[TM-distal]–CC2 in complex with the human Orai1 C-terminal peptides corresponding to resi-
dues 272–292 (PDB code 2MAK). The CC2 residues which make up the SOAP are indicated in
orange and blue stick representations for the hydrophobic and basic residues, respectively. The
Orai1 C-terminal peptides (cyan) exhibit acidic (red) and other residues (orange) which comple-
mentary pack into the SOAP. The residues which make up the SOAP and the Orai1 residues which
pack into the SOAP are labeled only on the right (regular text) and left (italicized text) sides of the
structure, respectively. The STIM1 CC1[TM-distal] and CC2 regions are coloured brown and yellow,
respectively, for consistency with Fig. 10.4. The new regions of supercoiling between the Orai1
C-terminal peptides and the CC2 helices are shown with dashed magenta ellipses. In A–E only the
most prominent forces which mediate the protein–protein interactions are shown. The location of
the amino and carboxyl termini are indicated by (N) and (C), respectively
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interactions of the STIM1 far C-terminal polybasic motif with PM phosphoinositides
[154–158] and direct coupling of the STIM1 SOAR region with Orai protein subunits
[141, 153, 159]. In fact, studies suggest that STIM1 couples with Orai1 via both the
Orai1 M1 and M4 extensions (i.e. C-terminal extension) [141, 153, 159–162]. While
the structural basis for STIM1:phosphoinositide interactions remains to be deter-
mined, a solution NMR study has provided some atomic-resolution insights into the
coupling of STIM1 with the human Orai1 C-terminal extension [144].

Interestingly, the STIM1 fragment used in the complex structure determination
was not the CC2–CC3 region which makes up the SOAR/CAD/ccb9 domain, but
rather a fragment corresponding to human residues 312–387 which overlaps with
the CC1 and CC2 region (i.e. CC1[TM-distal]–CC2, where CC1[TM-distal] includes the
312–340 stretch and CC2 includes the 341–387 stretch). In the absence of the Orai1
C-terminal peptide, CC1[TM-distal]–CC2 forms a U-shaped dimer structure with each
monomer orienting two extended α-helices [i.e. CC1[TM-distal] (α1)-helix
corresponding to residues 312–340 and CC2 (α2)-helix corresponding to residues
345–384] antiparallelly (2MAJ.pdb; Fig. 10.5d). The CC1 and CC2 helices are
linked by a short loop (i.e. L1 corresponding to residues 341–343). The symmetric
dimers of the CC1[TM-distal]-CC2 segments are formed via CC1: CC1’, CC2: CC2’
and a C-terminal CC2: L1’ interacting interfaces. The CC1:CC1’ interface is formed
by supercoiling between residues 320–331; similarly, the CC2:CC2’ interface is
stabilized by supercoiling between residues 355–369. The CC2:L1’ interface is
made up primarily of hydrophobic packing between residues Ala376, Ala380 and
Ile383 on the C-terminal CC2 with Tyr342’ and Ala343’ of L1’ (Fig. 10.5d).

To form active CRAC channels, STIM1 must bind to the Orai1 C-terminal
region [141, 153, 159]. A solution structure of human CC1[TM-distal]–CC2 in
complex with the human Orai1 C-terminal extension involved in CRAC channel
activation consisting of residues 272–292 has been elucidated (2MAK.pdb)
[144]. The CC1[TM-distal]–CC2 dimer undergoes three major conformational changes
in the formation of a STIM-Orai association pocket (SOAP) which accommodates
the Orai1272–292 region. First, the CC1[TM-distal] helices undergo a registry shift;
second, the CC2 helices move away from one another to shape an Orai1 binding
pocket; third, the C-terminal ends of the CC2 helices erects away from the L1’
region through a loss of curvature, allowing access into the CC2-comprised SOAP
(Fig. 10.5e). Both polar and non-polar interactions stabilize binding of the
Orai1272–292 region with CC1[TM-distal]–CC2. Hydrophobic residues on the STIM1
fragment involved in the interaction include Pro344, Leu347, Leu351 and Val359
on the N-terminal side of CC2 in conjunction with Tyr362’, Lys366’, Ala369’,
Leu373’, Ala376’, Ala380’ and Ile383’ on the C-terminal end of CC2. Orai1
Asn274, Ala277, Arg281, Gln285 and Arg289 residues interact with the
N-terminal CC2 region and Leu273, Leu276, Ala280, Gln283 and Leu286 residues
interact with the C-terminal CC2’. A basic rim surrounds these hydrophobic
residues in the SOAP made up of His355, Lys365’ Lys366’, Lys377’, Lys382’,
Lys384’, Lys385’, Lys386’ and Arg387’; these basic residues complement the
acidic charges of the Orai1272–292 region made up of Glu272, Glu275, Glu278,
Asp284, Asp287 and Asp291, thereby stabilizing the STIM1:Orai1 association via
charge complementarity (Fig. 10.5e).
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To gain insight into the precise significance of the interfaces resolved in the
STIM1 fragment engineered with the N-terminal boundary outside the vital
CAD/SOAR/ccb9 region, a series of mutations were engineered into both the
structural construct and full-length STIM1 protein for in vitro biophysical and live
cell assessments. A Glu318Gln/Glu319Gln/Glu320Gln/Glu322Gln (4EQ)
CC1[TM-distal] mutant which neutralized the negative Glu charges enhanced both
the α-helicity and dimerization propensity of the CC1[TM-distal]–CC2 fragment;
moreover, this 4EQ mutant induced spontaneous inward rectifying currents in live
cells when engineered into full-length STIM1 and co-expressed with Orai1. Con-
versely, the Val324Pro CC1 α-helix breaking mutant decreased stability of the
CC1[TM-distal]–CC2 fragment, hindered dimerization and suppressed maximal
inward rectifying currents [144, 163]. Other CC1[TM-distal]–CC2 dimer destabilizing
and basic rim perturbing mutations [i.e. Ile383Arg, Tyr361Lys/Tyr362Lys and
Lys382Glu/Lys384Glu/Lys385Glu/Lys386Glu (4KE)] suppressed maximal inward
currents. Similarly, charge neutralizing and hydrophobicity perturbing mutations in
the Orai1272–292 region inhibited CRAC. Ultimately, these mutational studies rein-
force the importance of the interfaces resolved in the CC1[TM-distal]–CC2 structures
and reveal an important modulatory role for the CC1[TM-distal] helix overlapping with
the previously defined IH (see above) [144, 163].

10.4 MCU Structure and Function

The calcium uniporter holocomplex (uniplex) core protein component, MCU, is an
inner mitochondrial dual transmembrane protein connected by a short linker region,
with both its N- and C-terminal domains facing the matrix [44, 164]. MCU is the
pore forming subunit that mediates Ca2+ entry into the mitochondrial matrix
[26, 165–167] after assembly into a higher order complex [45, 46]. However, high
resolution structural elucidation of this membrane protein remains rather challenging
due to its large heteromeric oligomeric state.

Bioinformatic analyses and molecular dynamics modelling predicted a tetrameric
organization and a fourfold symmetry for MCU oligomerization [46]. Recent work
utilizing a combination of EM and solution NMR has experimentally provided the
first structural insights into the pore-forming domains at high resolution (Fig. 10.6a).
The hybrid EM/NMR model suggests a pentameric organization for the MCU core
[169]. Specifically, negative-stain EM micrographs of C. elegansMCU with deleted
N-terminal domain (i.e. MCU-ΔNTD) revealed a cylindrical shape with a fivefold
symmetry at a resolution of ~18 Å. NMR provided a higher resolution detail of the
MCU-ΔNTD oligomer architecture using ~2200 intramonomer and
220 intermonomer distance restraints obtained from nuclear-Overhauser effect mea-
surements [169]. The EM/NMR model was constructed by imposing a fivefold
symmetry revealed by the EM. Interestingly, a deep pore-like opening is visible on
one end of the cylindrical structure whereas the other end is solid, possibly
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Fig. 10.6 Available high resolution MCU structural data. (a). Domain architecture of human MCU
(NCBI accession Q8NE86.1). The location of the mitochondrial signal peptide (SP), conserved
matrix domain (MCU72–189), coiled-coil 1 (CC1), coiled-coil 2 (CC2), transmembrane domain
1 (TM1) and transmembrane domain 2 (TM2) are shown relative to sequence space. The regions of
the protein which reside in the matrix and intermembrane space (IMS) are shown below and the
residue boundaries for each domain are shown above the architecture diagram. (b). Pentameric
architecture of an EM:NMR driven hybrid model of the C. elegansMCU channel together with the
coiled-coil regions (PDB code 5ID3). The relative positions of the TM2 (blue) which lines the pore
and TM1 (blue) which packs around the outside of the pore are indicated. The coiled-coil domains
(yellow) reside below the TMs in the matrix. The vital D240 and E243 which constitute the DXXE
motif at the IMS side of the pore are represented by red sticks. The corresponding human residue
numbers are labeled in parentheses. (c). The side view of the MCU channel and coiled-coil region
through the plane of the inner mitochondrial membrane. The CC2 helices form an interior cluster
surrounded by CC1 helices on the matrix side of the membrane. CC1 and CC2 (yellow) are
separated from the TMs (dark blue) by juxtamembrane helices (light blue). The location of D240
and E243 are indicated relative to the top and bottom of the inner-mitochondrial membrane. (d).
X-ray crystal structure of the conserved human MCU matrix domain (PDB code 5KUJ). The
MCU72–189 region adopts a β-grasp like fold with two, three-stranded β-sheets packing on either
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corresponding to the transmembrane domains forming the channel and the CC
domains at the C-terminus forming an occlusion, respectively.

At higher resolution, the EM/NMR model showed the second transmembrane
helix (i.e. TM2; residues 244–260) forms a hydrophilic inner pore of the channel and
is surrounded by the first transmembrane helix (i.e. TM1; residues 215–234) (PDB
code 5ID3; Fig. 10.6b). Extending into the matrix is the second coiled-coil helix
(i.e. CC2; residues 293–316) that forms a hydrophobic CC bundle just outside the
membrane. This CC2 is surrounded by the first CC helix (i.e. CC1; residues 180–193)
located in the N-terminal region of MCU-ΔNTD (Fig. 10.6c). The transmembrane
domains are not continuous with the CC regions and contain an inner juxtamembrane
helix (i.e. IJMH; residues 262–271) and outer juxtamembrane helix (i.e. OJMH;
residues 195–213) after TM2 and before TM1, respectively. The EM/NMR model
structure also reveals two unstructured loops, one before the CC1 domain (i.e. L1;
residues 166–179) and another after the IMJH (i.e. L2; residues 272–292)
(Fig. 10.6c). Both the IMJH and OMJH exhibit weak NMR signals due to exchange
broadening, suggesting dynamic and/or unstable conformations. The instability may
be due to the absence of the NTD. A critical DXXE motif [44, 170] containing two
acidic residues links the two TM domains on the inter membrane space-facing side of
the membrane. The Asp240 and Glu243 residues of the DXXE have their carboxylic
side chains facing the entrance of the pore formed by TMH2. Generation of
Asp240Glu or Glu243Asp mutant versions of MCU caused a reduction or complete
abrogation of mitochondrial Ca2+ uptake in HEK293 cells [169].

The continuous hydrophilic nature of the MCU pore is in contrast to other ion
channels like CorA [171] and Orai [150] that consists of several hydrophobic helical
turns. This feature may be conducive to the rapid uptake of Ca2+ observed by MCU
[166, 169].

10.4.1 MCU N-Terminal Domain Structure and Function

Sequence alignment of MCU among eukaryotes reveals a highly conserved region
within the matrix-oriented N-terminal domain between residues 75 and 190. This
region is omitted in the MCU-ΔNTD studied in the EM/NMR model [169]. The
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Fig. 10.6 (continued) side of a central α-helix (α1). The unresolved C-terminal region (i.e. residues
168–189) is shown as a dashed green line. The L2 residues involved in salt bridge formation (R93:
E95), susceptible to oxidative modification (C97) and which may undergo phosphorylation (S92)
are shown as blue:red, magenta and cyan stick representations, respectively. (e). The location of the
five Asp residues which confer the formation of the MRAP via the generation of acidic electrostatic
surface potential are indicated as red sticks under the transparent surface representation of
MCU72–189. The Mg2+ ion resolved in the high resolution crystal structure is represented by a
yellow sphere centrally located around the acidic side chains of D131, D142, D147, D148 and
D166. In A–E the location of the amino and carboxyl termini are indicated by (N) and (C),
respectively. The images in Figs. 10.1, 10.2, 10.3, 10.4, 10.5 and 10.6 were generated using the
PyMOL Molecular Graphics System, Schrödinger, LLC and UCSF Chimera [168]
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N-terminal domain forms the major soluble region of MCU (Fig. 10.6a). The X-ray
crystal structure (1.6 Å) of a human MCU construct corresponding to residues
72–189 has provided high resolution structural insights regarding the role of this
highly conserved MCU region in the regulation of mitochondrial Ca2+ uptake
[172]. Far-UV CD of this MCU72–189 construct revealed a mixture of α-helix and
β-sheet; accordingly, the crystal structure revealed two central α-helices sitting
between two, triple stranded β-sheets, forming an overall β-grasp-like fold (PDB
code 5KUJ) (Fig. 10.6d). Arranged in an antiparallel manner, the three β-strands, β1
(i.e. residues 76–80), β2 (i.e. residues 83–88), and β3 (i.e. residues 97–100) form the
first of two β-sheets. One long and one short loop, L1 (i.e. residues 81–82) and L2
(i.e. residues 89–96), respectively, connect the three β-strands. The presence of a salt
bridge between side chains of Arg93 and Glu95 stabilizes the conformation of L2.
Additionally, the close proximity of the salt bridge to the single Cys97 and Ser92,
known sites of S-glutathionylation and phosphorylation [173, 174], respectively,
indicates that this ionic interaction may also play a role in regulating these post-
translational modifications. The β3 strand is connected to the central α-helix (i.e. α1;
residues 108–118) through loop 3 (i.e. L3; residues 101–107). Similar to the first
β-sheet, the second β-sheet also consist of three β-strands, β4 (i.e. residues 125–128),
β5 (i.e. residues 149–153), and β6 (i.e. residues 156–160) arranged in an antiparallel
manner (Fig. 10.6d). The second β-sheet is located on the C-terminal end of α1 and is
connected via loop 4 (i.e. L4; residues 119–124). A short, centrally located α-helix
(i.e. α2; residues 141–146) perpendicular to the central α1 connects the β4 and β5
strands. There are long and short loops on either side of α2 (i.e. L5, residues 129–140
and L6, residues 147–148, respectively), linking the helix to the β-strands. A short
loop (i.e. L7, residues 154–155) links β5 to β6. The C-terminal region (i.e. residues
168–189) of MCU72–189 is dynamic and not resolved in the same crystal structure
(Fig. 10.6d) [172]. However, a portion of the C-terminal tail may be stabilized in the
presence of lipid-like molecules [174].

The electrostatic surface map reveals a large degree of charge polarity with two
distinct negative and two distinct positive regions. A large negative patch near the
C-terminal tail is composed of Asp131, Asp142, Asp147, Asp148 and Asp166 [i.e.
MCU-regulating acidic patch (MRAP); see below], whereas residues Glu117,
Glu118, Asp119, Asp124 and Asp155 makeup the second negative patch closer to
the N-terminal region of MCU72–189 (Fig. 10.6e). The two patches of basic residues
are composed of Arg89, Arg93, Arg94, and Arg96 as well as Arg113, Arg124 and
Arg134. The electrostatic surface polarity formed by these patches may assist in
higher order assembly of the MCU N-terminal domain [172].

The N-terminal domain has been shown via glutaraldehyde crosslinking, size
exclusion chromatography with in-line multi-angle light scattering and analytical
ultracentrifugation to independently oligomerize into higher order complexes
[172, 174], but the role this oligomerization plays in the regulation of full-length
MCU function is yet to be completely understood. Co-immunoprecipitation studies
conducted using flag-tagged MCU with a deleted N-terminal domain showed no
change in the uniplex assembly [174]. In contrast, using an immuno-enrichment
strategy, data for a series of both N- and C-terminal deletions in MCU led to
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destabilization of higher order MCU oligomers in HEK293T cells [172]. The
N-terminal domain of MCU has also been shown to interact with MCUR1, the
scaffolding factor for MCU complex formation [172], suggesting a role for the
N-terminal domain in stabilizing and clustering of MCU. Indeed, the spectrophoto-
metric recordings carried out using genetically encoded Ca2+ indicators have shown
lower Ca2+ uptake by mitochondria and reduced Ca2+ clearance rates from the
cytosol with overexpression of MCU mutants lacking the N-terminal domain as
compared to the full length MCU construct [174].

Based on the presence of a magnesium ion (Mg2+) centrally located in the MRAP
of the the MCU72–189 crystal structure, it has been demonstrated that this acidic patch
plays a key role in sensing divalent cations like Ca2+ and Mg2+ [166, 172, 175–
178]. In solution, MCU72–189 exhibits reduced stability with increasing levels of
divalent cations concomitant with a suppressed self-association. Furthermore,
Asp131Arg or Asp147Arg mutations not only show a reduction in Ca2+ uptake by
mitochondria in mutant overexpressing Hela cells, but also show reduced stability
and a monomeric conformation of MCU72–189, similar to the properties characterized
in the presence of high Ca2+ or Mg2+ concentrations [172]. In other functional
assays, increasing Ca2+concentrations inside the matrix by pharmacologically
blocking the efflux of Ca2+ in HEK293T cells or high mitochondrial Mg2+ signif-
icantly reduces MCU Ca2+ uptake, consistent with the divalent cation-mediated
destabilization of the MCU72–189 region [172].

Another crystal structure of the MCU N-terminal domain (i.e. residues 75–165)
harboring a Ser92Ala mutation which blocks phosphorylation at this Ser residue
position revealed L2 and L4 structural perturbations (PDB code 5BZ6) [174]. The
Ser92Ala mutation abrogated the H-bonding between Ser92 (L2) and Asp119
(L4) and consequently, impaired mitochondrial Ca2+ uptake activity. Thus, it is
conceivable that phosphorylation at the Ser92 site [179] also modulates the
H-bonding network between L2 and L4 in the regulation of MCU activity.

Collectively, the identification of MRAP and the role that divalent cations and post-
translational modifications play in modulating the structural, biophysical and biochem-
ical properties of this domain reinforce the vital significance of this conserved region in
regulating MCU function. While divalent cation binding to MRAP inhibits MCU
activity via promoting monomer formation of the N-terminal domain disassembly of
full-length MCU [172], recently, it has been shown that S-glutathionylation of Cys97
enhances both MCU oligomerization and persistently activates MCU [173]. Thus, the
N-terminal domain appears to be a critical sensory hub for environmental and post-
translational modification queues which subsequently affects MCU activity.

10.5 Concluding Remarks

Ca2+ is a substrate for the aforementioned key Ca2+ signaling toolkit components
[1–6, 79, 125, 180, 181], essentially ‘self-catalyzing’ the movement and localization
of itself within the cell, as nature often uses metabolites to control the metabolic
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enzyme machinery in both positive and negative manners. As such, Ca2+ can induce
positive or negative feedback on each of the Ca2+ signaling machinery to facilitate
dynamic initiation and shaping of Ca2+ signals at different subcellular locations. In
the case of IP3R, not only do Ca2+ concentrations regulate channel open probability
with a bell-shaped Ca2+ concentration dependence and maximal channel opening at
~0.2 μM [9, 182, 183], but Ca2+ levels also activate the Ca2+ sensor CaBP1 binding
to IP3Rs which in turn negatively regulates IP3R channel activity [63, 69, 70, 72,
184]. The NMR-driven complex structure between CaBP1 and IP3R1 revealed
interactions with the IBC-β domain of IP3R1, clamping the channel in a closed
conformation [63]. In the case of STIM1, Ca2+ concentrations in the ER regulate the
stability of the luminal domain; when Ca2+ levels are low and Ca2+ is not coordi-
nated in the canonical EF-hand loop, STIM1 undergoes a destabilization-coupled
oligomerization event [16, 99, 113, 126, 163, 185–187] which culminates in
relocalization of the protein and opening of Orai1-composed PM Ca2+ channels.
However, high levels of Ca2+ in the cytosol may also inhibit STIM1/Orai1 activity
through two mechanisms which both involve calmodulin: first, Ca2+-CaM can bind
to the polybasic C-terminus of STIM1 and inhibit translocation of STIM1 to the PM
[188]; second, Ca2+-CaM can bind to the Orai1 N- and C-termini, thus promoting
Ca2+-dependent inactivation [189, 190]. In the case of MCU, the MRAP region has
been identified on the conserved matrix domain of the channel protein which
interacts with divalent cations including Ca2+ and Mg2+, thus, resulting in
suppressed self-association of the domain and inhibited channel activity
[172]. Therefore, eukaryotic cells have evolved the ability for a remarkable crosstalk
between IP3Rs, STIMs and MCUs where IP3Rs regulate ER luminal Ca2+ levels and
STIM1 activation state, STIM/Orai mediate Ca2+ entry into the cytosol which can
regulate IP3Rs, STIM1 as well as Orai1 at high local Ca2+ concentrations and
provide Ca2+ for uptake into the mitochondria through MCU. Mitochondrial matrix
Ca2+ levels can also regulate MCU activity and can influence the level of Ca2+ in the
cytosol [166, 172, 175–178]. The complexity of Ca2+ signaling crosstalk is not
limited to these three signaling entities and involves an extensive toolkit of hundreds
of Ca2+ signaling proteins [2, 3, 191–194]. Additionally, local changes in the
cellular environment which may include oxidative stress and pH can also regulate
the structure and function of the multitude of Ca2+ signaling toolkit component
proteins [122, 123, 173, 195–197].

Further research is required to appreciate the full extent of the crosstalk and the
underlying molecular mechanisms of these feedback signals. Similarly, given the
progress made on elucidating the structural mechanisms of IP3R, STIM/Orai and
MCU function, several structural biology questions have come to the forefront of the
respective fields. In the IP3R field, while cryo-EM has provided unprecedented
insights into relative domain organization and potential domain coupling which
occurs between IP3 binding and channel gating, high resolution structural informa-
tion of many portions of the receptor is lacking, particularly in the most dynamic
regions. Further, the precise location of the Ca2+ binding sites responsible for the
bell-shaped regulation is not known, and along the same lines, the high resolution
structural basis for regulatory protein binding is relatively limited. In the STIM/Orai

240 M. Enomoto et al.



field, the structure of the full-length cytosolic domain of STIM proteins in complex
with full-length Orai1 is unknown; similarly, the stoichiometry of the coupling has
yet to be demonstrated definitively. Importantly, the high resolution structure of
Orai1 channels in the open state has not been determined. MCU and associated
regulators was the last of these three signaling systems to be identified at the genetic
level, and thus, many critical structural questions remain outstanding. The structure
of the full-length MCU pore is unknown in either the open or closed states. No high
resolution structure of MCU in complex with any of the principal regulators
(i.e. MCUb, MICUs, MCUR1, EMRE) exists, and most of the regulators themselves
are structurally unresolved at high resolution. Post-translational modifications add
another layer of regulation to all of these Ca2+ signaling proteins, and the effects of
these modifications on structure and dynamics are poorly characterized. For exam-
ple, we have recently shown that N-glycosylation and S-glutathionylation can have
profound effects on the structure and activity of STIM1 and MCU, respectively
[120, 173]. Answering these aforementioned structural biology questions is para-
mount to understanding the underlying atomic-basis for the function of these pro-
teins while paving new avenues to the development of small molecule modulators of
these signaling systems with potential to treat disease and for use as research tools.
Importantly, these answers will lead to a better comprehension of the molecular
mechanisms underlying the function of myriad Ca2+ signaling toolkit components
beyond IP3R, STIM, Orai and MCU.
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Chapter 11
Assembly of ER-PM Junctions: A Critical
Determinant in the Regulation of SOCE
and TRPC1

Krishna P. Subedi, Hwei Ling Ong, and Indu S. Ambudkar

Abstract Store-operated calcium entry (SOCE), a unique plasma membrane Ca2+

entry mechanism, is activated when ER-[Ca2+] is decreased. SOCE is mediated via
the primary channel, Orai1, as well as others such as TRPC1. STIM1 and STIM2 are
ER-Ca2+ sensor proteins that regulate Orai1 and TRPC1. SOCE requires assembly
of STIM proteins with the plasma membrane channels which occurs within distinct
regions in the cell that have been termed as endoplasmic reticulum (ER)-plasma
membrane (PM) junctions. The PM and ER are in close proximity to each other
within this region, which allows STIM1 in the ER to interact with and activate either
Orai1 or TRPC1 in the plasma membrane. Activation and regulation of SOCE
involves dynamic assembly of various components that are involved in mediating
Ca2+ entry as well as those that determine the formation and stabilization of the
junctions. These components include proteins in the cytosol, ER and PM, as well as
lipids in the PM. Recent studies have also suggested that SOCE and its components
are compartmentalized within ER-PM junctions and that this process might require
remodeling of the plasma membrane lipids and reorganization of structural and
scaffolding proteins. Such compartmentalization leads to the generation of spatially-
and temporally-controlled Ca2+signals that are critical for regulating many down-
stream cellular functions.
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11.1 Introduction

Intracellular [Ca2+] ([Ca2+]i) regulates a plethora of critical cellular functions and is
tightly controlled by mechanisms that mediate increase, or decrease, in [Ca2+]i.
Increase in [Ca2+]i can result from entry of Ca2+ into the cell via plasma membrane
Ca2+ channels or release of Ca2+ from intracellular organelles, such as the endoplas-
mic reticulum (ER) which is the major intracellular Ca2+ store. Physiologically, Ca2+

release from the ER is controlled by neurotransmitter activation of plasma membrane
receptors that are coupled to the hydrolysis of phosphatidylinositol 4,5-bisphosphate
(PIP2) and generation of inositol 1,4,5-trisphosphate (IP3), which binds to and
activates the IP3 receptor (IP3R), a Ca2+ channel on the ER membrane. A major
consequence of IP3-induced decrease in ER-[Ca

2+] is the activation of store-operated
calcium entry (SOCE), a ubiquitous Ca2+ entry mechanism which is mediated by
plasma membrane channels. SOCE provides [Ca2+]i signals essential for regulating a
variety of cell functions, including gene expression, exocrine secretion, T cell
activation and cell migration [1–4]. The main trigger for activation of SOCE,
which is a decrease in [Ca2+] within the ER lumen, is sensed by the ER-resident
proteins, stromal interaction molecules (STIM1 and STIM2), that function as Ca2+

sensors. These proteins multimerize and undergo intramolecular conformational
changes that facilitate their clustering in peripheral ER, which lies in close proximity
with the plasma membrane, where they are anchored to the plasma membrane via
their C-terminal polybasic domains [5, 6]. Importantly, clustering of STIM proteins
within the ER-plasma membrane (ER-PM) junctions causes recruitment of channels,
such as Orai1 and TRPC1, into these junctions where they are activated by STIM1
and mediate SOCE [7, 8]. Ca2+ entry via each channel is utilized by cells for distinct
functions. For example, in a salivary gland cell line, Orai1-mediated Ca2+ influx
results in sustained [Ca2+]i oscillations and activates NFAT-dependent gene expres-
sion, while TRPC1-mediated Ca2+ entry contributes to [Ca2+]i increase and regulates
Ca2+-dependent K+ channels and NFκB [9, 10].

SOCE occurs within spatially segregated Ca2+ signaling microdomains where the
juxtaposition of ER membrane and the plasma membrane facilitates functional and
physical interactions between the proteins in both membranes. Further, these
microdomains support dynamic regulation of the channels as well as recruitment
and assembly of various accessory proteins that mediate remodeling of ER and
plasma membrane to stabilize and modify the spatial and structural architecture of
the domain. These changes determine the specificity and optimal rate of protein-
protein interactions required for the activation and regulation of SOCE [11, 12]. In
addition, recent studies have revealed that other functions, such as lipid transfer
between membranes, are also mediated in this cellular region. ER proteins involved
in ER-PM lipid exchange are also localized within the ER-PM junctions and these,
like STIM1, traverse the space between the two membranes and are anchored to the
plasma membrane. The spatial constraints of such microdomains also compartmen-
talize the Ca2+ signals generated by SOCE. Ca2+-dependent signaling proteins such
as calmodulin are localized close to the site of Ca2+ entry and “sense” local [Ca2+]
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near the channel [13]. Several studies have been directed towards identifying the role
of plasma membrane lipids associated with this microdomain, mainly because
STIM1 and STIM2 have been demonstrated to interact with PIP2 [14, 15]. Lipid
raft domains (LRDs) are biochemically distinct domains in the plasma membrane
that are formed by high concentrations and specific organization of lipids, such as
cholesterol, PIP2 and sphingolipids (further discussed below). LRDs serve as a
platform for the assembly of various signaling complexes, including calcium sig-
naling complexes. It has been proposed that LRDs facilitate the enrichment of key
Ca2+ signaling proteins and control functional interactions between proteins that are
critically required for generating, modulating and regulating [Ca2+]i signals [16–
18]. Recent studies suggest that LRDs are not rigid structures but are dynamically
remodeled both in terms of the composition as well as size and architecture [19].

Another important component in the assembly of SOCE-Ca2+ signaling domains
is the cortical cytoskeleton underlying the plasma membrane. Reminiscent of vesicle
fusion during secretion, interactions between proteins in the ER and plasma mem-
brane will also require disruption of the cortical actin layer. In fact, a number of
recent findings demonstrate that remodeling of the cytoskeletal layer probably
occurs during regulation of SOCE. Several proteins involved in actin remodeling
have been identified (further discussed below) within the ER-PM junctions and the
effects of their knockdown or overexpression have been reported, although the exact
changes in the cytoskeleton have not yet been revealed. What is important to note is
that several cytoskeletal remodeling proteins are controlled via plasma membrane
PIP2. Further, changes in cytoskeleton can remodel the plasma membrane PIP2.
Calcium itself might also regulate actin depolymerization and localize actin
remodeling proteins, such as WAVE2, which define a domain for the stable assem-
bly of the STIM1/Orai complex [20]. This reciprocal regulation between plasma
membrane lipids and the cortical actin can be very important in the dynamic
regulation, stabilization, and compartmentalization of the SOCE microdomain as
well as transducing the local Ca2+ signal generated within the microdomain [21]. In
this chapter, we will discuss current concepts regarding the cellular components that
determine the assembly of SOCE channels in ER-PM junctions with primary focus
on Orai1 and TRPC1 channels.

11.2 The Molecular Components of SOCE

SOCE, originally termed capacitative calcium entry, was first described by Putney
[22], However, the molecular components of this important Ca2+ entry pathway
were not identified until several decades later. Search for the SOCE channel first led
to the identification of the mammalian transient receptor potential canonical (TRPC)
channels that were cloned based on the Drosophila TRP channel, which is activated
by light-induced phospholipase C hydrolysis [23–25]. The TRPC subfamily consists
of seven members (TRPCs 1–7) that are all activated following receptor-stimulated
PIP2 hydrolysis. These channels have six transmembrane domains, and a suggested
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pore-domain localized between the fifth and sixth membrane-spanning domains
[25, 26]. Multiple domains for protein-protein interactions are present both on the
N and C terminal regions of the channels. While the discovery of TRPC channels
initiated a large number of studies, none of the TRPC family of Ca2+-permeable
cation channels generated currents that resembled ICRAC (Ca

2+ release activated Ca2+

current), the first SOCE-associated current to be described in T lymphocytes andmast
cells. ICRAC is a highly Ca2+-selective current that is inwardly rectifying with a
reversal potential >+40 mV [27–30]. Intensive search for the components of the
CRAC channel finally led to the identification of the ER-[Ca2+] sensing proteins,
STIM1 and STIM2. Of the two, STIM1 has beenmore extensively studied and is now
well established as the critical and indispensable regulatory component of SOCE
[5, 6, 31]. The discovery of STIM1 was followed shortly by the finding of Orai1 and
studies showing that it is the pore-forming component of the CRAC channel. Two
other Orai proteins, Orai2 and Orai3, have also been identified and although they are
reported to have some similarity with Orai1, their physiological function is not clear
[32–34]. Together the identification of STIM1 and Orai1 represent the most impor-
tant advancements in the field of Ca2+ signaling. This was further substantiated by
data showing that STIM1 and Orai1 are sufficient for the generation of ICRAC.

Loss of either STIM1 or Orai1 in mouse results in embryonic lethality, while in
patients, mutations in either gene cause immune defects and deficiencies, diminished
skeletal muscle development and ectodermal dysplasia (reviewed in [31, 35]). Mice
lacking Orai1 tend to be deficient in both innate and acquired immunity [31, 36, 37],
have impaired skeletal muscle and bone development [38–40], and reduced bone
density [38, 40]. Mast cells from Orai1 knockout mice showed diminished SOCE,
loss of ICRAC, which is accompanied by defective degranulation and cytokine
secretion [37]. Acinar cells isolated from the lacrimal glands of Orai1 knockout
mice have no detectable SOCE in response to either thapsigargin or muscarinic
receptor activation and the secretory response is also severely reduced [41]. Histo-
logical examination shows that gland development and structure are normal. Inter-
estingly, it was reported that while female Orai1 knockout mice are fertile, and give
birth to pups, they fail to lactate adequately. Mammary glands of Orai1 knockout
female mice had normal milk generation but impaired secretion, likely due to failure
of Ca2 + signaling in myoepithelial cells that are critical in the secretory process
within the gland [42]. Loss of Orai1 in pancreatic acinar cells caused secretory
defects that lead to changes in the intestinal microbiome and systemic infections that
ultimately resulted in morbidity and death [43].

STIM2 is a second ER-localized Ca2+-sensor protein that has been associated with
SOCE and Ca2+ signaling. It is ubiquitously expressed with STIM1 in human and
mouse tissues as well as cell lines (see reviews [44, 45]), although it has not been
studied as extensively as STIM1. Like STIM1, STIM2 is also mobilized in response
to ER-Ca2+ store depletion. It multimerizes and translocates to form puncta in ER-PM
junctions, where it clusters with Orai1 and STIM1 [46–50]. The domain architecture
of these two proteins are quite similar, with both having the Ca2+-binding EF hand
domain, Sterile Alpha Motif (SAM) domain, Coiled-Coiled (CC) domains, STIM1
Orai1 Activating Region (SOAR), and polybasic (K) domain. However, STIM2 is a
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poor activator of Orai1 and SOCE when compared to STIM1. The difference in
efficiency of gating of Orai1 by the two STIM proteins has been narrowed down to
Phe394 in STIM1-SOAR domain, the equivalent of which is Leu485 in STIM2-SOAR.
Further, the interaction between STIM2-SOAR and Orai1 is relatively weaker than
that of STIM1-SOAR and Orai1 [49]. Another major difference between STIM2 and
STIM1 is in their polybasic C-terminal region, which in STIM2 binds stronger with
plasma membrane PIP2. Data reported by Seedorf and colleagues [14] demonstrated
that while a dimer of STIM2 is sufficient to achieve strong binding, a tetramer of
STIM1 is required. Notably, while Orai1 can bind to the SOAR domain of a STIM1
mutant lacking its polybasic domain (STIM1ΔK) and induce recovery of its cluster-
ing in ER-PM junctions, it cannot do so with STIM2ΔK5 [48]. One possible reason
for this might be the weaker binding of STIM2-SOAR to Orai1. This suggests that in
STIM2, the polybasic domain is critical for targeting the protein to the SOCE domain.
A critical difference between the two proteins is in the Ca2+ affinity of their EF-hand
domains [46, 51], which determines their response to different ER-[Ca2+]. The
relatively lower Ca2+ affinity of the STIM2 EF-hand domain and the higher affinity
of its polybasic domain for plasma membrane PIP2, enables STIM2 to cluster at
ER-PM junctions in response to minimal depletion of ER-Ca2+ stores [14, 15, 46, 52–
54]. Thus, STIM2 has been proposed to regulate Ca2+ entry in unstimulated cells for
maintenance of cytosolic Ca2+ or to gate Orai1 at low concentrations of agonist
stimulation [46, 55, 56].

In a recent study, Ong et al. [48] revealed a novel role for STIM2 in the regulation
of SOCE. STIM2 was found to promote STIM1 clustering in ER-PM junctions
under conditions when there is less depletion of ER-Ca2+ and STIM1 is not mobi-
lized on its own. Thus, STIM2 facilitates assembly of the Orai1-STIM1 complex and
activation of SOCE in cells stimulated at low stimulus intensities. They reported that
STIM2 associated with and promoted puncta formation of STIM1 in cells stimulated
by low [agonist] and when expressed together, Orai1, STIM1, and STIM2
co-clustered under these low stimulation conditions. Importantly, while loss of
STIM1 eliminated SOCE at all [agonist], knockdown of STIM2 altered the pattern
of SOCE-dependent [Ca2+]i increases. A sustained elevation in [Ca2+]i commonly
seen in cells stimulated at high [agonist] was converted to a more oscillatory pattern
of response, which is typically associated with lower stimulus intensity. Together
these data demonstrated that STIM2 enhances STIM1-mediated activation of
Orai1 at relatively high ER-[Ca2+] and thus is a key determinant of the SOCE
response in cells [48]. The critical contribution of STIM2 to SOCE is provided by
studies with mouse T cells and fibroblasts lacking STIM2, which display a decrease
in SOCE, cytokine production, and nuclear translocation of the transcription factor,
NFAT [57]. Reduced expression of STIM2 leads to impairment of SOCE and Ca2+-
dependent gene expression, contributing to neuronal disease in mutant presenilin
mice [58]. Further, knockdown of STIM2 in mouse submandibular glands resulted
in decreased SOCE together with attenuation of salivary gland fluid secretion
stimulated by low [agonist] [48].

All seven members of the TRPC channel family were at some point suggested to
be involved in SOCE. However, the data are the strongest for the contribution of
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TRPC1 to SOCE. Overexpression of the channel increased, while knockdown of
the protein decreased SOCE. Further, the function of TRPC1 was activated by
stimulating cells with either agonist or thapsigargin, and inhibited by 1–5 μM Gd3+

and 10–20 μM 2APB, which are classical conditions for SOCE. Importantly, whole
cell patch clamp measurements under conditions used for CRAC channel measure-
ments resulted in the generation of a cation current that was relatively Ca2+-
selective [59–61], completely blocked by low [Gd3+] and 2APB, and decreased
by knockdown of TRPC1. As this current does not resemble ICRAC, it has been
called store-operated calcium current (ISOC) to distinguish it from ICRAC [62]
(Fig. 11.1). Importantly, knockdown of TRPC1 did not affect ICRAC, conclusively
demonstrating that it is not a component of the CRAC channel. Additional studies
demonstrated that TRPC1 contributes to SOCE in a wide range of cells, including
platelets, smooth muscle and endothelial cells [62–68], as well as salivary gland
and pancreatic acinar cells [69–71]. Studies with TRPC1-/- mice show that it is a
vital Ca2+ entry component in several tissues, although the mice display normal
viability, development and behavior. TRPC1-mediated Ca2+ entry is required for
regulating the physiological function of intestinal epithelial cells [72, 73], human
malignant gliomas [74], hippocampal neural progenitor cells [75–77]. TRPC1
contributes to maintenance of endothelial cell barrier, wound healing in the intes-
tinal epithelial layer, attenuation of cytotoxicity, contraction of glomerular
mesangial cells, and osteoclast formation and function [78–82]. Acinar cells from
salivary glands and pancreas and aortic endothelial cells obtained from TRPC1-/-

Fig. 11.1 Characteristics of currents generated by Orai1 and TRPC1. STIM1-activated Orai1
channels mediated a highly calcium selective current known as ICRAC. Orai1-mediated Ca2+ entry
triggers insertion of TRPC1 into the plasma membrane following which the latter is activated by
STIM1. Activation of TRPC1 changes the characteristics of the current from ICRAC to a relatively
non-selective cation current, ISOC, which is a combination of the individual currents induced by
Orai1 and TRPC1
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mice exhibit dramatically attenuated SOCE with corresponding reduction in Ca2+-
dependent processes such as the activation of KCa and Ca2+-activated Cl- channels.
Importantly, agonist-stimulated fluid and protein secretion from the salivary glands
and pancreas, respectively, as well as vasorelaxation of the aorta were impacted
[69–71, 83–85]. It is worth noting that the residual Orai1 cannot compensate for
the loss of TRPC1 function in these cells, which clearly establishes the
non-redundancy of TRPC1.

11.3 Regulation of TRPC1 Following ER-Ca2+ Depletion

The steps initiated by ER-Ca2+ depletion culminating in Orai1 activation have now
been mapped out in detail. The currently accepted model proposes that a decrease in
ER-[Ca2+] cause release of Ca2+ from the STIM1-EF hand domain, which then
triggers extensive intramolecular and intermolecular rearrangements of STIM1. In
resting cells, the protein tracks along microtubules but after store depletion, it
oligomerizes and translocates to the cell periphery, aggregating within ER-PM
junctions. These junctions are formed by close apposition of the ER membrane
with the plasma membrane, which is promoted when the ER-residing STIM1
anchors to the plasma membrane PIP2, a process that brings ER closer to the
PM. Orai1 is recruited by STIM1 into these junctions, where it is subsequently
activated by STIM1 to generate SOCE within these junctions. Activation of Orai1 is
elicited by interaction of the channel with the SOAR domain in the C-terminal region
of STIM1 [33, 34, 86–90]. Importantly, TRPC1 also aggregates with Orai1 and
STIM1 within the same ER-PM junctions where STIM1 activates both channels. As
mentioned earlier, distinct domains in STIM1 are involved in gating the two
channels. Intriguingly, TRPC1 function is not only dependent on STIM1 but also
requires Orai1.

Evidence for the regulation of TRPC1 by STIM1 was provided by studies
showing that knockdown of STIM1 reduced TRPC1-mediated SOCE and Ca2+

current, while co-expression of STIM1+TRPC1 increased SOCE [9, 91,
92]. TRPC1 co-localized and interacted with STIM1 following store depletion
while refilling of the ER-Ca2+ stores caused dissociation of STIM1 from TRPC1
and inactivation of TRPC1 function [92–97]. A key finding reported by Muallem
and colleagues identified the amino acid residues in STIM1 that are involved in
gating of TRPC1. These investigators showed that electrostatic interactions between
the negatively charged aspartate residues in TRPC1 (639DD640) with the positively
charged lysines in the STIM1 polybasic domain (684KK685) triggers gating of
TRPC1 [98]. It is interesting that Caveolin-1 (Cav-1), which has been shown to
serve as a scaffold for retention of inactive TRPC1 in the plasma membrane region,
is displaced from TRPC1 when STIM1 binds to the channel. Further, Cav-1
reassociates with the TRPC1 following refill of ER-Ca2+ stores and dissociation of
STIM1 [99].
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As noted above, activation of TRPC1 requires the presence of functional Orai1.
This was first reported by Ambudkar and colleagues in HSG cells [9, 91, 94] and
subsequently by other groups in various cell types [100, 101]. These studies dem-
onstrated that knockdown of TRPC1 reduced SOCE by about 60% while loss of
Orai1 or STIM1 eliminated SOCE, suggesting that TRPC1-dependent component of
SOCE was dependent on Orai1 and STIM1. Overexpression of STIM1 and TRPC1
failed to induce SOCE in the absence of endogenous Orai1 and TRPC1 function was
not supported by a pore-deficient mutant of Orai1 (E106Q). These data conclusively
established that Orai1 plays an essential role in the activation of TRPC1 by store
depletion. It was shown that the Orai1/TRPC1/STIM1 are assembled in a complex
within ER-PM junctions after ER-Ca2+ depletion and that recruitment of the two
channels into the complex requires STIM1 clustering. This was shown in HSG cells
[94], human parathyroid cells [102], human liver cells [103], human colon cancer
cells [104], mouse pulmonary arterial smooth muscle cells [105, 106], rat kidney
fibroblasts [107], rat insulinoma cells [108] and mouse acinar cells from the pancreas
and salivary glands [69, 109]. The mechanism underlying TRPC1 activation was
provided by Cheng et al. [9] who showed that Ca2+ entry mediated by Orai1 triggers
recruitment of TRPC1 into the plasma membrane where it is activated by STIM1;
non-functional Orai1 mutants, Orai1E106Q or Orai1R91W, do not support the
regulated surface expression of TRPC1 [91, 94, 101]. Together these findings reveal
that TRPC1/STIM1 and Orai1/STIM1 form distinct channel complexes. While
Orai1 is the primary channel to be activated after ER-Ca2+ depletion, once activated
TRPC1 can modify the Ca2+ signal generated by Orai1. Acquisition of TRPC1
function is detected by a change in the characteristics of the current stimulated by
ER-Ca2+ store depletion from ICRAC to ISOC. Conversely, expression of shTRPC1 or
STIM1-EE mutant, a STIM1 mutant that cannot gate TRPC1, converts ISOC into
ICRAC ([9]; see Fig. 11.1). While the two channels are localized in close proximity to
each other in cells, Ca2+ entry mediated by them is utilized by cells to regulate very
different cellular functions. Further, the two channels have distinct contributions to
the global Ca2+ increase in cells that is caused by SOCE [9, 10]. Briefly, Orai1-
mediated Ca2+ influx regulates the activation of NFAT independently of TRPC1
[110, 111]. However, TRPC1-mediated Ca2+ influx is the main source for Ca2+ in
the regulation of NFκB [9, 10] and KCa channel in salivary glands [70], as well as Ca
2+-dependent Cl- channel in pancreatic ducts [69].

Targeting of TRPC1 to regions in the cell periphery, near ER-PM junctions,
where it can be regulated by STIM1 and Orai1 is a critical determinant in the
regulation of its function. TRPC1-containing vesicles can be detected in the
sub-plasma membrane region [9]. This localization is essential for TRPC1-
containing vesicles to detect the local Ca2+-signal generated by Orai1, and be
inserted into the plasma membrane. Since STIM1 also co-clustered with Orai1,
TRPC1-STIM1 association is facilitated for channel activation. Internalization of
TRPC1 from the plasma membrane, and its transport to this region, is determined by
endocytic and exocytic vesicular trafficking pathways, respectively. A recent study
reported by de Souza et al. [112] identified the essential vesicular compartments and
Rab proteins involved in regulating intracellular trafficking of TRPC1 [112]. This
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study demonstrated that TRPC1 is trafficked via a fast-endocytic recycling pathway
which involves Rab5 and Rab4. Importantly, this recycling achieves clustering of
TRPC1 within ER-PM junctions where STIM1 clusters in response to ER-Ca2+ store
depletion. The authors reported that expression of Rab5 increased the retention of
TRPC1 in early endosomes, leading to reduction of surface expression of TRPC1
and decrease in SOCE. Co-expression of Rab4 with Rab5, but not STIM1 or Rab11,
rescued routing of TRPC1 to the plasma membrane. Notably, while STIM1 is
required for recruitment of TRPC1 into the plasma membrane and activation after
cell stimulation, it is not involved in intracellular trafficking of the channel
[112]. This study also showed that internalization of TRPC1 occurs via an endocytic
pathway mediated by Arf6 that is independent of clathrin and Cav-1. More impor-
tantly, the effects of Rab5 and Arf6 were highly specific for TRPC1, leaving Orai1
and STIM1 unaffected. Thus, mechanisms that regulate/affect plasma membrane
expression of TRPC1 also control the modulation of SOCE-generated Ca2+-signals
in cells where TRPC1 is present and contributes to Ca2+ entry. Further studies are
required to determine the exact mechanisms involved in Ca2+-dependent exocytosis
of TRPC1-vesicles within the ER-PM junctions.

Other than the important finding that it is triggered by local [Ca2+]i elevations
mediated by Orai1, there are no data to conclusively demonstrate that it is a Ca2+-
dependent process. Ca2+ sensors or other proteins involved in driving the fusion,
such as v-SNAREs and t-SNAREs, that are involved in TRPC1-trafficking have not
been identified [9]. The study reported by Cheng et al. [9] argues against a “kiss and
run” mechanism for TRPC1 insertion as removal of external Ca2+ after channel
insertion did not alter plasma membrane levels of TRPC1. Some possible insights
into the final step in TRPC1 trafficking comes from studies which show that
treatment of human platelets with botulinum toxin significantly decreased SOCE
by causing the cleavage and inactivation of SNAP-25 [113]. In endothelial cells,
stimulation with thrombin induced assembly of TRPC1 with RhoA and IP3R, and
subsequent translocation of the channel to the plasma membrane. Inhibition of RhoA
reduced expression of TRPC1 in the plasma membrane and also adversely affected
TRPC1-IP3R association and attenuated SOCE [66].

11.4 Plasma Membrane Domains in Regulation of SOCE

A number of recent studies suggest that several factors contribute to the assembly of
the ER-PM junctions where the regulation of SOCE takes place. There is general
agreement that rapid and specific rearrangement of critical proteins within ER/PM
junctions control regulation of Ca2+ entry, transduction of intracellular Ca2+ signals,
as well as contribute to the stability of the domain and channel complexes. It has
been reported that the membrane environment surrounding the Orai1–channel com-
plex is remodeled or changed after channel activation. Specific regulatory proteins
required for modulating SOCE, such as the SOCE-associated regulatory factor
(SARAF) which mediates Ca2+-dependent inactivation of Orai1, bind to STIM1
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and are recruited to the channel complex [114]. Other proteins like STIMATE
interact with STIM1 to enhance its interaction with Orai1 within the junctions.
STIMATE requirement for TRPC1/STIM1 interaction has not been reported. It is
increasingly clear that lipid components within the plasma membrane also play a
critical role in the assembly as well as regulation of the proteins involved in SOCE.
For example, a PIP2 binding protein, Septin, has been recently shown to be required
for SOCE [115]. Septin is recruited to ER-PM junctional domains and is required for
PIP2 remodeling which appears to mediate assembly of Orai1/STIM1 channels.
Other proteins associated with ER-PM junctions containing STIM1/Orai1 are
E-Syt1 and Nir2 [116]. E-Syt1 functions as an ER-to-PM tether and recruits Nir2
to ER-PM junctions where it mediates PIP2 replenishment after cell stimulation.
Both E-Syt1 and Nir2 are co-localized with STIM1 within these junctions. Interac-
tion of SARAF with STIM1 is dependent on E-Syt1-dependent remodeling of PIP2
in ER-PM junctions, as is the stabilization of STIM1 clusters and assembly of
STIM1/Orai1 complex [117]. Most notably, the STIM1-Orai1 complex is initially
assembled within a relatively PIP2-poor domain within ER-PM junctions and
SARAF does not bind to STIM1 under this condition, allowing maximal Ca2+ influx.
The STIM1-Orai1 complex subsequently translocates to a relatively PIP2-rich
domain, which allows SARAF to interact with STIM1 and limit Orai1 function
[117]. Alternately, remodeling of PIP2 around the channel could cause the same
effect on SARAF recruitment and channel function. Hence, relatively rapid
remodeling of PIP2 might be required for regulation of Orai1/STIM1 channel.
Changes in PIP2 status in the plasma membrane could be mediated through direct
PIP2 remodeling or by remodeling of the underlying cortical cytoskeleton.

Relatively high amounts of PIP2 are associated with biochemically distinct lipid
domains in the plasma membrane called lipid raft domains (LRDs) (Fig. 11.2). These
domains are also enriched in cholesterol and sphingolipids. These membrane regions
can be identified based on their relative insolubility in certain detergents at 4oC and
their buoyancy on sucrose gradients. Two major types of LRDs have been identified
in the plasma membrane, those that contain the cholesterol binding protein, caveolin-
1 (Cav-1), and those that do not. The former, known as caveolae, form smooth
cholesterol-sensitive and flask-shaped invaginations (50–100 nm) that are found in
the plasma membrane of many cell types. In addition to Cav-1, other caveolins
(Cav-2, Cav-3) and cavins (Cavin-1 to -4) are also present in the caveolae. Caveolae
are predicted to contain between 100 and 200 Cav-1 molecules each, but the minimal
Cav-1 oligomer, ~15 Cav-1 molecules, can form oligomerized Cav-1 microdomains
that are referred to as the Cav-1 scaffold domain. These non-caveolar Cav-1
microdomains represent raft structures that can recruit signaling proteins and present
it to the larger stable caveolar structures [118, 119]. Importantly, Cav-1 has a
scaffolding region (aa 82–101) that mediates its binding tomultiple signaling proteins
[120]. Interaction with Cav-1 facilitates the assembly of its interacting proteins in
LRDs. Depending on the type of cell and the location of the LRD, these complexes
could carry out a diverse range of cellular signaling. It has also been proposed that
caveolar invaginations could facilitate interactions between proteins localized in
caveolae with those in intracellular organelles, such as the ER [121]. Thus, caveolae
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have been suggested to be the microdomains for the assembly of Ca2+ signaling
machinery and regulation of SOCE [18, 122–125].

It was previously believed that all LRDs are stable domains that provide plat-
forms for the assembly of signaling complexes and for mediating processes such as
endocytosis. However, new models depict LRDs as much more diverse as well as
dynamic structures that vary in size (recently reviewed by Ong and Ambudkar [21]).
LRDs are small dynamic domains (<200 nm) where proteins are transiently
anchored under resting conditions and in response to stimulation of signaling events,
these domains can fuse to create larger and more stable signal transduction platforms
or fuse into existing larger signaling complexes [126–128]. Stability of the larger
LRD is conferred by protein–protein and/or protein-lipid interactions. Such a pro-
cess also results in stable accumulation of proteins at sufficiently large concentra-
tions within specific cellular domains which promotes interactions with regulatory
components or target proteins. Together, these findings suggest that lipid rafts can
form an efficient platform for the compartmentalization of signaling machinery.
Scaffolding proteins might be recruited into LRDs and serve as an anchor by binding
to the underlying cytoskeleton. Interactions between LRD and cytoskeletal compo-
nents can contribute to the regulation of its assembly/clustering as well as cytoskel-
etal dynamics [129, 130]. These cytoskeletal components include actin, tubulin,
vinculin, filamin, and tau [131, 132]. Moreover, LRDs themselves can cluster and
this clustering may depend upon tethering between cholesterol and actin [133]. It is
suggested that remodeling of actin cytoskeleton can control the lateral diffusion of
membrane proteins and lipids that are recruited within the LRD [134, 135]. For

Fig. 11.2 The SOCE-associated Ca2+ signaling microdomain. See text for description
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example, if Orai1, which is thought to undergo lateral diffusion in the plasma
membrane, were recruited into lipid rafts, this type of “fence” might limit its
diffusion. Similarly, STIM1 and other SOCE-associated proteins which are mobile
in the resting state could get “trapped” within this domain (Fig. 11.2). The presence
of STIM1 clusters within ER-PM junctions would facilitate retention of Orai1 and
TRPC1 within the same domain. The combination of lateral membrane movement
and interaction between membrane proteins within LRD, as well as between the
LRD and membrane proteins, with the cytoskeletal and tethering components can
control the rate and specificity as well as spatial characteristics of physiologically
important responses [21].

11.5 PMCA, SERCA and Ca2+ Signaling Microdomains

Key proteins that contribute to regulation of cellular Ca2+ homeostasis and associ-
ated with SOCE and TRPC channel microdomains are the SERCA, sarco-
endoplasmic reticulum calcium pump, and PMCA, plasma membrane calcium
pump [136, 137] (Fig. 11.2). Both of these Ca2+ pumps affect SOCE as they pump
Ca2+ out of the cytosol, thereby reducing feedback inhibition of Orai1 and TRPC
channels by an increase in [Ca2+]i. While SERCA’s primary role is to refill the
ER-Ca2+ store, PMCA pumps Ca2+ across the plasma membrane to prevent cellular
overload [138, 139]. Importantly, PMCA has been reported to associate with
TRPC1/STIM1 complexes and Orai1/STIM1 complexes in
co-immunoprecipitation studies [140, 141]. Interestingly, PIP2 which has emerged
to be critical for regulating SOCE, also regulates PMCA. It was proposed that PIP2 is
a physiological activator of the PMCA pumps [142]. A similar proposal was made
for plasma membrane Na+/Ca2+ exchangers [143], although the latter has not been
studied in detail in tissues other than cardiac muscle and neurons. The main regulator
of PMCA activity is calmodulin, which on binding Ca2+, stimulates Ca2+ efflux both
by increasing Vmax and decreasing the Km for Ca2+. The lipid environment has also
been shown to be an important regulator of PMCA activity which is stimulated by
acidic phospholipids and long-chain polyunsaturated fatty acids [144]. Cationic
domains on the cytoplasmic side of PMCA bind PIP2. It has been proposed that
once agonist stimulation triggers hydrolysis of PIP2, the pump should immediately
become less active. However, it will be activated again by Ca2+, via calmodulin.
Caveolae have also been shown to concentrate the PMCA pumps [145]. Some data
suggest that PIP2 is generated and maintained within LRD [146, 147], which are also
sites where Orai1/STIM1 and TRPC1/STIM1 are regulated [18]. PMCA has been
demonstrated to co-immunoprecipitate with TRPC channels, TRPC1 and TRPC3
[148–150]. Interestingly, PMCA has been shown to be regulated by STIM1
[151]. Thus [Ca2+]i increases due to SOCE are regulated by STIM1 by activating
Orai1 and inhibiting PMCA [152]. The main role PMCA has in SOCE is most likely
the regulation of [Ca2+] so as to decrease Ca2+-dependent feedback of the SOCE
channels and maintain optimal [Ca2+]i for activation of downstream effectors. It is
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interesting that the “b” isoforms of PMCA contain PDZ-binding domains ([153]; see
Fig. 11.2) and can thus interact with a number of proteins, such as MAGUKs,
PSD95, NOS-1, etc., that have PDZ domains. Such interactions helps to compart-
mentalize PMCA into signaling complexes where the Ca2+ pump can regulate local
[Ca2+]i, so as to regulate proteins that reside in or are recruited to the microdomain.
PIP2 regulation of the pump might also be mediated locally within the micro-domain
([142, 144, 154]). This will allow the PMCA to fine tune local [Ca2+] within ER-PM
junctions where Orai1/STIM1 complexes are assembled.

The SERCA is the third component in the regulation of SOCE and Ca2+-
microdomains. It colocalizes with STIM1 and Orai1 at puncta which allows efficient
filling of the ER-Ca2+ stores with minimal diffusion of Ca2+ within the cell
[155]. The proximity of SERCA to the site of Ca2+ entry allows it to detect local [Ca
2+] which can be relatively high [155]. The loading of ER-Ca2+ depends on the
extent of Ca2+ leak in the ER, amount of Ca2+ entry, and uptake into ER. The spatial
architecture of the ER-PM junctions involved in SOCE may also initiate the cou-
pling between SOCE and Ca2+ uptake into the ER via SERCA. Some reports show
localization of SERCA near STIM1/Orai1 [140, 156]. Of course, the stoichiometry
of Orai1, STIM1 and SERCA, would be a critical determinant in the maintenance of
Ca2+ homeostasis.

11.6 The Role of Lipid Raft Domains in the Regulation
of TRPC1

LRDs have been previously proposed to facilitate the enrichment of key Ca2+

signaling proteins and control functional interactions between proteins that are
required for generating, modulating and regulating [Ca2+]i signals [16–18,
125]. The polybasic tail region of STIM1 contains a consensus PIP2-interacting
sequence [157, 158]. Deletion of this domain in STIM1 or STIM2 disrupts clustering
of the proteins in ER-PM junctions. Overexpression of Orai1 rescues STIM1ΔK
clustering, which in turn can gate the channel via SOAR-domain interactions. Thus,
PIP2-rich plasma membrane domains, which include LRDs, are likely to be critical
in the regulation of SOCE by STIM1. Consistent with this, several studies have now
shown that disruption of lipid rafts alter the interactions of STIM1 with plasma
membrane channels, Orai1 and TRPC1, and consequently attenuate SOCE [18, 95,
159].

Early studies with TRPC1 demonstrated that TRPC1 associates with LRDs upon
stimulation of cells and that disruption of LRD by treatment with the cholesterol
depleting reagents, such as methyl-β-cyclodexrin attenuates SOCE and inhibits
TRPC1 partitioning, without affecting intracellular Ca2+ release. There are several
examples of signaling proteins that partition into membrane raft regions under
specific conditions. For example, Ras is known to associate with LRD only in its
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inactive GDP-bound state [160]. In contrast, the muscarinic receptor is reported to
move into these domains upon binding to an agonist [161]. Caveolar LRD have been
proposed to act as scaffolds for pre-assembled signaling complexes, including those
involved in Ca2+ signaling, which allows the proteins in the complex to be activated
following stimulation of cells [16, 18, 123]. Data first reported by Lockwich et al.
[162] demonstrated that key Ca2+ signaling proteins, including Gαq/11 and IP3R, are
assembled in a complex with TRPC1 and Cav-1. This study identified two putative
caveolin-binding domains in TRPC1 in the N- and C-terminal regions, amino acid
residues 281–307 and 626–635, respectively. Subsequently, others reported that
mutations in the N-terminal caveolin-binding domain caused loss of plasma mem-
brane scaffolding of TRPC1 together with decrease in SOCE [161]. Thus, these data
indicated that TRPC1/SOCE localized to specialized, spatially restricted plasma
membrane microenvironment and suggested that the integrity of the LRD is critical
for the regulation of SOCE. Several TRPC-SOCE channels have been reported to be
localized within the lipid rafts and perturbing the integrity of LRDs (i.e. by depletion
of cholesterol) impacts Ca2+ entry in all these cases. All mammalian TRPC proteins
have putative Cav-1 binding domains in their N- and C-termini and all TRPC
proteins have been associated with LRDs [18, 163]. Examples of TRPC1/SOCE
association with LRD are as follows: TRPC1 in human salivary gland cells [95, 162,
163], C2C12 skeletal myoblasts [164], striated muscle (as recently reviewed by
Sabourin et al. [165]), polymorphonuclear neutrophils [166], endothelial cells [167],
human platelets [168], THP-1 monocytic cells [169] and mouse spermatogenic cells
and sperm [170].

Importantly, these early studies demonstrated that the ER is located within this
microdomain as IP3R and SERCA, both ER proteins, were immunoprecipitated with
TRPC1. The hypothesis proposed at the time was that protein-protein interactions
facilitated by the molecular architecture of the domain determine the activation and
inactivation of TRPC1/SOCE. However, it was not clear whether LRD disruption
interfered with the channel function directly or with the mechanism regulating its
activation. Recent studies establish and confirm that critical components and mech-
anisms associated with SOCE are dependent on LRD and plasma membrane PIP2.
Most importantly, STIM1 was shown to associate with LRD which increased upon
stimulation [95, 159]. The polybasic PIP2-binding domain of STIM1 is likely to be
critical in this STIM1-LRD interaction. Disruption of LRD attenuates STIM1
association with LRD and its interaction with TRPC1, which is accompanied by a
reduction in SOCE [95]. It is interesting to note that while LRD disruption causes
decrease in SOCE by impacting both Orai1/STIM1 and TRPC1/STIM1, loss of
Cav-1 affects only TRPC1. Although it has not yet been established, based on the
available data with STIM1, we can hypothesize that STIM2 is also partitioned into
LRD. Its higher affinity for PIP2 and lower affinity for Ca2+ in the ER-lumen likely
determine its partitioning under resting and stimulated conditions. Orai1 has also
been shown to have a caveolin binding domain [171]. Moreover, as noted above,
regulation of Orai1/STIM1 function is altered by the status of plasma membrane
PIP2. Thus, future studies are required to determine the dynamic nature of plasma
membrane lipids within SOCE-associated ER-PM junctions and to identify changes
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in Orai1 and TRPC1 activation and regulation that are triggered by lipid dynamics.
The STIM1-dependent gating site in TRPC1-C-terminus (aa 639–640; DD) lies very
close to the putative Cav-1 binding site (aa 626–635). Although it is unclear whether
both the N- and C-terminal Cav-1 binding domains contribute to Cav-1 binding, it is
interesting to speculate that displacement of Cav-1 binding from this region could
lead to TRPC1 activation. This speculation is based on the dissociation of TRPC1
and caveolin after store depletion which is associated with TRPC1-STIM1
association.

11.7 Conclusions

Localization of the calcium channels (e.g. TRPC1, Orai1) that are involved in
SOCE, as well as their regulatory proteins (e.g. STIM1, STIM2), within the narrow
confines of the ER-PM junctions facilitates the interactions between them and
determines the rate and specificity of these interactions. Increasing evidence supports
the concept that the amplitude and temporal pattern of [Ca2+] increase near the
channel pore can be quite different from that measured globally. Local and global
[Ca2+] are utilized by cells for regulation of distinct cellular functions. Although
recent studies have provided knowledge of new proteins and mechanisms that are
involved in assembly and stabilization of the ER-PM junctions, further studies are
required to determine the exact mechanisms involved in the dynamic remodeling of
these junctions. Importantly, a large number of studies have been carried out using
exogenously expressed proteins and cell lines. Thus, the status of these junctions in
native cells and their physiological relevance remain largely unknown. Another
major area where there is a knowledge gap is whether all ER-PM junctions involved
in SOCE are similar; i.e. is the regulation of SOCE or architecture of the ER-PM
junction different depending on cell type and/or region of the cell. For example, we
know that SOCE complexes can include Orai1/STIM1 or TRPC1/Orai1/STIM1 and
that these are involved in regulation of distinct cellular functions. So, the question
then arises as to whether the architecture and composition of the ER-PM junctions,
where these two channel complexes are assembled, are different from each other.
Future studies should be focused towards elucidating these aspects of ER-PM
junctions and molecular components involved in SOCE.
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Chapter 12
Beyond Intracellular Signaling: The Ins
and Outs of Second Messengers
Microdomains

Riccardo Filadi, Emy Basso, Konstantinos Lefkimmiatis, and Tullio Pozzan

Abstract A typical characteristic of eukaryotic cells compared to prokaryotes is
represented by the spatial heterogeneity of the different structural and functional
components: for example, most of the genetic material is surrounded by a highly
specific membrane structure (the nuclear membrane), continuous with, yet largely
different from, the endoplasmic reticulum (ER); oxidative phosphorylation is carried
out by organelles enclosed by a double membrane, the mitochondria; in addition,
distinct domains, enriched in specific proteins, are present in the plasma membrane
(PM) of most cells. Less obvious, but now generally accepted, is the notion that even
the concentration of small molecules such as second messengers (Ca2+ and cAMP in
particular) can be highly heterogeneous within cells. In the case of most organelles,
the differences in the luminal levels of second messengers depend either on the
existence on their membrane of proteins that allow the accumulation/release of the
second messenger (e.g., in the case of Ca2+, pumps, exchangers or channels), or on
the synthesis and degradation of the specific molecule within the lumen (the auton-
omous intramitochondrial cAMP system). It needs stressing that the existence of a
surrounding membrane does not necessarily imply the existence of a gradient
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between the cytosol and the organelle lumen. For example, the nuclear membrane is
highly permeable to both Ca2+ and cAMP (nuclear pores are permeable to solutes up
to 50 kDa) and differences in [Ca2+] or [cAMP] between cytoplasm and nucleoplasm
are not seen in steady state and only very transiently during cell activation. A similar
situation has been observed, as far as Ca2+ is concerned, in peroxisomes.

Keywords Ca2+ signaling · cAMP · ATP · Second messengers · Microdomains ·
cAMP sensors · Ca2+ sensors · ER · Mitochondria · PKA · PDE

12.1 Introduction

A typical characteristic of eukaryotic cells compared to prokaryotes is represented by
the spatial heterogeneity of the different structural and functional components: for
example, most of the genetic material is surrounded by a highly specific membrane
structure (the nuclear membrane), continuous with, yet largely different from, the
endoplasmic reticulum (ER); oxidative phosphorylation is carried out by organelles
enclosed by a double membrane, the mitochondria; in addition, distinct domains,
enriched in specific proteins, are present in the plasma membrane (PM) of most cells.
Less obvious, but now generally accepted, is the notion that even the concentration
of small molecules such as second messengers (Ca2+ and cAMP in particular) can be
highly heterogeneous within cells. In the case of most organelles, the differences in
the luminal levels of second messengers depend either on the existence on their
membrane of proteins that allow the accumulation/release of the second messenger
(e.g., in the case of Ca2+, pumps, exchangers or channels), or on the synthesis and
degradation of the specific molecule within the lumen (the autonomous
intramitochondrial cAMP system). It needs stressing that the existence of a sur-
rounding membrane does not necessarily imply the existence of a gradient between
the cytosol and the organelle lumen. For example, the nuclear membrane is highly
permeable to both Ca2+ and cAMP (nuclear pores are permeable to solutes up to
50 kDa) and differences in [Ca2+] or [cAMP] between cytoplasm and nucleoplasm
are not seen in steady state and only very transiently during cell activation. A similar
situation has been observed, as far as Ca2+ is concerned, in peroxisomes.

A substantial heterogeneity in both protein and small molecule levels are also
observed in the cytosol at rest and more dramatically during stimulation. Thus
proteins are differentially enriched in specific regions, e.g., synapses, lipid rafts or
caveolins, or can move from cytoplasm to membranes (and vice versa) upon receptor
stimulation or channel opening, e.g., protein kinase C, phospholipase C etc. The
existence of cell subdomains, macro-, micro- or nano-domains, has thus become a
familiar concept for cell biologists, often invoked to explain unexpected results
(sometimes with no direct evidence supporting their existence). It is obviously
beyond the purpose of the present contribution to discuss how heterogeneities of
different proteins, lipids or metabolites are generated and their importance in cell
pathophysiology. Here we will concentrate primarily on the dynamic spatial hetero-
geneity in the concentration of the two most abundant second messengers, Ca2+ and
cAMP. We will focus not on the different mechanisms that lead to the existence of
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gradients between the lumen of organelles and the cytosol, but rather on the
generation and role of local micro- or nano-domains during cell activation. We
will also briefly discuss the heterogeneity and microdomain functional importance
of other small molecules, such as ATP.

12.2 The Microdomain Concept

The term “microdomain” refers to subcellular regions chemically and/or physically
different from the close environment. Usually, a microdomain is defined as a zone in
which the concentration of a given molecule is distinguishable from that in the
surrounding areas. From a spatial point of view, these regions range from few nm
(nanodomains) up to few μm; for some metabolites/signaling molecules the exis-
tence of concentration gradients, involving a substantial portion of the cell that
extends for several μm (macrodomains), have also been reported [1, 2] (and see
below). Given that an exact spatial definition of nano- micro- and macrodomains is
not available, we will use the term “microdomains” for a general definition of spatial
heterogeneities within the cell, independently of their size. Only in a few cases,
where the spatial domain is clearly defined in terms of size, we will refer specifically
to nano-, micro- or macro-domains.

Microdomains are highly dynamic and their size varies over time, according to
the specific type of microdomain and cellular context. Importantly, often their
confinement is not rigid and only in few cases they are delimited by membranes.
In particular, the concept of heterogeneity in the subcellular molecular composition,
and its importance in cell physiology, is immediately clear when referred to the
presence of membrane-enclosed organelles, endowed with specific luminal proteins
and ions concentrations, distinct from those in the cytosol. Organelles are not usually
included among classical microdomains, though the delimiting membranes clearly
distinguish and isolate their luminal content from the rest of the cytosol. Accord-
ingly, the heterogeneities in ion concentrations among different luminal regions of
the same organelle will be briefly discussed below. On the other hand, more elusive
is the notion of microdomain referred to the generation, in restricted regions, not
limited by a membrane, of appreciable increases (or decreases) in the concentration
of a certain molecule. For example, upon the opening of specific Ca2+ channels, the
rapid rise in [Ca2+] near their mouths is classically associated with the generation of
spatially confined Ca2+ microdomains within the cytosol, whose extension (both
spatial and temporal) depends on a number of factors, including the nature of the
channels, their location, the gradient of [Ca2+] between the two sides of the channels,
the presence of different Ca2+ buffers able to bind the cation and to shape the
microdomain (see below). As a general concept, the essential condition for the
generation of microdomains is the presence, within a specific region, or in its
immediate surroundings, of a reservoir and/or a source of the involved molecules.
This reservoir is typically represented by a discrete compartment/organelle, in which
the molecules are stored/accumulated, endowed with the ability to quickly release
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part of them in specific conditions. In other cases, a spatially restricted accumulation
of enzymatically active proteins is responsible for a localized production of the
metabolite resulting from the reaction they catalyze and, of course, for the
overlapping depletion of their substrate. This local enrichment of certain enzymes
is usually obtained by limiting their diffusion through membrane anchorage or
binding to fixed partners/structures. However, in its broad meaning, the term
microdomain denotes not only a transient increase in the concentration of a mole-
cule, but also a decrease. In this case, a localized sink-like activity must be present.
This activity can be represented by a pump (capable of capturing molecules and
accumulating them in a separate compartment), an enzymatic activity (responsible
for their clearance/transformation), the presence of buffers (that sequester them), or a
favorable chemical and/or electrical gradient (capable of generating a net flux that
subtracts the molecules from a region and accumulates them in another). While
evidence for microdomains with a concentration of a given molecule higher than that
in their immediate surroundings is firmly established and intensively investigated,
the nature and existence of microdomains with lower concentrations has been only
marginally addressed (see below).

It is important to stress that microdomains are not only dynamic in terms of spatial
distribution, but also of temporal duration (from a few μs to minutes). As a typical
example, the modulation of the opening time of a channel, or its oscillatory activity
alternating closed and open states with variable frequency, is responsible for the
generation of extremely short or more long-lasting microdomains. The combination
of these two (spatial and temporal) qualitatively distinct, but often strictly
interdependent, levels of dynamism, further increases the complexity at the basis of
microdomain generation and dissolution. This endows microdomains with the ability
to regulate and finely tune many diverse intracellular processes. Last but not least, the
generation of microdomains largely depends on the diffusion rate of the molecule.
Thus microdomains of the slowly diffusing Ca2+ ion are an accepted concept whereas
microdomains of very rapidly diffusing ions such as K+, Na+ or Cl�, though theo-
retically possible, are expected to be of extremely small size and short duration.

12.3 Ca2+ Microdomains

The rise in cytosolic Ca2+ concentration [Ca2+] can modulate a number of key cellular
responses, ranging from cell proliferation to neurotransmitter release all the way to
cell death. This remarkable flexibility of Ca2+ poses the problem of how the signal can
achieve the necessary specificity. In fact, most Ca2+ signals are delivered as brief
transients that can be organized into regular oscillations, and it has been demonstrated
that both the frequency and the amplitude of the signals [3, 4] contain the necessary
information, which is specifically decoded by the target(s). In addition, a third layer of
control is given by the specific location and spatial constraint of the Ca2+ signal
through the generation of [Ca2+] microdomains: discrete regions of the cytoplasm that
experience a transient [Ca2+] gradient with respect to the rest of the compartment. In

282 R. Filadi et al.



the majority of eukaryotic cells, the bulk cytosolic free calcium concentration is
maintained approximately at 100 nM, against an extracellular [Ca2+] of over 1 mM;
this concentration difference creates a steep gradient that largely favors Ca2+ entry
into the cell. The existence of a negative potential across the PM further increases the
tendency of Ca2+ to enter the cell. Ca2+ levels higher than in the cytosol are found
within the lumen of most organelles. Various pumps and exchangers contribute to
maintaining the resting level of [Ca2+] and ensuring the proper loading of the internal
stores: Ca2+-ATPases (PMCA), Na+/Ca2+ (NCX), and Na+/Ca2+-K+ exchangers
(NCKX) on the PM, the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) in
the ER/SR, the Ca2+ uniporter (MCU) in the mitochondrial inner membrane, and the
secretory pathway Ca2+-ATPase (SPCA) in the membranes of the Golgi apparatus
and of acidic organelles. These Ca2+ accumulation systems have different activity/
thresholds: PMCA, SPCA and SERCA have low transport rates, but high affinity, so
they can respond to modest Ca2+ elevations and set basal Ca2+ levels, while the NCX,
NCKX and MCU have large transport rates but lower affinities and can curb Ca2+

transients over a wider dynamic range. Ca2+ influx from the extracellular medium is
catalyzed by a variety of PM channels, while release of Ca2+ from organelles depends
on other mechanisms, IP3 and ryanodine receptors (IP3Rs and RyRs) in the ER/SR, a
Na+/Ca2+ exchanger (NCLX) in the mitochondria and less well characterized chan-
nels such as the two pores channels in acidic organelles [5]. While transient changes
in [Ca2+] in the cytosol can be triggered by either PM or organelle Ca2+ channel
opening, the long-term steady state [Ca2+] in the cytoplasm is solely dependent on the
equilibrium between the rate of influx and efflux mechanism across the PM (for a
detailed discussion see [6]).

The opening of a Ca2+ channel in the PM or in the membrane of a Ca2+ storing
organelle produces a local increase in [Ca2+]cyt which can be orders of magnitude
higher than bulk cytosolic [Ca2+]. Pioneering work that compared the rate and extent
of activation of exocytosis in neurons [7, 8], in chromaffin cells, or at the level of
neuromuscular junction [9–11] estimated that [Ca2+] at the channel mouth could
increase to over�100 μM. This large increase in local [Ca2+], coupled to the presence
of target molecules close to the channel, ensures a rapid and focal activation of
specific cell functions. Theoretical calculations and experimental evidence support
the notion that the local Ca2+ levels depend on the extracellular (or luminal) [Ca2+],
the conductivity of the channel, its ionic specificity and opening time, the distance
from the channel mouth and the Ca2+ buffering capacity of the cytosol [12].

Within the cytosol, Ca2+ interacts with Ca2+ binding proteins, that are either
effectors or simply buffers [13] and of which there are about 200 encoded by the
human genome [14]. Negatively charged phospholipids also represent potential Ca2+

binding sites, though their role (both quantitatively and qualitatively) has not been
extensively investigated. The majority of Ca2+ that enters the cytosol binds to the
buffers/effectors: fixed and diffusible Ca2+ buffers shape the spatial and temporal
distribution of Ca2+ microdomains. Endogenous Ca2+ buffers can reach very high
concentrations in the cytoplasm: calibrated immunohistochemistry experiments have
shown that parvalbumin in cerebellar basket cells reaches a concentration of 0.6 mM
[15]. Experiments with recombinant L-Type Ca2+ channels fused to single
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calmodulin molecule allowed to estimate the concentration of calmodulin near the
channel at values as high as 2.5 mM [16]. The various Ca2+ buffers have different
properties (as indicated above, they can be fixed or mobile, with high or low affinity)
and different expression patterns in different cells; in this way, the spatial and
temporal properties of Ca2+ signals can substantially vary in any specific cell type
even upon opening of the same Ca2+ channel. Several studies indicate that most
endogenous soluble cytoplasmic buffers have rapid Ca2+-binding rate (kon), in the
range of 7.6 � 108 M�1s�1 [17–19]. These fast endogenous buffers may reduce the
amplitude of Ca2+ transients, and the regulation of buffer expression levels could be a
method to control the efficacy of the signal. In addition, also fixed endogenous buffers
(proteins bound to cytoskeletal elements or to the membrane of local organelles) slow
Ca2+ equilibration in the cytosol but, being immobile, they are more rapidly saturated.
Finally, organelles such as ER or mitochondria, equipped with highly efficient Ca2+

uptake mechanisms, can contribute to local buffering by transporting Ca2+ into their
lumen. Due to the intrinsic relatively slow rate of the Ca2+ uptake process, the
organelles are expected to play a major role in shaping the local Ca2+ gradient only
at later times, compared to classical buffers. Fast buffers can become easily saturated
in the vicinity of the Ca2+ entry site, but would remain largely unsaturated in the
surroundings, creating a gradient of free buffer that sharply focuses the microdomain
in space [20]. On the other hand, mobile buffers contribute to increasing the diffusion
range of Ca2+, spreading it deeply into the cytosol. In this respect, it should be borne
in mind that fluorescent indicators used to image Ca2+ signals also act as Ca2+ buffers,
which can significantly increase Ca2+ buffering capacity, both local and bulk, and can
therefore distort the amplitude and time course of the signal itself [21]. Moreover,
mobile buffers contribute to Ca2+ redistribution. If the Ca2+ indicator is more mobile
than endogenous buffers (e.g., Fura-2whosemobility is estimated to be 2� 10�6 cm2/s
[22]) it can greatly increase the rate of spreading of the Ca2+ signal in the cytosol
[23, 24] and contribute in the dissipation of naturally occurring Ca2+ microdomains.
The more common way to correct for this last artifact is to microinject Ca2+ dyes
bound to large latex particles or to express protein based Ca2+ indicators.

Given the importance of Ca2+ for cell pathophysiology and its multifaceted
signaling functions, it is no surprise that cells express more than one type of Ca2+

channel on the PM, such as the already mentioned Voltage Operated Channels
VOCs, Receptor Operated channels ROCs, Transient Receptor Potential (TRPs),
or store operated channels (such as Orai1). Ca2+ flux through a channel depends on
the electrochemical gradient for Ca2+ and upon the intrinsic physicochemical prop-
erties of the channels in terms of conductance, opening probability and ionic
selectivity; moreover, the heterogeneous distribution of the different channels
along the PM also contributes to the characteristics of the signal and its subcellular
heterogeneity.

The opening of Ca2+ channels on the PM or on the membrane of intracellular Ca2+

stores causes the transient, localized increase of Ca2+ within discrete areas of the
cytoplasm. Depending on the distances traveled by Ca2+ ions before reaching the
sensor, these areas can be roughly categorized into nano- micro- and macro- Ca2+

domains.
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Nanodomains have been described in the presynaptic terminals of neurons where
the influx of Ca2+ from a single Ca2+ channel reaches its sensor located within
<100 nm from the channel itself. The measurement of Ca2+ nanodomains poses
several challenges. First, the small dimensions are beyond the spatial resolution of
conventional fluorescence microscopy. Moreover, although [Ca2+] can reach high
levels (in the order of hundreds of μM), the total amount of Ca2+ ions is very small;
for example, a nanodomain associated with the opening of a single channel is formed
by the flux of approximately 1000 Ca2+ ions [25].

To overcome the limitations imposed by the size of the nanodomain on their
exploration via conventional microscopy, often indirect approaches have been
taken, exploiting the characteristics of two Ca2+ chelators, BAPTA and EGTA,
with comparable affinities for Ca2+, (220 nM and 70 nM respectively [12, 17]), but
very different Ca2+-binding rates (4 � 108 M�1 s�1 and 1 � 107 M�1 s�1,
respectively) [17, 26]. Being so fast, BAPTA can potentially buffer all sorts of Ca2+

signals, while, even high mM EGTA is ineffective in abolishing events occurring
very close to a channel. One of the first and best-studied examples of Ca2+

nanodomain comes from the studies of neurotransmitter release at the squid giant
synapse where low mM BAPTA completely prevents neurotransmitter release [27]
while EGTA is highly inefficient. The alternative use of the two chelators allowed
the demonstration that also the inactivation of L-type Ca2+ channels on the mem-
brane of excitable cells depends on [Ca2+] near the mouth of the channel itself [28]
since the presence of mM EGTA in the cytosol could not prevent channel inhibition
(unlike the much faster chelator BAPTA). More recently, the development of a
genetically encoded Ca2+ sensor (TN-XL) fused to the carboxyl tail of Cav2.2 Ca2+

channel, coupled with TIRF (Total Internal Reflection Fluorescence) microscopy,
allowed the visualization of Ca2+ nanodomains in HEK293 cells [29].

Discrete clusters of Ca2þ channels acting together can produce a microdomain;
this arrangement requires the sensor to be placed within<1 μm from the channels to
allow the detection of the summed signals. The difference in distance between a
nanodomain and a microdomain generate local signals that differ about tenfold in
magnitude: 100 μM versus 10 μM; and approximately 1000-fold in speed (micro-
seconds vs. millisecond) [25]. A functionally especially relevant form of Ca2+

microdomain in the sub PM level is that occurring in heart cells. Ca2+ rises in the
bulk cytosolic compartment governs the contraction of the cardiomyocytes, varying
its concentration by about 50-fold between each heartbeat, from 0.1 μM in diastole to
about 3–5 μM in systole. Initiation of the Ca2+ release from cardiac SR, however,
depends on the generation of a highly localized Ca2+ microdomain at the interface
between the T-tubule and the SR membrane where ryanodine receptors (RyRs) (type
2) are localized. T-tubules are deep, highly branched, invaginations of the PM in
close contact (15 nm) with the cisternae of the SR. At each heartbeat, in response to
the action potential, the generation of an inward Na+ current causes the depolariza-
tion of the membrane and the activation of L-type Ca2+ channels (LTCC). Ca2+

influx through LTCCs into the dyadic cleft generates a local, high [Ca2+]
microdomain that in turn triggers the opening of the RyRs and the subsequent
release of Ca2+ from the SR, by a mechanism known as calcium-induced Ca2+
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release (CICR) [30]. High-resolution imaging has shown that T-tubule invaginations
are not smooth, but host extensive membrane micro folds that generate a diffusion
barrier for ion flow [31]. The loss of T-tubule folding in fact causes a faster diffusion
of Ca2+ and K+ ions prolonging the action potentials and increasing susceptibility to
arrhythmias [31–33]. Due to their small volume (average 4.39 � 105 nm3), dyadic
clefts can experience Ca2+ increase of hundreds of μM during systole [34].

It has been shown that a significant number of LTCC are not found in dyads and
do not seem to contribute directly to excitation-contraction coupling; nevertheless
they are not randomly distributed throughout the sarcolemma, but rather they cluster
and associate with signaling molecules within distinct membrane subdomains, and
this distinctive distribution with the consequent generation of discrete Ca2+ domains
might imply their role in controling different cellular functions [35–37]

On the opposite spectrum of domain dimensions, a Ca2+ “macro”-domain could
be considered the large and sustained increase in Ca2+ that occurs for example in
pancreatic acinar cells (see below) and in T-lymphocytes upon activation. In the
latter case, after a T-cell establishes a stable contact with the membrane of an
antigen-presenting cell, the immunological synapse (IS), the subsequent formation
of IP3 elicits the release of Ca2+ from the ER and, in turn, Ca2+-store depletion
produces the activation of Orai channels. The high intracellular [Ca2+] that follows
the opening of Orai channels can last from a few minutes up to several hours and is
limited to only part of the cytoplasm, opposite to the IS. This unexpected localization
of the macrodomain has been proposed to be due to the action of mitochondria that,
upon activation, redistribute close to the PM, in the proximity of the open channels
[38, 39]. The mitochondrial contribution to lowering Ca2+ microdomain in proxim-
ity of the IS, also results in a reduction, at least in part, of the Ca2+-dependent Orai1
inactivation [40]. It has also been proposed that PMCA pumps too concentrate at the
level of IS [39], where they compete for Ca2+ with mitochondria, and this PMCA
displacement could participate in maintaining high [Ca2+] in the cytosolic region
opposite to the site of receptor activation. A similar Ca2+ macrodomain has been
observed in neutrophils exposed to a chemotactic gradient [41].

Other characteristic membrane subdomains (present in several cell types), the
caveolae, are flask-shaped membrane invaginations [42]. In heart cells, caveolae
cluster at the neck of T-tubules and contribute not only to increasing the total PM
surface, but also augment the spatial complexity of the T-tubule lumen [43]
[44]. Caveolae are enriched with a subset of LTCC [45] and also with β2 adrenergic
receptor (β2-AR) [46], allowing the β-adrenergic system to efficiently regulate Ca2+

signaling [47]. The clusterization of specific Ca2+ channels with different regulators
and different signaling molecules could produce microdomains with distinct regu-
lation and functions [48–50].

Ca2+ governs the rhythmic beat-to-beat contraction of individual cardiomyocytes,
but it controls also signaling events that regulate gene expression. Given the remark-
able, regular concentration fluctuation, it is still debated how Ca2+-activated
signaling-proteins can discriminate between contractile Ca2+ and signaling Ca2+. It
has been proposed that Ca2+-control of gene transcription in cardiomyocytes occurs
via the propagation of the cytosolic Ca2+ oscillation into the nucleus, and in particular
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of high frequency oscillations. Specifically, it has been shown that an increase in the
frequency of the Ca2+ transients could affect hypertrophic signaling via the activation
of calcineurin (CaN) and the consequent nuclear translocation of the nuclear factor of
activated T-cells (NFAT) transcription factor [51]. The proposal was that an NFAT
integrates the brief Ca2+ signals of each contraction-relaxation cycle, resulting in a net
translocation of the transcription factor as a function of the frequency of the [Ca2+]cyt
oscillations. Moreover, an increase in the frequency of Ca2+ transients can result in an
increase in diastolic Ca2+, and this could represent a sustained Ca2+ signal known to
activate CaN [52]. Several animal models of enhanced diastolic Ca2+ have been
produced through mutations of ER Ca2+ channels or Ca2+ pumps [53, 54], or
modifying specifically the cardiac expression of Na+ exchangers [55], and they all
show a significant activation of the CaN-NFAT and Ca2+/calmodulin-dependent
protein kinase II (CaMKII) signaling resulting in cardiac hypertrophy [56]. In recent
years, it has been proposed that also Ca2+ segregation within subcellular
microdomains could regulate gene transcription. The generation of nuclear Ca2+

signals could arise from Ca2+ released through rough ER membranes closely associ-
ated with the nuclear envelope [57]. In addition, given its continuity with the ER, the
nuclear envelope itself can function as a perinuclear Ca2+ store capable of releasing
Ca2+ into the nucleus in response to specific signals [58]; in fact, FRAP experiments
using Fluo-5 have shown in adult cardiomyocytes that the lumen of the SR and the
perinuclear space are highly interconnected, and this can enable the rapid diffusion of
intraluminal Ca2+ into the nucleus [59]. Invaginations of the outer and inner nuclear
membrane deep into the nuclear matrix can provide a further compartmentalization of
the Ca2+ signal [60]. These structures are enriched in Ca2+ channels (primarily IP3Rs)
and their strategic localization could provide the gating for nuclear Ca2+ signals
[61, 62]. For a detailed description of the current data and models explaining the
interplay between contractile and signaling Ca2+ in cardiomyocytes the interested
reader is referred to two comprehensive reviews [63, 64].

12.4 Ca2+ Microdomains at the ER-Mitochondria
Interface: Generation and Functional Significance

Mitochondrial Ca2+ uptake was first described in the 60s in isolated mitochondria
[65]. Ultimately, the uptake depends on the activity of the respiratory chain and the
generation, across the inner mitochondrial membrane (IMM), of an electrochemical
gradient, negative on the side of the matrix (Δψ, ~�180 mV). The process of
mitochondrial Ca2+ uptake is controlled and shaped by specialized transport mech-
anisms, whosemolecular identity has been clarified only in the last few years [66, 67],
revealing a previously unexpected complexity. An overview of the identity/activity
of the proteins that form and regulate the so called “mitochondrial Ca2+ uniporter”
(MCU) complex (MCUC), as well as of other transporters that allow Ca2+ efflux from
mitochondrial matrix after its uptake, is beyond the scope of the present contribution
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and interested readers are referred to recent reviews [68–71]. Here, we limit ourselves
to some aspects of the process that are modulated by the generation of high-
concentration Ca2+ microdomains (Ca2+ hot-spots) on the outer mitochondrial mem-
brane (OMM). In particular, the relatively low affinity ofMCU for Ca2+ (Kd ~ 15 μM)
has been believed for long time not to be compatible with an appreciable uptake of the
cation from the cytosol, not only at rest ([Ca2+]cyt ~ 100 nM), but also upon cell
stimulation (peaks [Ca2+]cyt ~ 2–3 μM). Thus, in the 1990s, the clear demonstration,
by different genetically encoded Ca2+ indicators targeted to the mitochondrial matrix
[72] (see [73, 74] for reviews on mitochondrial Ca2+ probes), that, after
IP3-dependent Ca2+ mobilization, mitochondria take up Ca2+ with a speed and an
amplitude much higher than the predicted ones, was initially unexpected. To explain
this paradox, it was hypothesized that, in regions where mitochondria are closely
juxtaposed to the ER, Ca2+ hot spots are generated near the mouths of ER Ca2+

channels and experienced by closely located mitochondria [75, 76]. In this way,
MCU is exposed transiently to a local high [Ca2+] microdomain and a prompt uptake
of the cation takes place. Importantly, the existence of such Ca2+ microdomains was
initially postulated on the basis of indirect evidence and onlymore recently has it been
formally demonstrated by employing FRET-based Ca2+ probes targeted to the OMM
[77, 78]. These topics, as well as the significance of ER-mitochondria contacts
beyond Ca2+ transfer and the molecular identity of the proteins keeping the two
organelles at the right distance, have been extensively reviewed and we refer the
readers to a couple of recent contributions [79, 80]. Below, we add further consider-
ations on the generation and propagation of Ca2+ microdomains in this specific
subcellular region, focusing on the different outcomes of the phenomenon, depending
on the cellular context.

Upon maximal IP3-linked cell stimulation and ER-Ca2+ release, it has been
demonstrated that, at the level of the OMM Ca2+ hot-spots, [Ca2+] in the 10–30 μM
range can be reached; i.e., an order of magnitude higher than that in the bulk
cytoplasm [77, 78]. This [Ca2+] is fully compatible with the low affinity for Ca2+ of
the MCUC, allowing its prompt activation and Ca2+ entry into the matrix. However,
before bumping into MCU, Ca2+ has to cross the OMM. This first barrier is largely
permeable to Ca2+ and to small molecules <5 kDa. Thus, compared to the tightly
impermeable IMM, that requires specialized transporters, the passage of Ca2+

through the OMM has received less attention. This passage is believed to occur
thanks to the presence of the voltage-dependent-anion-channels (VDACs), charac-
terized by large conductance and poor selectivity. In mammals, three different VDAC
isoforms exist (VDAC1, VDAC2, VDAC3) [81] and are among the most abundant
OMM proteins. In transgenic mice, only VDAC2 knockout is embryonically lethal,
while VDAC1 and VDAC3 absence is compatible with postnatal life, suggesting that
the three isoforms are only partially redundant. VDAC1 overexpression has been
demonstrated to increase the amplitude of IP3-mediated mitochondrial Ca2+ rises and
to reduce the delay between cytosolic and mitochondrial Ca2+ transients, suggesting
that this channel is particularly efficient in allowing Ca2+ transfer from ER to
mitochondria [82]. Accordingly, in HeLa cells, the separate downregulation of all
the three VDAC isoforms has been shown to slightly decrease histamine-evoked
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mitochondrial Ca2+ uptake, while their overexpression increases it [83]. The rela-
tively modest effects observed upon downregulation of VDACs, as well as the fact
that in VDAC1/3�/� MEFs robust IP3-mediated mitochondrial Ca2+ rises have been
observed [84], suggest that the abundance of these channels, as well as their conduc-
tance, are so high that the partial reduction in their concentration is not enough to
severely compromise the process. A certain grade of specificity between the different
VDAC isoforms, however, has been reported, with VDAC1 specifically involved in
the transfer of low-level, pro-apoptotic Ca2+ transients from ER to mitochondria
[83]. Moreover, VDAC1 has been demonstrated to be physically and functionally
connected to the IP3Rs on the side of the ER, through the cytosolic fraction of the
molecular chaperone glucose-regulated protein 75 (grp75) [85] (Fig. 12.1). The
formation of the IP3R-grp75-VDAC1 complex positively correlates with the process
of mitochondrial Ca2+ uptake, especially at low extra-mitochondrial [Ca2+]
[85]. Interestingly, the assembly of this complex is enhanced by specific apoptotic
stimuli [83]. Thus, the recruitment of the IP3Rs (responsible for ER Ca2+ release) in
very close apposition to VDAC (likely the channel that allows Ca2+ to overcome the
OMM), is employed by the cells to modulate the efficiency of the cation shuttling
from the source (the ER) to the MCU, located in the IMM. On top of that, the very
close apposition (10–30 nm) between ER and OMM in specific regions represents a
side-by-side obstacle, that limits the lateral Ca2+ diffusion and sustains the generation
of the microdomains, further favoring the process of Ca2+ transfer across the OMM.
In addition, SERCA activity has been demonstrated to directly take advantage of the
close apposition with mitochondria, that fuel the pump with ATP [86] (see also
below). Finally, these localized and spatially restricted rises in [Ca2+] are able to
modulate in a bidirectional manner the activity of the IP3Rs per se [87]. Indeed, IP3Rs
activity is known to be modulated by a number of factors, including cytosolic ATP
and Ca2+ levels [88]. Recently, it has been suggested that luminal ER [Ca2+] can
indirectly control the temporal extension of IP3Rs opening [89]. In particular, the
amplitude of the Ca2+ microdomain generated near the mouth of IP3Rs, that depends
on the amount of Ca2+ present within the lumen, can modulate the opening proba-
bility of IP3Rs and induce their closure, switching off the same microdomain fueling.
Interestingly, all three IP3Rs isoforms, differently expressed among tissues, are
regulated in a biphasic way by the [Ca2+]cyt, with low concentrations potentiating
their opening and higher concentrations inhibiting it. Noteworthy, the shape of this
[Ca2+]cyt-dependence is IP3R isoform-specific and a similar specificity has been
observed for their modulation by ATP (reviewed in [90]). Thus, while all these
players add further complexity to the process of Ca2+ microdomains generation/
shaping at the ER-mitochondria interface, at the same time they endow it with a
finely tuneable and extremely sophisticated flexibility.

Once Ca2+ has overcome the OMM, it has to cross the mitochondrial
intermembrane space (IMS) before reaching the MCUC, while maintaining a rela-
tively sustained concentration to allow its activation. Although this process has not
been studied in detail, a series of considerations can be extrapolated from the
available data. The fact that, upon an IP3-dependent stimulation, Ca2+ reaches the
IMM with a concentration higher than that observed in the bulk cytosol, has been
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demonstrated by targeting an aequorin Ca2+ probe to the IMS-side of the IMM
[75]. Importantly, the distance between the OMM and the IMM is very short
(~10 nm) [91], limiting the drop in [Ca2+] induced by the distance from the source,
as would be inevitably imposed by Fick’s laws of diffusion (see [79] for a review).
Moreover, the IMS is relatively poor of soluble Ca2+ buffers (that, on the contrary, are
abundant in the cytosol), further favoring a rapid diffusion of the cation within this
compartment. In the IMS, the only known Ca2+ binding sites are immobile and bound
to the IMM, such as the EF-hand domains of theMICU1/2/3 (for a review see [68]) or
those of specific metabolites transporters [92, 93], with the exception of ATP
(particularly abundant in this compartment), whose Ca2+ buffering capacity, how-
ever, is low, as largely complexed with Mg2+. Finally, it has been recently suggested
that, in cardiac muscle, MCU complexes are not homogeneously distributed within
the IMM, but are strategically enriched at the level of specific regions where the IMM
is in very close apposition with the OMM, the so-called contact points [94]. Interest-
ingly, these IMM-OMM contact points have been demonstrated to be frequently
aligned to the sites in which mitochondria are juxtaposed to the junctional SR (jSR)
[95]. Thus, it is tempting to speculate that, in addition to the above described intimate
relationship between ER (or SR) and OMM Ca2+-handling proteins, a bias MCU
complex positioning towards these juxtaposition areas, further enhanced by a closer
vicinity between OMM and IMM, may be functional for a more efficient detection of
Ca2+ microdomains and a prompt MCU activation. Whether this specific MCU
submitochondrial distribution is typical only of cardiac cells, or is conserved between
different cell types, is currently not known. Finally, it has been recently suggested
that, upon propagation of Ca2+ signals from ER to mitochondria, mitochondrial
cristae compression induces an H2O2 nanodomain at the ER-mitochondria interface,
capable to impact on Ca2+ microdomains generation/transmission [96]. Indeed, the
activity of several Ca2+-handling proteins present in mitochondria-associated mem-
branes (MAMs) can be modulated by their oxidative state [97].

The impact of Ca2+ microdomains on the activity of MCU may be different,
depending on the cell type, as the composition of the MCU complex is variable
among tissues. In particular, not only the relative proportion of MCU andMCUb (the
dominant negative, inhibitory subunit) is different, with a particularly high MCUb
expression in heart, lung and brain [98], but also the expression profile of the MCU
regulators MICU1/MICU2/MICU3 is variable (for reviews, see [68, 69]). While
MICU1 and MICU2 distribution is relatively homogeneous among tissues, MICU3
expression is restricted to the central nervous system and skeletal muscles [99]. Since
MICU1, MICU2 and MICU3, by forming hetero- or homo-dimers, differentially
regulate the MCU sigmoidal response to extra-mitochondrial [Ca2+], changing its
apparent Kd for the cation, the outcome of mitochondria exposure to Ca2+

microdomains may be different according to the specificMCU complex composition.
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12.5 Heterogeneity of Ca2+ Levels Within Organelles

12.5.1 ER/SR

In eukaryotic cells, ER is composed of a single, continuous membrane system that
forms a network of tubules and sheets, starting from the nuclear envelope and ending
with the cortical ER, which is closely associated or tethered to the PM. The relative
proportion of sheets and tubules is extremely variable among different cell types and
is strictly connected to their function. For instance, cells specialized in the secretion
of large amounts of proteins, such as pancreatic acinar cells, display predominantly
ribosome-studded sheets, while other cell types, for example epithelial cells, are
endowed with an abundant tubular network (reviewed in [100]). Importantly, the
shape of ER is finely regulated by a number of different proteins, further suggesting
that the organelle morphology is strictly connected to its functions (reviewed in
[101] [100]). For example, sheets are believed to better accommodate ribosomes and
store proteins, thus being mainly involved in protein synthesis, while the curvature
of tubules is believed to be ideal for generating vesicles exiting the ER
[101]. Although there is now a general consensus that in the majority of the ER
the luminal [Ca2+] is homogeneous and in rapid equilibrium within the network,
evidence has been provided supporting the existence of ER subcompartments where,
either transiently or in steady state, the [Ca2+] may substantially differ from the rest
of the organelle (see below). To the best of our knowledge, a detailed study on the
relationship between ER morphology and Ca2+ handling has never been done, but
the continuity of the ER lumen between rough and smooth ER, as well as the
presence of luminal mobile Ca2+ buffers (such as calreticulin) argue against the
presence of a major heterogeneity. Some heterogeneity, however, has been
suggested to exist within the ER based on data obtained with selectively-targeted
low Ca2+ affinity recombinant aequorins [102]. Using this tool, the authors
suggested the existence of an ER compartment (that included the majority of the
organelle) with mM [Ca2+] and one (or more) compartment(s) (comprising 5–10% of
the total) with a much lower [Ca2+]. Similar results were more recently obtained by
employing a different, lower affinity aequorin mutant [103]. In this study, the authors
confirmed the presence of an ER portion (~5% of total ER, assuming homogeneous
distribution of the probe within the organelle) with a very low [Ca2+]; they also
found that another ~5% of total aequorin resides in an ER subcompartment where
[Ca2+] is high (in the mM range), but insensitive to SERCA inhibition by
thapsigargin/BHQ and to IP3 stimulation.

As to the mechanisms responsible for heterogeneous steady state ER [Ca2+], the
most obvious explanation appears to be the heterogeneity in the relative amount/
isoform distribution of the SERCAs, of the Ca2+ releasing channels, or to the
existence of some barriers that hinder the diffusion of the cation in an otherwise
luminally continuous organelle. For example, two distinct pools of ER Ca2+ were
observed in HEK-293T, but not in HeLa cells, due to the expression in the former
cell type of relatively high levels of SERCA-3d (which is not fully blocked by the
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SERCA inhibitor TBH) [104]. As to heterogeneity of Ca2+ releasing channels, they
are known to exist (especially in the terminal cisternae of striated muscle SR, but
also in MAMs where, for instance, IP3R3 is enriched [105]), but it is unlikely that
this, in itself, could cause a significant steady state difference of [Ca2+] between
ER/SR domains. It is our biased opinion that the observed heterogeneities in steady
state free [Ca2+] within the ER/SR are either an artefact of the probe distribution
(e.g., part of the probe is localized in non-ER structures) or due to interruptions in the
luminal continuity (e.g., ER vesicles budding from the luminally continuous
network).

On the contrary, strong evidence supports the conclusion that the total Ca2+

content can be highly heterogeneous within ER/SR subdomains. For example one
of the main Ca2+ buffers of the SR, calsequestrin, is selectively concentrated in the
terminal cisternae [106]. The local Ca2+ content in this SR subcompartment is thus
much higher than in the longitudinal SR, although the ER free [Ca2+] is the same. A
similar situation applies to Purkinje neurons of the chicken cerebellum where
calsequestrin is expressed in the ER lumen and concentrated in some parts of the
organelle [107] (reviewed in [108]). Some additional Ca2+-binding proteins, such as
the chaperones calnexin and GRP78, have been suggested to be enriched in discrete
ER regions, particularly at MAMs [105, 109, 110]. The contribution of these proteins
to Ca2+ buffering in the ER is, however, much lower than that of the most abundant
calreticulin and calsequestrin, and thus the impact of their non-random distribution on
ER Ca2+ content is likely modest. It is worth mentioning here that changes in the
expression levels of luminal Ca2+ buffers affect the amount of ERCa2+ content and of
Ca2+ released after stimulation [111, 112] without modifying the free Ca2+ levels.
Along the same lines, it should be also stressed that, as revealed by FRAP (or FLIP)
experiments of ER-targeted fluorescent proteins [113, 114], organelle morphology
can affect the diffusion process of luminal ER proteins and thus changes in ER shape
are potentially capable of affecting the speed of Ca2+ redistribution.

Finally, transient local microdomains of Ca2+ within the ER/SR can be generated
during cell stimulation. Indeed, the presence of clusters of high-conductance Ca2+

channels, such as RyRs or, to a lesser extent, IP3Rs, can potentially deplete, upon
their opening, the local pool of Ca2+ in the luminal layer underlying these clusters
(Ca2+ blinks). Ca2+ blinks have been observed in cardiac cells and proposed to be
responsible for local RyR2 inactivation [115, 116]. Another example of a local,
transient Ca2+ microdomain in the ER lumen is that occuring during ER Ca2+

refilling after its release due to IP3R activation. After ER Ca2+ depletion and store-
dependent Ca2+ entry (SOCE) activation, ER Ca2+ refilling is severely dampened by
the presence of BAPTA-AM and, to a much lesser extent, of EGTA-AM [103]. The
more potent effect of BAPTA-AM suggests that the process of SOCE, at least in
HeLa cells, involves the formation of Ca2+ microdomains at the PM-ER junction,
that allows a localized Ca2+ uptake by SERCA. A similar conclusion was reached by
another group that compared SOCE in HeLa and Jurkat T cells, by simultaneously
employing an ER-targeted fluorescent probe (CEPIA) and Fura-2 in the cytosol
[117]. They found that, during SOCE, while in HeLa cells the process of ER refilling
was not accompanied by a significant, parallel increase in cytosolic [Ca2+], in Jurkat
cells such an increase was observed. These results suggest that during SOCE, in
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some cell types, Ca2+ influx from the extracellular milieu through Orai1 channels
generates a Ca2+ microdomain close to the mouth of the channel, that is almost
completely taken up by SERCA of the juxtaposed ER, without spreading of Ca2+

into the deep cytosol and thus with minimal bulk cytosolic Ca2+ rises (Fig. 12.1).
However, the fact that a localized event is capable of triggering, over time, the
refilling of [Ca2+] in all the ER, further suggests that the lumen of the organelle is
continuous. A similar conclusion was reached by Petersen and co-workers in the
pancreatic acinar cells where it was demonstrated that full refilling of the ER Ca2+

could be obtained without significant increases in cytosolic [Ca2+] by a cell attached

Fig. 12.1 The cartoon represents sites of Ca2+-microdomains generation within a cell, as detailed
in the text. (a) Opening of Voltage Operated Calcium Channels produces a localized [Ca2+]
increase, which can activate calmodulin (CaM); activated calmodulin interacts with and activates
calcineurin (CaN). Activated calcineurin dephosphorilates NFAT allowing its nuclear transloca-
tion, and subsequent gene transcription. Moreover, Ca2+-bound calmodulin can bind on different
sites on the Ca2+ channel providing dual feedback modulation of the channel itself. (b) Gener-
ation of a Ca2+-microdomain at ER-mitochondria interface upon IP3-linked cell stimulation and
release of ER-Ca2+ content through IP3Rs. Note the drop in ER [Ca2+] after IP3Rs opening and
how the process of mitochondrial Ca2+ uptake takes advantage of the close apposition between
the two organelles (see text for details). (c) Heterogeneity of Ca2+ content and presence of
different pools of Ca2+-handling proteins along the Golgi apparatus (GA). Note in particular the
gradient of [Ca2+] between the cis (C), the medial (M) and the trans (T) Golgi network. (d) The
scheme represents the generation of Ca2+-microdomain at ER-PM contact points after STIM-
mediated opening of Orai channels and Ca2+ entry through the PM. In certain cell types, the
abundant presence of SERCA is capable to limit the diffusion of Ca2+ outside these regions
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patch pipette containing 1 mM CaCl2, while the rest of the cell was bathed in a Ca
2+-

free medium [118].
Transient heterogeneities in ER luminal [Ca2+] can be demonstrated also during

IP3-linked Ca2+ release. For example, it is well known that under physiological
concentrations of cholecystokinin (CCK) in pancreatic acinar cells, the Ca2+ increase
remains restricted to a small region close to the granular pole of the cell, presumably
because of the high concentration of IP3Rs in that ER subcompartment [119]. Along
the same line, by imaging at a high frame rate ER-GCEPIA in HeLa cells, different
kinetics in the release of ER Ca2+ at subcellular level were recently observed
[117]. In this case, Ca2+ release starts at the tip of the cell and then propagates to
the perinuclear region, with a wave speed of ~60 μm/s. The observation that local
changes in ER [Ca2+] can occur seems to have great physiological importance. For
instance, in neurons, it has been recently observed that presynaptic ER [Ca2+]
controls STIM1 activation in presynaptic terminals, locally impacting on the
activity-driven Ca2+ entry, and on the neurotransmitters release probability [120].

12.5.2 Golgi Apparatus

Recently, a diversified expression of Ca2+ channels and pumps among the different
sub-Golgi compartments has been suggested to be responsible for the existence of a
cis- to trans-Golgi [Ca2+] gradient [121, 122]. In particular, while SERCA pumps
and IP3Rs are abundant in the cis-Golgi (closer to the ER), they are both excluded
from the trans-Golgi network, where SPCA1 totally controls Ca2+ uptake. Interest-
ingly, in the intermediate compartment (medial-Golgi), SERCA and SPCA1
co-exist, and IP3Rs are present. As to RyRs, in the cells that express them, they
appear to be equally present throughout the whole Golgi apparatus (Fig. 12.1). Thus,
this compartmentalized expression of different Ca2+ handling proteins endows the
Golgi sub-compartments with specific Ca2+-handling identities, capable of overcom-
ing the continuous mixing of membranes and luminal contents among
vesicles [122].

12.5.3 Mitochondria

At rest, the [Ca2+] in the matrix of mitochondria is similar to that of the cytosol but
during transient increases in [Ca2+]cyt, significant heterogeneities in the Ca2+ peaks
of individual organelles have been observed. For instance, exploiting the property of
aequorin to be consumed during the Ca2+-dependent reaction, it was demonstrated
that a sub-group of mitochondria (likely those in close apposition with the ER)
quickly depletes its pool of aequorin upon the first of a series of Ca2+ rises [82, 123,
124]. Moreover, DRP1 overexpression, by fragmenting mitochondrial network, has
been shown to increase the variability in mitochondrial Ca2+ rises among the
different organelles, [125]. Importantly, the fragmented mitochondrial morphology,
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by hindering Ca2+ diffusion within the mitochondrial network, was shown to be
protective against Ca2+-mediated apoptosis. Recently, a heterogeneous sub-cellular
mitochondrial response was confirmed by the simultaneous measurements of cyto-
solic, ER and mitochondrial Ca2+ dynamics [117]. Interestingly, cytosolic and ER
Ca2+ oscillations were similar in the selected regions, while mitochondrial Ca2+ rises
were different. Given that differences in mitochondrial pH or ΔΨ were ruled out by
additional experiments, the authors suggested that a different ER-mitochondrial
coupling or a heterogeneous distribution of mitochondrial Ca2+ handling proteins
could be responsible for the observed phenomenon (Fig. 12.1).

12.6 cAMP Microdomains

Similarly to Ca2+, also the other major second messenger, cyclic AMP (cAMP),
organizes its signaling cascade in microdomains [74, 126]. In the case of cAMP,
microdomains can either depend on a spatial heterogeneity of the second messenger
itself and/or be functional due to spatially distinct domains of termination signaling
(phosphatases) (Fig. 12.2).

Fig. 12.2 Elements of the cAMP microdomain machinery. AKAP proteins are responsible for
localizing PKA in specific subcellular sites and near to its targets. Within these domains PKA
remains inactive thanks to the actions of PDEs, strategically located in order to shield PKA from the
resting levels of the messenger. During cAMP-generating stimuli, adenylyl cyclases are activated
and the resulting increase in cAMP levels may overcome the PDE shield and activate PKA. Once
activated, PKA is free to phosphorylate its local targets translating the cAMP signal in functional
outcomes. In response to subsiding stimuli, adenylyl cyclases cease to produce cAMP and PDEs
rapidly degrade the messenger bringing its levels under the PKA activation threshold. With PKA
inactive unopposed phosphatases dephosphorylate the PKA targets effectively terminating the
cascade and bringing the whole system to an activation-ready state
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The first evidence pointing to a role of compartmentalization in determining the
functional pleiotropy of cAMP signaling, dates back to the seminal studies by
Hayes and Buxton in cardiac tissue and isolated cells [127, 128]. The authors
showed that while both prostaglandin E1 (PGE1) and the β1- and β2-adrenergic
receptor (β1-AR/β2-AR) agonist isoproterenol (Iso) caused similar cAMP eleva-
tions, only Iso had the expected effect on contractility (e.g., positive inotropy).
These findings prompted the authors to formulate the hypothesis that the compo-
nents of the cAMP cascade are organized in such a way that intracellular spots with
different cAMP concentrations are generated by the two agonists [127]. This model
challenged the dogma that, at that time, considered cAMP evenly distributed within
the cell. Evidence supporting this hypothesis was obtained by electrophysiological
recordings both in frog cardiac myocytes [129] and mammalian cell lines [130], but
it was the development of advanced imaging techniques (that enabled direct real-
time visualization of cAMP in living cells) that directly supported the existence of
cAMP microdomains [131–133]. Since these seminal studies, and thanks to an
ever-evolving array of imaging tools [74] [134], the notion of cAMP compartmen-
talization has been consolidated and it is now widely accepted. However, the
mechanisms underlying the generation of cAMP microdomains are only partially
understood and are the subject of intense research.

12.6.1 The Generation of cAMP Microdomains

Because of its hydrophilic nature and the relatively small number of specific binding
sites, cAMP was believed to be highly diffusible within the cellular cytosol, with
some studies calculating diffusion coefficients around 500 μm2s�1 [135, 136]. Such
a fast diffusion rate would result, upon cAMP production, in a very rapid and global
homogeneous distribution of the molecule in the cell cytosol with the simultaneous
activation of all cAMP effectors within the cell [137, 138]. Recently, two indepen-
dent studies using different approaches demonstrated that the diffusion rate of
cAMP in adult cardiac myocytes is much slower than previously measured (i.e.,
~35 μm2s�1) [139]; and (~10 μm2s�1) [140]. Albeit reaching to the same conclu-
sions, Agarwal and collaborators propose that cAMP buffering at the level of
mitochondria is the primary reason for slow cAMP diffusion, while Richards and
colleagues provide evidence that intracellular tortuosity is the main cause for this
slow diffusion. Although the relatively slow diffusion rate of cAMP is a prerequisite
for the generation of cAMP microdomains, even a cAMP diffusivity at the minimum
value calculated (~10 μm2s�1) is not sufficient to create per se a cAMPmicrodomain
and other factors are thus necessary for generating heterogeneities in the second
messenger level [141, 142].

In general terms, the generation of heterogeneous cAMP domains within the cell
is believed to depend on: (i) the relatively slow rate of cAMP diffusion in the cytosol;
(ii) the different subcellular localization of the cAMP synthetizing enzymes,
adenylate cyclases (AC); and (iii) the existence of cAMP degrading enzymes with
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different cellular localizations and local concentrations. In addition, a functional type
of cAMP microdomain can be generated even under conditions of homogeneous
cAMP levels, by the differential localization/activity of phosphatases, i.e., the
enzymes that effectively terminate the cAMP effect mediated by PKA-dependent
phosphorylation [137, 143] [141]. Below, we briefly summarize the characteristics
of the different molecules that regulate cAMP production, degradation and trans-
duction, focusing on their relative role in generating and terminating cAMP
microdomains.

12.6.2 cAMP Effectors

Contrary to Ca2+ (that can regulate protein function by directly binding to a large
number of targets), cAMP exerts its actions thanks to a limited array of effectors: the
cyclic-nucleotide-gated channels (CNG) [144], the guanine-nucleotide exchange
proteins activated by cAMP (EPACs) [145], protein kinase A (PKA)[126, 146]
and, the newest addition, the Popeye-domain containing family (POPDC2)
[147, 148].

PKA, the most abundant cAMP sensor is a tetramer made by two catalytic
(PKA-Cs) and two regulatory (PKA-Rs) subunits. In the human genome there are
three genes encoding PKA-C (Cα, Cβ and Cγ) and four genes encoding PKA-Rs
(RIα, RIβ, RIIα and RIIβ) [126, 149]. The regulatory subunits are present as dimers
thanks to an N-terminal peptide called dimerization/docking domain (D/D). This
region is also the site of interaction between PKA-Rs and A-Kinase Anchoring
Proteins (AKAPs), a multimember family of tethers responsible for the subcellular
localization of the PKA holoenzyme [150]. Most AKAPs bind PKA-RII subunits,
but a number of dual (e.g., binding PKA-RI and PKA-RII) [150, 151] or PKA-RI
specific AKAPs [152, 153] have been identified. In addition to a characteristic
amphipathic domain that aids the interaction with PKA-Rs, each AKAP contains
targeting signals that allow its localization to specific subcellular sites. Once on site,
the AKAP tethers PKA in a complex that acts as the molecular platform around
which the microdomain is built.

Anchoring of PKA-holoenzymes containing different regulatory subunits (known
to bind cAMP with different affinities [149]) could determine the cAMP threshold
that must be reached within a specific domain in order for local PKA to be activated.
Indeed, Di Benedetto and colleagues used FRET-based cAMP sensors in cardiac
cells and provided strong evidence that both PKA-RI and PKA-RII are predomi-
nantly anchored to distinct subcellular sites and can produce unique phosphorylation
patterns [133]. Importantly, when cells were stimulated with Iso the cAMP response
was selectively confined to PKA-RII microdomains. In contrast, the domains defined
by PKA-RI enzymes responded to prostaglandin 1 and glucagon stimulation
[133]. In addition to the type of PKA-Rs, AKAPs determine the physical location
of microdomains, a parameter crucial for the function and, importantly, the regula-
tion of local cAMP signals. For instance, a PKA tetramer anchored in the proximity
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of a cAMP source (e.g., PM) will be exposed to higher cAMP concentrations when
compared to a PKA localized deep in the cell, far from adenylyl cyclases (ACs)
[143, 154].

12.6.3 cAMP Generation

There are ten distinct genes that encode ACs. Nine of these proteins are localized at
the PM (tmAC1 to tmAC9) while one is unbound, the soluble adenylyl cyclase
(sAC or AC10) [155, 156]. Both types of ACs, trans membrane-bound (tm-bound)
and soluble, participate in the generation of cAMP microdomains. The role of
tm-ACs is more complex and goes beyond cAMP production. Indeed, tm-ACs
can act as scaffolds able to form complexes with a number of proteins among which
several AKAPs [157]. Interestingly, thanks to this characteristic, AKAPs bring the
main cAMP effector (PKA) in close proximity to the main sources of this messen-
ger, the tm-ACs, thus orchestrating the creation of sub-PM cAMP microdomains,
bound to respond to activation of the local tm-AC pool. A well-established example
is the AKAP79/150. This protein binds tmAC5 and tmAC6 and brings PKA in the
vicinity of these enzymes and also to a PKA target, the L-type Ca2+ channels
[158]. PKA-dependent phosphorylation of L-type Ca2+ channels is important for
several physiological processes such as hippocampal long-term potentiation [159]
and motor coordination [160], just to cite two. It is tempting to speculate that the
interaction of AKAP79/150 with AC5 and AC6 brings the source of cAMP near its
effector and its local targets creating a close circuit representing a truly independent
cAMP microdomain.

The main regulators of tm-AC activity are the G protein-coupled receptors
(GPCRs). In this class of proteins, a large number is coupled to cAMP signaling.
In particular, cAMP-linked GPCRs respond to extracellular ligands with activation
and release of their associated heterotrimeric guanosine-binding proteins
(G proteins) that, depending on the type of their associated Gα subunit, can activate
(Gαs) or inhibit (Gαi) cAMP production [161]. While the large number of this
subgroup of GPCRs confers a significant level of diversity and specificity to
cAMP signaling, their specific localization at the PM may have a relevant effect
on the creation of microdomains. Strong evidence in support of this hypothesis was
provided by Nikolaev et al. in an elegant study where they combined cAMP-
sensitive FRET sensors to scanning ion conductance microscopy. They found that,
in adult cardiac myocytes, β1ARs are evenly distributed on the PM. On the contrary,
β2ARs are located mainly on the T-tubules and are absent from non-tubular areas. In
line with their wide distribution, β1AR generate a diffuse cAMP signal whereas
signals produced by β2ARs activation were locally confined [162].

The GPCR-tm-AC axis until recently was believed to generate cAMP only at the
PM, but several recent studies provided strong evidence suggesting that some
GPCRs generate cAMP also after their internalization [163–167]. These studies
opened the exciting possibility that, contrary to the canonical model that
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internalization of GPCRs is part of their desensitization process [168], internalized
GPCRs maintain their ability to trigger cAMP production [163, 164, 167]. The
possible generation of cAMP microdomains by internalized GPCR appears partic-
ularly attractive as it provides an intracellular source of cAMP able to “fuel” and
selectively activate PKA pools localized deep inside the cell.

The other intracellular source of cAMP is the soluble adenylyl cyclase (sAC).
This enzyme is regulated by bicarbonate, Ca2+ [156] and ATP [169]. Soluble
adenylyl cyclase is found diffused in the cytosol, but in a seminal study Zippin
and colleagues found that sAC can also localize to specific subcellular sites, includ-
ing the nucleus, the midbody, the centrioles and mitochondria [170]. These findings
opened the possibility that sAC may regulate the activity of cAMP microdomains
deep in the cell, independently of extracellular signals and in response to metabolic
stimuli [156]. While the possibility of “feeding” microdomains from intracellular
cAMP sources is exciting, it is largely accepted that functional processes activated
by extracellular stimuli, that activate tm-ACs, are often dependent on cAMP
microdomains [133, 162]. Microdomains of cAMP activated in response to
tm-ACs may be located right at the PM or deeper in the cell. Rich and colleagues
[130] used CNG channels as cAMP sensors in a whole-cell patch clamp approach
and found that near the CNG the concentrations of cAMP elicited by receptor
activation are significantly higher than in the bulk cytosol. Microdomains in the
sub PM regions are characterized by cAMP concentrations higher than would be
expected only based on the vicinity to tm-ACs. As an explanation, the authors put
forward the possibility that hindered diffusion of cAMP, thanks to 3D-barriers most
likely involving intracellular structures (such as the ER), accounts for the very high
sub-PM cAMP concentrations observed in their study [130].

12.6.4 cAMP Degradation

Independently of its source, in order to reach and activate localized PKA moieties
cAMP must surpass a barrier created by the most important microdomain-shaping
enzymes, the cAMP-hydrolysing phosphodiesterases (PDEs) [171, 172]. There are
only two known mechanisms responsible for decreasing intracellular cAMP concen-
trations. One is the export of cAMP from the cell via members of the ATP binding
cassette (ABC) proteins, such as the multi-drug resistance proteins (MRP) 4 and
5 [173]. The quantitative importance of this mechanism is probably minor. The other
is PDE-dependent hydrolysis, undisputedly the most important regulator of the
cAMP signal. Thus, it is not a surprise that PDEs are critical components of the
signaling cascade and crucial regulators of cAMP compartmentalization. There are
11 families of PDEs, eight of which have the ability to hydrolyse cAMP (each
comprises several isoforms) [126, 172]. The first evidence of PDE involvement in
the generation of compartmentalized cAMP signals was provided in cardiac
myocytes, where it was observed that nearly half of the cAMP generated in response
to Iso was present in the particulate fraction of the cell extracts. On the contrary, when
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Iso treatment was performed in the presence of PDE inhibitors, despite a clear
increase in total cAMP, the levels of messenger found in the particulate fraction
reduced from 45% to about 20% of the total [174]. The first direct evidence for the key
role of PDEs in shaping cAMP microdomains was achieved thanks to the develop-
ment of cAMP-sensitive FRET-based sensors [175]. Using these tools, Zaccolo and
Pozzan visualized the existence of cAMP gradients in living rat neonatal
cardiomyocytes stimulated with Iso that depended on PDE activity [131]. This
seminal work was followed by a number of subsequent studies that investigated the
involvement of specific PDE isoforms in the generation of cAMP microdomains in
living cardiac myocytes [176] and in human cells [177].

Shaping localized cAMP signals is not the only important function executed by
PDEs. Indeed, these enzymes are responsible for one of the most important charac-
teristics of cAMP microdomains (and the cAMP signaling pathway at large): their
termination [126]. Cyclic AMP microdomains are activated in response to transient
extracellular signals (such as hormones) [133, 162] or to intracellular cues (e.g.,
metabolically activated sAC) [178]. Once these signals dissipate, cAMP production
is ceased and the PDEs present in the proximity of cAMP microdomains rapidly
hydrolyse the remaining messenger, “switching off” the cascade.

12.6.5 Termination of cAMP Signaling

In the case of PKA-centred microdomains, PDEs lower cAMP levels below the
levels necessary to maintain PKA activity and efficiently end the activity of the
cAMP microdomain. However, the actions of this local pathway cannot be termi-
nated by simply eliminating the messenger and inactivating PKA. PKA-based
cAMP microdomains transduce cAMP signals via reversible phosphorylation of
local targets, and to end the functional effect of PKA on these proteins the action
of another class of enzymes, the phosphatases, is required [179]. Phosphatases
dephosphorylate the targets, thus effectively terminating the effects of the cAMP
rise. While the importance of phosphatases in the termination of cAMP
microdomains is intuitive, their involvement in shaping the dynamics of these
signaling units has been grossly underestimated. Experimental evidence supporting
the possibility that phosphatase activity plays a key role for the temporal definition of
the effects of a cAMP rise was recently provided (Lefkimmiatis and colleagues):
using FRET-based cAMP and PKA-activity sensors targeted to the OMM, it was
demonstrated that PKA dependent phosphorylation at the OMM persisted longer
than in the cytosol without any detectable difference in the termination of the cAMP
signals in the two compartments [180]. This heterogeneity in the duration of the
functional effects of the cAMP increase is due to a different local phosphatase
activity.

Based on the findings of over 15 years of intense research on cAMP
microdomains, using live cell imaging and advanced biochemical techniques, it
can be concluded that compartmentalization of the cAMP cascade is a
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multiparametric process. Indeed, a tipical cAMP microdomain requires both the
strict localization of the cAMP pathway components (ACs, PDEs, AKAPs, PKA and
phosphatases) and the coordinated actions of cellular structures, such as organelles
(e.g., mitochondria) [139, 140]. These factors, combined with cAMP buffering [181]
and cytosolic viscosity [182]-that drastically restrict cAMP diffusion- enable the
PDEs to shape cAMP microdomains [141].

An exemplary cAMP domain fitting virtually all the requirements was described
by Maiellaro and colleagues. These authors combined in vivo cAMP imaging to
locally applied stimuli by iontophoresis in Drosophila motor neurons and were able
to show that cAMP signals in response to the invertebrate noradrenaline-like hor-
mone octopamine [183] were confined to single synaptic boutons, while a rise in
cAMP levels was undetectable in the axons of the same cell [184]. Immunofluores-
cence confirmed that octopamine receptors are mostly expressed on the bouton
membrane while the PDEs are strategically located in structures reminiscent of
fences, most likely to inhibit cAMP diffusion and to increase the confinement of
the signal [184]. Taken together these findings point to the possibility that single
boutons contain independent cAMP signaling microdomains, produced by the
combined actions of locally confined GPCRs, tm-ACs and PDEs [184].

In the aforementioned example PDEs had also the crucial role of blocking the
messenger (signal) from diffusing to other compartments and this can be generalised
to all the known cAMP microdomains, except for the cAMP microdomain present in
the mitochondrial matrix. The innermost mitochondrial compartment cannot be
reached by cytosolic cAMP thanks to the impermeability of the IMM. The matrix
located autonomous cAMP cascade is fuelled by a resident isoform of sAC, which
can be activated by locally produced bicarbonate and by increases of matrix [Ca2+]
[178, 180, 185, 186]. The cAMP signaling cascade present in the mitochondrial
matrix represents the minimalistic expression of a cAMP microdomain. Indeed, this
pathway, thanks to its strict confinement by a double membrane barrier, can be
regulated by a single source and potentially a single PDE isoform [178, 185,
187]. Much remains to be understood about the autonomous mitochondrial cAMP
signaling cascade, in particular the molecular identification of the specific sAC and
PDE expressed in the matrix and the intramitochondrial cAMP targets. Contradic-
tory evidence, in fact, has been obtained about the localization and role of canonical
PKA in the organelle matrix [178, 186].

12.7 Ca2+ and cAMP Crosstalk

It is now clear that the functional repertoire of signaling pathways controlled by the
two main second messengers, cAMP and Ca2+, are not isolated but rather inte-
grated cascades that intermingle at multiple levels, creating a larger signaling
network (Fig. 12.3). Indeed the concept of crosstalk between cAMP and Ca2+ is
known since a long time and supported by a large body of experimental results.
Each of these two molecules can reciprocally regulate the intracellular levels of its
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partner messenger hence regulating the functional outcome of its cascade. An
historical example, made over 40 years ago, is the discovery of calmodulin as
the protein regulating, in the presence of Ca2+, the activity of a phosphodiesterase
(PDE1), one of the enzymes that degrade cAMP [188, 189]. Below we discuss a
few examples of the crosstalk between Ca2+ and cAMP.

Ca2+ can regulate cAMP levels both by direct and indirect mechanisms. Six of the
ten known adenylyl cyclase enzymes are, to some extent, regulated by Ca2+. The
soluble adenylyl cyclase (sAC) [169] and the transmembrane adenylyl cyclases
(tmAC) I, III and VIII are stimulated by Ca2+, while the tmAC V and VI are inhibited
by the cation [155, 190]. With the exception of sAC, all the other Ca2+-sensitive
adenylyl cyclases are localized at the PM where, thanks to the aid of AKAPs, are in
close proximity to Ca2+ transport proteins [157]. An interesting exception is
represented by tmAC VIII, which was proposed to complex directly with Orai1,

Fig. 12.3 cAMP and Ca2+ crosstalk. Ca2+ can increase or decrease cAMP levels through direct and
indirect pathways. For instance, cytosolic (and localized) Ca2+ increases can activate or inhibit
adenylyl cyclases increasing or reducing cAMP levels. Increases in Ca2+-calmodulin may result in
increased PDE activity and thus more efficient cAMP hydrolysis. cAMP levels can also increase
thanks to a mechanism connecting the Ca2+ level in the ER lumen to cAMP production. The cAMP/
PKA axis contributes to the regulation of cellular Ca2+ levels. For example PKA dependent
phosphorylation of Ca2+ channels, PMCA or phospholamban result in drastic variations of local
and bulk Ca2+ levels. Abbreviations in the Figure are defined in the text
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the pore-forming protein of the store operated calcium channels (SOC)
[191, 192]. Evidence has been provided that the close apposition of at least some
isoforms of tmAC to Ca2+ channels (e.g., L-type calcium channels (LTCC) [193]) is
strategic to sense the local Ca2+ microdomain (see [193]). A novel Ca2+-related
mechanism that results in cAMP increases without the requirement of changes in the
levels of cytosolic Ca2+ was recently reported. This mechanism named store-
operated cAMP signaling (SOcAMPs) [194] is triggered by the clustering of the
ER-Ca2+ sensor stromal interaction molecule 1 (STIM1) which occurs in response to
decrease in the ER Ca2+ levels and results in the activation of at least two ACs, AC3
[195] and AC6 [196]. Ca2+-dependent activation of sAC is unique as it offers the
possibility to generate cAMP in intracellular sites away from the PM where all the
other cAMP producing enzymes are located. A classic example of this possibility is
the generation of cAMP within mitochondria, a phenomenon dependent on a matrix
located sAC and driven by mitochondrial Ca2+ uptake [185, 197, 198]. In addition to
influencing the function of ACs Ca2+ can affect the function of the other regulatory
branch of cAMP signaling, the PDEs. A classic example, as mentioned above, is
PDE1. Indeed, different isoforms of PDE1 contain at their N terminus Ca2+/calmod-
ulin binding domains. Calmodulin-dependent activation increases the Vmax of
PDE1 several fold, resulting in more efficient cAMP hydrolysis [199, 200]. Last,
but not least, termination of PKA dependent pathways requires the dephosphoryla-
tion of the substrate. Noteworthy one of the most abundant and potent phosphatases
is calcineurin, a classical example of Ca2+-calmodulin activated enzymes.

As Ca2+ is able to modulate cAMP levels, similarly the cAMP/PKA axis can
shape Ca2+ signals. Indeed the function of several Ca2+ transporting proteins located
at the ER and at the PM can be regulated by cAMP-triggered PKA-dependent
phosphorylation.

IP3R, RyRs and the SERCA regulator phospholamban (PLN) are three proteins
through which the cAMP/PKA axis regulates the uptake and release of Ca2+ from its
intracellular stores. PKA dependent phosphorylation of IP3Rs (in S1589 and S1755
for IP3R1 or S937 of IP3R2) augments the receptor affinity for IP3, increasing the
probability of Ca2+ release from the ER in response to IP3 [201, 202]. Similarly
cAMP-induced phosphorylation of RyR1 at S2843 and RyR2 at S2030 and S2809
increases the Ca2+-permeability of these channels and results in increased Ca2+ leak
[203, 204]. One of the best known synergistic effects between Ca2+ and cAMP is
found in the cardiac tissue in response to β-adrenergic stimulation: on one hand, the
rise in cAMP caused by receptor activation is known to up-regulate, via
PKA-dependent phosphorylation, the activity of L type, voltage gated, Ca2+ chan-
nels localized in the T tubules [205, 206]. This in turn results in an increase in the
amount of Ca2+ flowing through the PM during each contraction-relaxation cycle
and a more efficient release of Ca2+ from RyRs (also phosphorylated by PKA)
through Ca2+ induced Ca2+ release; on the other hand, PKA activation causes the
phosphorylation of phospholamban, PLN, followed by an increase of SERCA
activity and thus a more efficient Ca2+ uptake into the SR [126, 207]. Of interest,
evidence suggests that these two events (occurring at the PM and SR levels) are
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modulated by different cAMP microdomains and thus can be independently
controlled.

cAMP dependent phosphorylation modulates also the other mechanisms
controling Ca2+ clearance from the cytosol, i.e., the PM Ca2+ ATPase (PMCA)
and the Na+/Ca2+ exchanger (NCX). While PKA-dependent phosphorylation of
NCX is still a matter of debate [208, 209], the effects of phosphorylation of
PMCA are well established. Indeed PKA dependent phosphorylation of PMCA
(in particular of PMCA1) increases the activity of the pump and thus a more efficient
extrusion of Ca2+ from the cytosol [210, 211]. Finally, Sekler [212] and co-workers
have suggested that the activity of the mitochondrial Na+/Ca2+ exchanger NCLX is
also modulated by matrix levels of cAMP, though the nature of the effector system
within mitochondria is still to be clarified.

In conclusion, there are many examples of synergistic or antagonistic roles of
these two second messengers. Noteworthy, in many cases the synergic or antago-
nistic roles of Ca2+ and cAMP occur in spatially restricted cellular regions where the
levels of the two signaling molecules substantially differ from those found in the
bulk cytoplasm.

12.8 ATP Microdomains

In living cells, the gradient of [ATP] between the intracellular (~2–10 mM) and the
extracellular environment (~10 nM) is one of the steepest, with a difference of ~106

fold. For this reason, in addition to its main role as the most abundant intracellular
energy-storing molecule, ATP is also used as an extracellular signaling molecule
(and in certain cases, as an autocrine signal). Notably, and differently from Ca2+, the
[ATP] is higher within the cell, favoring its exit upon opening of specific channels/
pores, PM damage or exocytosis (see below). The generation of ATP microdomains
in the extracellular compartment has been the subject of intense investigation in the
last years. The high ATP diffusion coefficient, the intrinsic instability/reactivity of
the molecule and the constant presence of a pool of extracellular ectonucleotidases
that degrade ATP [213–215] are all factors that should contribute to rapidly dissipate
extracellular ATP microdomains, limiting their role to very short-range signaling
events (paracrine or autocrine signaling). However, it has been suggested that [ATP]
in the very thin layer close to cell surface can be much higher than in the bulk
extracellular environment, reaching, under certain conditions and in specific points,
the hundred micromolar level [216]. The purinergic signaling is mediated by two
classes of PM purinergic receptors activated by ATP and/or other adenine nucleo-
tides binding: the ionotropic P2X and the metabotropic G-protein coupled receptors
(among which the P2Y nucleotide receptors). These receptors are involved in the
control of a variety of cellular events, ranging from the activation of Ca2+ fluxes to
the modulation of the immune response [217–221]. The basal, physiological blood
[ATP] (~20 nM, [222] is usually not enough to sustain the activation of purinergic
receptors, in particular of those endowed with the lowest affinity, such as P2X7. By
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targeting luciferase to the external side of the PM, [ATP] of ~ 100 μM has been
measured upon P2X7R activation in recombinant P2X7R-expressing HEK293 cells
[223]. Similarly, by a two-enzymes-based method, exploiting NADPH generation
starting from glucose and ATP, an [ATP] up to 80 μM has been reported in the peri-
PM layer of stimulated Jurkat cells [224].

As to the mechanisms responsible for ATP release, they are not completely
characterized and can be divided into three main pathways. The first is the passive
efflux through PM ATP-permeable channels. For instance, VDACL (volume and
voltage dependent ATP-conductive large-conductance anion channel) (set of chan-
nels distinc form the mitochondrial VDACs) has been proposed to be important for a
swelling-induced ATP release [225]. Connexins hemichannels have been associated
to ATP release and have been proposed to be essential in intercellular waves in
choclear epithelial cells (mechanically induced, [226–228]), as well as pannexins
[229]. Interestingly, a strong, ATP-mediated activation of the P2X7 receptor has
been suggested to induce the same receptor to form a large conductance,
non-selective pore, through which ATP itself can efflux towards the extracellular
milieu. This efflux in turn generates an ATP microdomain near its mouth and
establishes a positive feedback, capable to recruit additional receptors, leading to a
massive Ca2+ entry and eventually to cell death [230]. The second mechanism for
ATP extrusion is active transport, based on poorly characterized ABC transporters,
expressed already in protists [231]. Finally, ATP can be released by exocytosis of
vesicles in platelets, mast cells, astrocytes and neurons [226, 232, 233]. Evidence
that ATP is co-stored with neurotransmitters in specific vesicles has been provided,
as well as the existence of nucleotide transporters capable of accumulating ATP in
these vesicles (reviewed in [234]). Last, but not least, it must be stressed that, at
synaptic level, the pre- and post- synaptic membranes are very closely associated.
This creates a restricted environment, in which not only the neurotransmitter-based
signaling is favored, but also the diffusion of ATP (or other released molecules) is
limited, sustaining the existence of spatially confined microdomains. In addition to
exocytosis, also PM damage (such as in necrotic cells) can trigger ATP release, and
this can be important for the induction of an inflammatory response [235]. In this
respect, extracellular ATP is considered among the most potent damage-associated
molecular pattern (DAMPs).

Above, we discussed the mechanisms that lead to the generation of ATP
microdomains in the extracellular environment, as well as their importance for
purinergic signaling. While the steep [ATP] gradient between the two sides of the
PM immediately provides the physical/chemical basis for the onset of such
microdomains, the generation of intracellular heterogeneities in [ATP] is much
less intuitive. Indeed, on the one hand, the very high cytosolic [ATP], its high
diffusion coefficient and the lack of specialized ATP buffers (such as those for Ca2+)
argue against the presence of physiologically relevant local differences in intracel-
lular [ATP]. On the other hand, a number of indirect observations suggests that these
localized variations in intracellular [ATP] actually exist and play some relevant
functional role. To the best of our knowledge, the existence of such intracellular
ATP microdomains is presently based on only indirect evidence and intracellular
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ATP gradients have not been directly visualized by imaging techniques. Below, we
provide a few examples.

A first consideration that can be helpful to explain the occurrence of intracellular
[ATP] gradients is that, in the majority of cells, a substantial proportion of ATP is
synthesized within mitochondria and then extruded into the cytosol. Thus, it appears
immediately clear that a bias positioning of mitochondria within the cells can create
the conditions for a localized rise in [ATP]. For instance, in highly polarized cells
such as neurons, it has been suggested that the transport of mitochondria toward
high-energy demanding regions (i.e., synapses) is necessary to provide a highly
efficient local ATP supply [236] (and see also below). Similarly, mitochondria in
adult cardiomyocytes are in a highly ordered and stationary positioning [237] close
to the sarcomeres, the SR and the T-tubules, forming the so-called intracellular
energetic unit (ICEU) [238–241]. At this level, the four structures are so closely
packed that, during contraction, Ca2+ and ATP are released and taken up/consumed
in the ICEU before they diffuse outside it (reviewed in [242]). In particular, during
each contraction/relaxation cycle, Ca2+ is released from SR through RyRs in the
dyadic cleft, formed by the close apposition of SR with the T-tubules. In turn, Ca2+

promptly diffuses outside the dyadic cleft to allow sarcomeres contraction and is
pumped back into the SR by SERCA. A local and prompt ATP fueling to the Ca2+

pump, provided by nearby mitochondria, represents a highly advantageous spatial
arrangement. Indeed, alterations of the cytoarchitecture in mice hearts have a deep
impact on ATP transfer from mitochondria to the SR [243].

Oscillations in the intracellular ATP levels, and in particular in the ATP/ADP
ratio, are known to be potent modulator of KATP channel activity. KATP channels
control a plethora of physiological processes, but are particularly important in the
regulation of insulin secretion from pancreatic β cells. Briefly, ATP binding to the
pore-forming subunits induces channel closure, while interaction of intracellular
Mg2+ADP with the regulatory SUR1 subunits stimulates channel opening
(reviewed in [244, 245]). In β-cells, when [glucose] is low, the low cytosolic
[ATP]/[ADP] ratio keeps the KATP channels open and maintains the membrane
hyperpolarized, preventing electrical activity and insulin secretion. At higher
[glucose], on the contrary, the increased glucose metabolism augments the
[ATP]/[ADP] ratio, inhibiting KATP current and depolarizing the membrane. In
turn, Ca2+ influx is activated and insulin secreted. Interestingly, the increased
intracellular [Ca2+] activates Ca2+ ATP-ases, inducing ATP consumption particu-
larly at sub-PM level that may contribute to partial KATP reopening and termina-
tion of the signal [246, 247]. Recently, it has been proposed that, during glucose
stimulation, at least part of the increased ATP production is due to mitochondrial
activity, and a complex interplay between ATP increase, cytosolic Ca2+ oscilla-
tions, mitochondrial Ca2+ uptake and Ca2+-induced stimulation of mitochondrial
dehydrogenases has been suggested [248–250].

While mitochondrial ATP synthesis can be responsible for local [ATP] increases,
the opposite, i.e., localized [ATP] drops, can be hypothesized close to sites of high
ATP consumption. Although, in contrast to Ca2+, specialized ATP buffers are not
known, all the enzymes/pumps that use ATP to exert their energy-consuming
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activities can be considered an ATP sink. Importantly, differently from buffers, these
proteins do not simply bind ATP, i.e. they are not saturable, but continuously
consume ATP. In other words, their potential to locally deplete the pool of ATP is
even higher than that of hypothetical buffers. Of course, the enrichment of these
ATP-consuming enzymes into clusters or spatially confined regions enhances the
local ATP utilization. For instance, the PM Na+/K+ ATPase is the most abundant ion
pumpwithin the cell, capable of consuming considerable amounts of ATP tomaintain
the Na+/K+ gradient across the PM. Thus, it is not surprising that, near these pumps, a
locally lower [ATP] could be observed. This may be particularly relevant in excitable
cells, such as neurons. Indeed, upon an action potential, the massive fluxes of Na+ and
K+ between the extracellular milieu and the sub-PM layer need to be actively rescued
by the intense activity of the Na+/K+ ATPase. Thus, a local need for ATP is present at
synapses, during intense electrical activity, and it is believed to be fulfilled by the
regional recruitment of energetically active mitochondria, as discussed above
[236]. Moreover, in addition to the necessity to restore the Na+/K+ balance, it must
be mentioned that, during action potentials, sub-PM [Ca2+] also increases (see
above). Ca2+ levels must turn back to basal, and this is obtained, at least in part,
through the activity of PM Ca2+ ATPases. Although PM Ca2+ ATPases are less
abundant than Na+/K+ ATPase (arguing against their capacity to significantly locally
deplete ATP), their activity has been proposed to be modulated by the presence of
sub-PM mitochondria [251]. Again, the presence of mitochondria in the vicinity of
the pumps could be important for local ATP supply or, as it has been proposed, for
local Ca2+ buffering due tomitochondrial Ca2+ uptake, being Ca2+ itself a regulator of
the pump activity [251]. Finally, it has been suggested that the activity of hexokinase
1 (HK1), the first enzyme of glycolysis responsible for the ATP-driven conversion of
glucose into glucose-6-P, is modulated by its dynamic association with the OMM,
because of its preferential utilization of mitochondria-derived ATP [252–
254]. Although the reasons of this preference are presently not completely clear, it
has been proposed that the attachment of HK1 to VDAC (the channel through which
mitochondrial ATP is exported into the cytosol and cytosolic ADP imported into
mitochondria), provides a spatial advantage to directly fuel the activity of the enzyme
with ATP [255]. Conformational changes in the HK1 ATP-binding domain, follow-
ing attachment to mitochondria, have been also suggested to be responsible for this
substrate specificity [254]. Recently, it has been demonstrated that a specific drop in
mitochondria-produced ATP activates the cytosolic energy sensor AMPK, promptly
inducing the phosphorylation of the mitochondrial fission factor (Mff). In turn, this
induces Drp1 recruitment to the OMM and triggers mitochondrial fission [256]. The
fact that a mitochondrial defect is capable to activate a cytosolic pathway further
highlights the capacity of certain signaling events to discriminate between the source
of ATP. However, whether (and how) a pool of AMPK is capable of specifically
detecting changes in mitochondria-derived ATP, is currently not clear.
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12.9 Other Microdomains

Above, we have discussed how the combination of different players generates
microdomains of Ca2+, cAMP and ATP. Microdomains of ions such as Na+ and K+,
on the other hand, have been proposed to be transiently formed close to the mouth of
their PM-located channels, but their existence is temporally and spatially shortened by
their extremely high diffusion coefficient. Nevertheless, evidence for the existence of
Na+ microdomains in the subsarcolemmal space of cardiomyocytes (“fuzzy space”)
has been provided, and the interested readers are referred to a recent review [257]. Sim-
ilarly, the high diffusion constant of IP3 (283 μm2/s [258]), generated by the
PLC-mediated hydrolysis of PM-localized PIP2, has been classically considered as
an argument against the generation of physiologically relevant heterogeneities in [IP3]
within the cells. However, a confined PLC recruitment to specific PM regions, as well
as a biased distribution of GPRCs, have been suggested to be responsible for localized
IP3 production [259]. Moreover, the IP3 diffusion has recently been re-calculated in
intact neuroblastoma cells, by photoreleasing a poorly metabolized IP3 analog. Inter-
estingly, using this method, the diffusion coefficient was found to be ~30-fold lower
(~10 μm2/s) than before, due to the presence of a large number of IP3Rs in these cells,
that can act as immobile IP3 buffers [260]. Clearly, a lower diffusion coefficient is
compatible with a local rather than a global signaling of this second messenger. In
addition, IP3 has been demonstrated to diffuse between cells through the gap junc-
tions, composed of connexins (reviewed in [261], but see also [262]). Thus, an [IP3]
gradient between adjacent cells is formed and is part of the mechanism responsible for
the spread of intercellular Ca2+ waves [227, 263].

12.10 Conclusions

Above, we have discussed how cells exploit microdomains to decipher the more
diverse stimuli. The possibility to control both the temporal and spatial extension of
these elementary events, as well as the continuous cross-talk between microdomains
involving different molecules, represents an extremely powerful tool that allows the
cells to orchestrate and finely tune a plethora of signaling cascades, employing only
few messengers. The development of novel probes, capable of reliably and quickly
reporting changes in the concentration of the molecules under investigation (while
interfering minimally with the dynamics of these changes), will offer the opportunity
to more accurately visualize the generation of microdomains at sub-organellar level.
Surely, a parallel rapid improvement on the speed and spatial resolution of different
imaging techniques appears of fundamental importance to follow over time these
events, allowing a precise and detailed evaluation of their physiological
(or pathological) significance.
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Chapter 13
Mitochondrial VDAC, the Na+/Ca2+

Exchanger, and the Ca2+ Uniporter in Ca2+

Dynamics and Signaling

Varda Shoshan-Barmatz and Soumasree De

Abstract Mitochondrial Ca2+ uptake and release play pivotal roles in cellular
physiology by regulating intracellular Ca2+ signaling, energy metabolism, and cell
death. Ca2+ transport across the inner and outer mitochondrial membranes (IMM,
OMM, respectively), is mediated by several proteins, including the voltage-
dependent anion channel 1 (VDAC1) in the OMM, and the mitochondrial Ca2+

uniporter (MCU) and Na+-dependent mitochondrial Ca2+ efflux transporter, (the
NCLX), both in the IMM. By transporting Ca2+ across the OMM to themitochondrial
inner-membrane space (IMS), VDAC1 allows Ca2+ access to the MCU, facilitating
transport of Ca2+ to the matrix, and also from the IMS to the cytosol. Intra-
mitochondrial Ca2+ controls energy production and metabolism by modulating
critical enzymes in the tricarboxylic acid (TCA) cycle and fatty acid oxidation.
Thus, by transporting Ca2+, VDAC1 plays a fundamental role in regulating
mitochondrial Ca2+ homeostasis, oxidative phosphorylation, and Ca2+ crosstalk
among mitochondria, cytoplasm, and the endoplasmic reticulum (ER). VDAC1 has
also been recognized as a key protein in mitochondria-mediated apoptosis, and
apoptosis stimuli induce overexpression of the protein in a Ca2+-dependent manner.
The overexpressed VDAC1 undergoes oligomerization leading to the formation of a
channel, throughwhich apoptogenic agents can be released. Here, we review the roles
of VDAC1 in mitochondrial Ca2+ homeostasis, in apoptosis, and in diseases associ-
ated with mitochondria dysfunction.
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13.1 Overview

The intracellular Ca2+ concentration ([Ca2+]i) serves as a ubiquitous signaling mech-
anism, which is then integrated with other signal-transduction cascades to control a
variety of cellular processes. These include muscle contraction, neuronal processing
and transmission, gene expression, proliferation, and apoptosis [1]. Tight regulation
of [Ca2+]i is essential, since dysregulation of Ca2+ fluxes may lead to a Ca2+ overload
and cytotoxicity and is associated with several human disorders [2–4]. This is
accomplished by a variety of Ca2+ transport systems, located in the plasma mem-
brane, in intracellular organelles such as mitochondria and the ER, as well as in other
membrane compartments. Within a given compartment Ca2+ may be buffered by
binding to proteins and other molecules or may exist in a free form, distributed
differentially across compartments [5].

13.2 Mitochondria and Ca2+ Dynamics

Mitochondria serve as a major hub of cellular Ca2+ homeostasis, able to sequester
large, sudden increases in [Ca2+]i, by using the membrane potential gradient (ΔΨ)
across the IMM [6]. Mitochondrial Ca2+ is a fundamental requirement for a wide
range of cellular activities, such as the control of oxidative phosphorylation [7, 8],
modulation of cytosolic Ca2+signals [9, 10], cell death [11], secretion [12, 13], and
the production of reactive oxygen species (ROS) [14].

Mitochondrial Ca2+ transporters in the OMM and IMM transport Ca2+ to the IMS
and the matrix, respectively [4]. The mitochondrial matrix is one of the stores or
buffers, used by the cell to control Ca2+ concentration and dynamics. In mammalian
heart cells, the mitochondria represent about one third of the total cell volume, which
allows them to contribute to Ca2+ buffering [15]. Within the mitochondrial matrix
Ca2+ is precipitated as an insoluble salt, CaPO4, which exists in equilibrium with the
free, readily available [Ca2+]i [16, 17].

13.3 Ca2+ Transporters in the Mitochondria

Mitochondrial Ca2+ is regulated via a number of transporters. While the movement
of Ca2+ across the IMM is mediated via several proteins, including the MCU
[18, 19], and the Na+/Ca2+ exchanger NCLX [20, 21], in the OMM, it is VDAC1
that is responsible for Ca2+ transport [22–25].
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13.3.1 VDAC1: The Ca2+ Transporter in the OMM

13.3.1.1 VDAC1 Structure, Channel Conductance, Properties,
and Regulation

Three different VDAC isoforms, VDAC1, VDAC2, and VDAC3 have been identi-
fied. While these molecules share several structural and functional properties, they
appear to assume different physiological roles [26–28]. While limited information is
available regarding the functions of VDAC2 and VDAC3 [26, 29, 30], VDAC1 is
highly expressed in most cells [31–33], and as the most prevalent and best studied
isoform is the focus of this review.

VDAC1 has been purified from mitochondria isolated from liver, brain, and other
tissues [34]. Channel activity analyzed following reconstitution of the purified
protein into a planar lipid bilayer (PLB), showed a symmetrical bell-shaped volt-
age-dependent conductance with a maximum (4 nS at 1 M KCl) at �20 to +20 mV
and decreased at higher negative and positive potentials [28, 35]. VDAC1 is
permeable to small ions (e.g. Cl–, K+, Na+), to large anions, such as glutamate [35]
and ATP [36], and to large cations, such as acetylcholine, dopamine [35], where the
ionic selectivity is voltage dependent [35, 37, 38].

The structure of VDAC1 comprises 19 transmembrane β-strands connected by
flexible loops to form a β-barrel, and a 26-residue-long N-terminal region that
usually lies inside the pore, but can translocate outwards [31, 39, 40] (Fig. 13.1).
This N-terminal region mobility is important for channel gating, interaction with the
anti-apoptotic proteins, Bax, Bcl2, and Bcl-xL [41–45], as well as association with
hexokinase (HK) [41, 46], and VDAC1 dimer formation [45].

VDAC1 is able to form oligomers, specifically dimers to hexamers, and higher-
order moieties [47–56]. Following induction of apoptosis, monomeric or dimeric

Fig. 13.1 Proposed three-
dimensional structure of
VDAC1. The X-ray crystal
structure of VDAC1 in a
ribbon representation is
shown. The β-barrel is
formed by19 β-strands and
the N-terminal helix
(colored blue) is folded into
the pore interior. (PDB
code: 3EMN)
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VDAC1 undergoes conformational changes to assemble into the higher oligomeric
states required to facilitate cytochrome c (Cyto c) release and subsequent apoptosis
[41, 47, 48].

13.3.1.2 VDAC1, a Multifunctional Channel Controlling Cell
Metabolism

Located in the OMM, VDAC1 is well positioned to serve as a mitochondrial
gatekeeper, controlling the metabolic and energy cross-talk between the mitochon-
dria and the rest of the cell [28, 57, 58]. VDAC1 transports solutes of up to 5 kDa in
and out of the mitochondria and mediates the fluxes of ions including Ca2+,
nucleotides, and metabolites (pyruvate, malate, succinate, NADH/NAD), hemes,
and cholesterol across the OMM [28, 57, 59] (Fig. 13. 2). VDAC1 thus serves as a
shuttle for respiratory chain substrates [36, 57]. VDAC1 in the OMM is considered
to be a hub protein interacting with over 200 proteins [60] that regulate the integra-
tion of mitochondrial functions with other cellular activities. Thus, VDAC1 appears
to be a convergence point for a variety of cell survival and death signals, which act
through association with ligands and proteins.

13.3.1.3 VDAC1 a Ca2+ Channel in the OMM

VDAC1 was shown to control the OMM Ca2+ permeability [22–25]. Voltage clamp
of bilayer-reconstituted VDAC1 in the presence of CaCl2 concentration gradients
across the bilayer demonstrated a well-defined voltage-dependent channel conduc-
tance with either NaCl or KCl solution [22, 24] Bilayer-reconstituted VDAC1
showed a higher permeability to Ca2+ in the low conductance state [24]. The
permeability ratio of VDAC1 for Ca2+ over Cl� (PCa2+/PCl�) is 0.02–0.38
[22, 24] and both cationic and anionic conductance states are blocked by ruthenium
red (RuR) and lanthanides [61, 62]. The Ca2+ permeability of VDAC1 reconstituted
into liposomes was also demonstrated [22].

There are a number of studies that support the proposed function of VDAC1 in the
transport of Ca2+ and in cellular Ca2+ homeostasis. These showed that over-expression
of VDAC1 increased mitochondrial Ca2+ concentration in HeLa cells and skeletal
myotubes [63], while siRNA against VDAC1 attenuated mitochondrial Ca2+ uptake
and cell apoptosis as induced by H2O2 or ceramide. Interestingly, VDAC2 silencing had
the opposite effect [64]. In addition, the interaction of Bcl-xL with VDAC1 or VDAC3,
could enhance Ca2+ transfer across the OMM and thus the magnitude of Ca2+ transfer
into the mitochondrial matrix [65]. Several VDAC1-interacting molecules, including
4,40-diisothiocyanostilbene-2,20-disulfonic acid (DIDS), 4-acetamido-40-isothiocyanato-
stilbene-2,20-disulfonic acid (SITS), and dinitrostilbene-2,20-disulfonic acid (DNDS),
were shown to inhibit the rise in [Ca2+]i levels associated with apoptosis induction and
prevent cell death [62, 66]. In yet another example, 5-aminolevulinic precluded Ca2+-
mediated oxidative stress and apoptosis through VDAC1 inhibition [67, 68].
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Fig. 13.2 Schematic representation of VDAC1 as a multi-functional protein involved in Ca2+ and
metabolite transport, energy production and the structural-functional association of mitochondria
with the ER. The various functions of VDAC1 in cell and mitochondria functions are presented.
These include: 1. Control of metabolic cross-talk between the mitochondria and the rest of the cell;
2. As a Ca2+ channel transports Ca2+ to the IMS and functions in Ca2+ signaling by; 3. Metabolites,
cholestrol and ions transport; 4. Mediating cellular energy production by transporting ATP/ADP
and NAD+/NADH and acyl-CoA from the cytosol to the IMS, and regulating glycolysis via the
association with HK; 5. Involvement in structural and functional association with the ER, mediating
Ca2+ transport from the ER to mitochondria; 6. Participation in apoptosis via its oligomerization to
form a protein-conducting channel within a VDAC1 homo-oligomer, allowing Cyto c release and
apoptotic cell death. Ca2+ influx and efflux transport systems in the IMM are shown. Ca2+ uptake
into the matrix is mediated by a Ca2+-selective transporter, the mitochondrial Ca2+ uniporter
(MCU), regulated by a calcium-sensing accessory subunit (MCU1). Ryanodine receptor (RyR) in
the IMM mediates Ca2+ influx. Ca2+ efflux is mediated by NCLX, a Na+/Ca2+ exchanger. High
levels of matrix Ca2+ accumulation trigger the opening of the PTP, a fast Ca2+ release channel. The
function of Ca2+ in regulation of energy production is mediated via TCA cycle regulation. This
includes activation of pyruvate dehydrogenase (PDH), isocitrate dehydrogenase (ICDH) and
α-ketoglutarate dehydrogenase (α KGDH) by intra-mitochondrial Ca2+, leading to enhanced activ-
ity of the TCA cycle. The electron transport chain (ETC) and the ATP synthase (F0F1) are also
presented. VDAC1 mediates the transfer of fatty acid acyl-CoAs across the OMM to the IMS,
where they are converted into acylcarnitine by CPT1a for further processing by β-oxidation.
Molecular fluxes are indicated by arrows. VDAC1 is involved in cholesterol transport by being
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The intracellular concentration of Ca2+ can regulate VDAC1 gating by
prolonging a fully open state of the channel, thereby promoting metabolite exchange
[25]. Evidence that this effect may be mediated by Ca2+ binding site(s) in the
VDAC1 protein comes from the observations that reagents known to interact with
Ca2+ binding sites, such as RuR and derivatives, or La3+and Tb3+, can inhibit the
conductance [62]. Significantly, RuR did not reduce the conductance of E72Q or
E202Q mutated VDAC1 [62]. Thus, it has become apparent that VDAC1 both
mediates Ca2+ transport and is also regulated by Ca2+ binding.

13.3.2 Ca2+ Transporters and Their Regulation in the IMM

Mitochondrial matrix Ca2+ levels are determined by a whole variety of IMM trans-
porters and their associated regulators. These include the MCU [18, 19], mitochon-
drial calcium uptake one protein (MICU1) [69, 70],MCU regulator 1 (MCUR1) [71] ,
MICU2 [72], MCUb [73], EMRE [74], the Na+/Ca2+ exchanger (NCLX) [20],
SLC25A23 [75], and the permeability transition pore (PTP) [76, 77]. Mitochondrial
Ca2+ influx is driven by the electrical potential across the IMM (ΔΨm) [68, 78]
(Fig. 13.2).

13.3.2.1 MCU and Its Regulatory Proteins

In the IMM, calcium accumulation in the matrix is dependent on the transport of Ca2+

from the IMS into the matrix as mediated by a complex composed of the MCU
[18, 19], its paralog MCUb [73], MICU1 [70] and MICU2 [72]. The last two of these
are both regulated by Ca2+ through their EF-hand domains, and the recently identified
transmembrane protein EMRE [9, 18, 19, 74, 79, 80]. The MCU consists of two
transmembrane and N-terminal domains and forms a complex in the IMM, with
several protein regulators, which have an effect on the gating [3, 81, 82]. MICU1,
MICU2, and MCUb are most likely negative regulators, while MCUR1, EMRE, and
SLC25A23 are essential for MCU activity [69, 72, 74, 75, 83]. MCUR1 however,
may have additional functions, such as in cytochrome c oxidase (COX) assembly
[80, 82, 84], as a cytosolic Ca2+ buffering agent [85], or in ROS generation [86].

Fig. 13.2 (continued) constituent of a multi-protein complex, the transduceosome, containing Star/
TSPO/VDAC1. The ER associated with the mitochondria is presented with key proteins indicated.
These include the inositol 3 phosphate receptor type 3 (IP3R3), the sigma1 receptor (Sig1R)
(a reticular chaperone), binding immunoglobulin protein (BiP), the ER heat shock protein(HSP70
(chaperone and glucose-regulated protein 75 (GRP75). IP3 activates the IP3R in the ER to release
Ca2+ that is directly transferred to the mitochondrion via VDAC1
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The functional role of MCU under physiological conditions was extensively
studied using several silencing techniques [84, 87–91]. Interestingly, MCU deletion
was found to be embryonic lethal for C57BL/6 mice, whereas knockout mice on an
outbred CD1 background were viable, albeit with reduced numbers [92]. Mitochon-
dria derived fromMCU�/�mice do not display a capacity to rapidly uptake calcium
or calcium-induced PTP opening with no protection against cell death [89]. In
cardiac-specific conditional MCU-deficient mice, the heart displayed increased
resistance to ischaemia-reperfusion injury [93, 94]. However, unexpectedly, MCU
knockout mice did not exhibit obvious defects in any physiological functions
[89, 95].

13.3.2.2 Other Ca2+ Influx Pathways

The leucine zipper-EF-hand-containing transmembrane protein 1 (Letm1), encodes a
putative mitochondrial Ca2+/H+ antiporter that drives the uptake of Ca2+ into mito-
chondria at nanomolar cytosolic Ca2+ concentrations [96]. This transport is not
affected by RuR [97]. Cellular Letm1 knockdown reduced Ca2+mito uptake, H

+
mito

extrusion, impaired mitochondrial ATP generation capacity, disrupted early embry-
onic development, altered glucose metabolism, and increased susceptibility to sei-
zures [98]. Similarly, silencing of LETM1 impaired basal mitochondrial oxygen
consumption, and ATP production, increased ROS production, and promoted
AMPK activation, autophagy, and cell cycle arrest [99]. These wide-ranging effects
suggest that the LETM1-dependent mitochondrial Ca2+ flux is very important in
shaping cellular bioenergetics.

Another proposed pathway for Ca2+ uptake is the mitochondrial ryanodine recep-
tor (mRyR). The use of [3H]ryanodine binding, immunogold labeling and Western
blot techniques, mRyR was identified in the IMM of isolated heart mitochondria
where it is thought to mediate ryanodine-sensitive, rapid mitochondrial Ca2+ uptake
[100]. The mRyR was found to be related to the skeletal muscle type 1 RyR isoform
[101] and single mRyR channel activity was recorded following its reconstitution into
a PLB [102]. It has been suggested that under certain situations (e.g. mitochondrial Ca
2+overload), mRyR channels may also mediate Ca2+ efflux [103].

13.3.3 Ca2+ Efflux Out of Mitochondria

In order to maintain resting levels of Ca2+, it may be necessary to expel Ca2+ from
the mitochondria across the IMM, a process mediated by NCLX, a Na+/Ca2+

exchanger and possibly by Letm1, since this protein functions as a Ca2+/H+

antiporter under certain conditions [96], although it has also been characterized as
a H+/K+ antiporter.
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13.3.3.1 NCLX Mediating Ca2+ Efflux

The Na/Ca/Li exchanger (NCLX) is located in the IMM and is the major transporter
of mitochondrial matrix Ca2+ to the IMS [20, 104–107]. Thus, mitochondrial Ca2+

concentration is mainly determined by the balance between influx through the MCU
and efflux via NCLX [108]. NCLX is active primarily in excitable cells and in
contrast to the plasma membrane Na+/Ca2+ exchanger, it can also transport Li+ ions
[109]. In ischemia, NCLX acts as a key regulator of mitochondrial Ca2+ accumula-
tion [110] and in diabetic cardiac myocytes NCLX is more susceptive to the change
in the outside (cytosolic) Na+ concentration compared with controls [111].

Mitochondrial metabolism is likely to be affected by the activity of NCLX
because Ca2+ activates several enzymes of the Krebs cycle. This association has
been demonstrated in endothelial cells where NCLX, was upregulated under condi-
tions of high glucose. In addition, knockdown of NCLX induced ROS generation
and increased activation of the PYD domains-containing protein 3 (NLRP3)
inflammasome, by mediating the efflux of mitochondrial [Ca2+]. These findings
indicate that NCLX may protect against oxidative stress and inflammasome activa-
tion in high glucose conditions at an early stage [112].

13.3.3.2 Other Proteins That have been Proposed to Mediate Ca2+

Efflux from Mitochondria

The transient opening of the mitochondrial permeability transition pore (MPTP or
PTP) represents another mechanism for Ca2+ release from mitochondria. PTP is a
high-conductance non-specific pore activated by ROS, Ca2+ overload, and other
agents, leading to mitochondrial swelling and the release of Cyto c into the cytosol.
Thus, its function in Ca2+ efflux is probably a response to a non-physiological Ca2+

overload, which would depolarize mitochondria by an irreversible opening of IMM
channel, leading to apoptotic and necrotic cell death associated with disease patho-
genesis [113, 114]. The exact molecular composition of this pathological channel
has not yet been conclusively defined. Initially, PTP was proposed to comprise
VDAC1 in the OMM, ANT in the IMM, and cyclophilin D (CypD), a resident of the
matrix [113, 115, 116]. Recent studies presented the option that the F0/F1 ATPase is
a constituent of the mPTP and other additional candidates have also been suggested
(for review see [117]). The concentration of Ca2+ directly regulates the opening of
the PTP pore to allow rapid Ca2+ efflux, and also participates in the integration of
downstream processes that may include mitochondrial energetics, ROS production,
protein mediated signaling, and the proteolysis of regulatory proteins, that affect its
opening [118].

As mentioned above LETM1, not only imports Ca2+ through the IMM, but can
also extrude Ca2+ from the matrix when the mitochondrial Ca2+ concentration is
high [96].
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13.4 Mitochondria Ca2+, VDAC1 and Regulation
of Metabolism

Mitochondria play a major role in in the regulation of cellular energetics and
metabolism [6]. Ca2+ in the mitochondrial matrix controls energy metabolism by
enhancing the rate of NADH production via modulating critical enzymes, such as
those of the tricarboxylic acid (TCA) cycle and fatty acid oxidation [119, 120],
thereby linking glycolysis to the TCA cycle [121]. The Ca2+ in the mitochondrial
matrix is an essential cofactor for several rate-limiting TCA enzymes including
pyruvate dehydrogenase, isocitrate dehydrogenase, and α-ketoglutarate dehydroge-
nase [4]. Stimulation of such Ca2+-sensitive dehydrogenases in the mitochondrial
matrix, increases NADH availability and hence the flow of electrons down the
respiratory chain, which enhances a rate-limiting step for rapid ATP synthesis in
stimulated cells [122]. An increase in Ca2+ also leads to activation of complex V, and
the F1F0 ATPase [123]. In addition, Ca2+ can also influence the activity of mito-
chondrial enzymes located on the outer surface of the inner IMM, such as
glycerophosphate dehydrogenase, and influence the malate-aspartate shuttle and
glutamate/malate dependent respiration through activation of the aspartate-
glutamate carriers [124, 125].

A tight link exists between mitochondrial Ca2+ transport and the electrochemical
potential (ΔΨm) across the IMM. Ca2+ entry through the MCU is driven by ΔΨm
(negative inside) generated by the electron transfer chain. Indeed, Ca2+ uptake by
mitochondria also depolarizes the ΔΨm to limit ATP production [126]. In the
mitochondria of hippocampal neurons, activation of energy metabolism by cytosolic
Ca2+, hyperpolarized ΔΨ after an initial depolarization caused by increased ATP
demand [127]. However, in CD4 immune cells, IL-6 facilitated mitochondrial hyper-
polarization accompanied by an increase in mitochondrial Ca2+ levels, which is
uncoupled from the production of ATP by oxidative phosphorylation, and membrane
potential, is sustained late during activation. This effect represents an alternative
pathway by which IL-6 regulates the effector function of CD4 cells and contributes
to the pathogenesis of inflammatory diseases [128]. In astroglial cells, mitochondrial
Ca2+ levels and mitochondrial membrane potential mirror the cellular H2O2 levels, in a
manner that depends on the form and pattern of H2O2 stimulation [129].

The observation that intra-mitochondrial Ca2+ controls energy metabolism by
enhancing the rate of NADH production through modulation of critical enzymes, in
the TCA cycle and enzymes responsible for fatty acid oxidation [119], makes
VDAC1 Ca2+ transport activity, essential for cellular energy production. The impor-
tance of VDAC1 in cell energy and metabolism homeostasis is reflected in the
findings that closure of VDAC1 [73], or down-regulation of VDAC1 expression
decreased metabolite exchange between mitochondria and the cytosol and inhibited
cell growth [130, 131]. Thus VDAC1 controls metabolism not only by mediating the
transport of metabolites, including pyruvate, malate, succinate, ATP and ADP, and
NAD+/NADH, into and out of mitochondria [28], but also via its Ca2+ transport
activity.
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13.5 Mitochondrial Ca2+, VDAC1 and Regulation
of Apoptosis

The induction of apoptosis is associated with a disruption of cell Ca2+ homeostasis
and energy production [132, 133]. Indeed, many anti-cancer drugs and other cyto-
toxic agents, such as thapsigargin, staurosporine, As2O3, and selenite, induce apo-
ptotic cell death, as well as disrupt cell Ca2+ homeostasis [134, 135]. VDAC1, as an
important Ca2+ transporter can contribute to the mitochondrial Ca2+ overload, which
is a hallmark of cell apoptosis. There is accumulated evidence to show that a
mitochondrial Ca2+ overload can induce the release of mitochondrial apoptotic
factors into the cytosol probably via activation of PTP and/or perturbation or rupture
of the OMM [136]. The observation that pro-apoptotic stimuli reduced mitochon-
drial Ca2+ overload [137], supports the suggestion that the release of the overloaded
Ca2+ subsequent to PTP opening.

All the three human VDAC isoforms have the same effect on Ca2+ influx into
mitochondria as assessed by both selective silencing and over-expression of each
forms [64]. This is despite the observations that while VDAC1 possesses
pro-apoptotic activity [130], and VDAC2 may possess anti-apoptotic activity [27],
VDAC3 has no significant effect on apoptosis [64]. Recent studies suggest that
apoptotic signals upregulate VDAC1 in a Ca2+-dependent manner, leading to over
expression and consequent oligomerization to form a channel through which Cyto c-
is released, leading to cell death [134, 135]. The results suggests that a common
mechanism for a variety of apoptosis-inducing agents may involve an increase in
[Ca2+]i and that this in turn leads to an up-regulation of VDAC1 expression [135].

Evidence for the important function of increased levels of VDAC1 in apoptosis
induction comes from mouse coronary vascular endothelial cells (MCECs) isolated
from diabetic mice where the upregulation of VDAC1 was associated with increased
mitochondrial Ca2+ concentration, mitochondrial O2 production, and mPTP opening
activity [138]. In contrast, a downregulation of VDAC1 in diabetic MCECs
decreased mitochondrial Ca2+ concentration and subsequently normalized the levels
of mPTP activity and mitochondrial ROS [139].

Further support for the link between increase [Ca2+]i and apoptosis comes from
the newly developed VDAC1 inhibitors, AKOS-022 and VBIT-4, which interact
directly with VDAC1 to reduce channel conductance and prevent VDAC1 oligo-
merization, and thereby inhibit the release of Cyto c and apoptosis as induced by
various means and in various cell lines [140]. The compounds also protect against
apoptosis-associated mitochondria dysfunction, restoring dissipated mΔψ and thus
cell energy and metabolism, and decreasing ROS production, as well as preventing
disruption of intracellular Ca2+ levels [140]. In addition, VDAC1-based peptides
were shown to have the ability to limit Ca2+ uptake into the mitochondrial matrix and
inhibit ROS generation in lung cancer cells [141].

A number of proteins have been shown to interact with VDAC1 in a Ca2+-
dependent manner and/or affect apoptosis and [Ca2+]i levels. Bcl-XL, a member of
an anti-apoptotic Bcl2 family of proteins, interacts with VDAC1 and VDAC3 to
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promote mitochondrial Ca2+ uptake in response to cellular Ca2+ elevation and
therefore participates in the Ca2+ gating mechanism of VDAC channels [65]. In
addition this interaction can promotes cell migration [142].

Gelsolin (Gsn), is a Ca2+-dependent actin-regulatory protein that modulates
actin assembly and disassembly [143]. Human (h)Gsn has both pro-apoptotic or
anti-apoptotic activity, depending on the cell type [144]. hGsn reduces VDAC1
channel activity and Cyto c release from liposomes through direct binding to
VDAC1 in a Ca2+-dependent manner [144, 145].

Binding of endothelial NO synthase eNOS to VDAC1 amplified eNOS activity in
a Ca2+-mediated manner [146] and EBV (Epstein-Barr virus) infection, one of the
causes of nasopharyngeal carcinoma was shown to involve VDAC1 regulation to
alter the release of Ca2+ and Cyto c from the mitochondria [147].

13.6 VDAC1 Function in ER/Mitochondria-Ca2+

Cross-Talk

Ca2+ flux from ER to mitochondria and its accumulation in the matrix triggers other
reactions and regulates several mitochondrial processes, as the activities of several
enzymes, to regulation of [Ca2+]i and activation of cell apoptotic pathways
[148, 149]. The regulation of Ca2+ flow from the ER to the mitochondria is achieved
by a combination of a local modulation of Ca2+ transport systems, the tightness of
the physical association between the ER and mitochondrial membranes [150, 151],
and the ER Ca2+ load [152]. Several studies point to the existence of a small number
of proteins in Mitochondrial Associated Membranes (MAM), which may be impor-
tant for this process [153–156]. Electron tomography results initially suggested that
the strict apposition of ER and mitochondria is mediated by a tethering structure
[23]. Later, such tethering was shown to involve a complex between the IP3 receptor
in the ER and VDAC1 in the OMM, linked by a chaperone called grp75 [150, 151],
together with mitofusin-2, a protein expressed in the ER and on mitochondrial
surfaces that forms homodimers or heterodimers with mitofusin-1 [153, 157].

The contact sites between the ER and mitochondria play central roles in cellular
homeostasis and processes, including [Ca2+]i signaling [158], lipid synthesis [159],
cellular metabolism [121], autophagy [160], the control of ER redox [161], apoptosis
progression [162], and mitochondrial fission and recycling processes
[153, 163]. ER–mitochondrial Ca2+ transfer plays a central role in oncogenesis
and in the response of cancer cells to chemotherapy [164].

The dynamics of Ca2+ transfer between the ER and mitochondria appear to be
modulated by the apoptosis-regulating Bcl-2 family of proteins. ER-to-mitochon-
drion communication has been shown to be regulated by BH3-only proteins
[165, 166] while p53, has been proposed to influence ER-mitochondrion contact
site formation and Ca2+ transfer at the MAMs [167]. Since both p53 [168] and
members of the Bcl2 family of proteins [169, 170] have been shown to interact with
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VDAC1, their effects on Ca2+ flux at the MAMs may be attributable to such
interactions.

13.7 microRNA Mediated Regulation of Mitochondrial
Ca2+ Transporters and Channels

MicroRNAs (miRNAs), a group of small noncoding RNAs have been characterized
as novel regulators of post-transcriptional gene expressions of several cellular
processes, including cell proliferation, differentiation, and apoptosis. Recently, a
number of miRNAs related to mitochondrial Ca2+ channels and transporters, like
VDAC and the MCU complex have been identified [171–174].

13.7.1 miRNAs Regulate VDAC1

The miR-29a moiety was identified as able to reduce the expression of VDAC1
[171]. There was a reduction in miR-29a expression in patients and animal models of
several neurodegenerative disorders, including Alzheimer’s disease (AD),
Huntington’s disease, and spinocerebellar ataxias [175]. Since miR-29a was also
shown to regulate cell survival of astrocytes differentially by targeting VDAC1
[176], these observations suggest that VDAC1 down-regulation by miR-29 is an
important aspect of neuronal cell survival in the brain [175]. This in agreement with
the finding that high-levels of VDAC1 were demonstrated in AD post-mortem brains
and in Amyloid Precursor Protein (APP) transgenic mice [177]. As VDAC1 over-
expression triggers apoptosis [178–180], its over-expression in AD may be associ-
ated with neuronal cell death.

Another molecule, miR-320a was also reported to down-regulate VDAC1
expression. As a result, the miRNA promoted mitophagy in serum starved cervical
cancer cells [172], and ectopic overexpression of miR320a blocked tumor cell
proliferation and invasion in non-small cell lung cancer (NSCLC), both in vitro
and in vivo [181]. miR-320a was also revealed as a novel therapeutic target for
astroglia-mediated HIV-1 neuropathogenesis, as a consequence of the effect of
down-regulating VDAC1 [182]. Yet, another miRNA species, miR-7, was shown
to be able to inhibit VDAC1 expression and thereby prevent proliferation and
metastasis in hepatocellular carcinoma [174], possibly by affecting the PTP
[183]. A very recent study demonstrated that the lncRNA-H19/miR-675 axis may
regulate high glucose-induced apoptosis by targeting VDAC1, which may provide a
novel therapeutic strategy for the treatment of diabetic cardiomyopathy [184]. The
therapeutic potential of a number of miRNAs able to regulate VDAC1 expression
level is clear in view of the observations that VDAC1 overexpression is associated
with a variety of pathological conditions including AD [177, 185, 186], and
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cardiovascular diseases [187]. In addition, hyperglycemia has been shown to
increase VDAC1 expression in β cells [188] and in the kidney [189].

13.7.2 miRNAs Regulate the MCU Complex

miRNA species may also affect Ca2+ homeostasis by targeting the MCU.
Overexpression of miR-25 in HeLa cells drastically reduces MCU levels and
mitochondrial Ca2+ uptake [173], while, in cardiomyocytes, miR-25-mediates
down-regulation of the MCU protected the cells against oxidative damage
[190]. Down-regulation of the MCU complex by miR-138 and miR-25 was found
to prevent the Pulmonary Arterial Hypertension (PAH) cancer phenotype [191].

The effects of miRNA targeting of VDAC1 or MCU in pathological conditions
indicate the importance of these proteins in normal cell and tissue physiology.

13.8 Defects of Other Mitochondrial Proteins in Ca2+

Homeostasis and Diseases

The importance of a tight regulation of mitochondrial Ca2+ has been noted in several
human disorders [2, 4, 173, 192]. Indeed, the role of mitochondrial Ca2+ in several
diseases is well demonstrated.

13.8.1 Diabetes

Ca2+ uptake into mitochondria is important for metabolism-secretion coupling in
pancreatic β-cells [193], where it activates glucose-stimulated insulin secretion
[194]. Interference with mitochondrial Ca2+ uptake have been proposed is thought
to contribute to the pathogenesis of type 2 diabetes (T2D) mellitus [195]. Knock-
down of MICU1 and MCU reduced mitochondrial Ca2+ uptake, ATP production,
and D-glucose-stimulated insulin secretion in β-cells [87] and defects in the function
of the MAMs in an animal model of T2D (Cisd2 knockout mice) resulted in a
deficiency in Ca2+ uptake and in insulin insensitivity of adipocytes [196].

13.8.2 Cancer

Malfunctions in several cellular mechanisms, including cell proliferation, mitochon-
drial metabolism, and cell death are common in cancers, and Ca2+ uptake into or
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release from the mitochondria are central to all these processes. Hence, the mito-
chondria are important in inducing pivotal “cancer hallmarks”, and mitochondrial Ca
2+ remodeling plays a pivotal role in providing the required processes for tumori-
genesis and survival [197].

13.8.3 Other Diseases

It was recently demonstrated that LETM1 protein expression is significantly
decreased in white adipose tissue from HF mice and ob/ob mice compared to
relevant control mice [198]. In addition, certain mitochondrial and endoplasmic
reticulum homeostasis regulating genes are over-expressed in several hereditary
neurodegenerative disorders, like Alzheimer’s dementia, ALS and FTD-ALS,
Parkinson’s disease, Inherited Peripheral Neuropathies, and Hereditary Spastic
Paraplegia [2].

In summary, the physiological roles of mitochondrial Ca2+ are important in
regulating both bioenergetics and cell death. Since the correct level of mitochondrial
Ca2+ is essential to fine-tune cellular energetics, while mitochondrial overload
causes cell death, regulation of the process is critical for normal cell function. This
regulation of mitochondrial Ca2+ involves transporters such as VDAC1 in the OMM,
and MCU and the NCLX in the IMM. The importance of VDAC1 as a key protein in
Ca2+ transport across the OMM was initially underestimated with the focus placed
on the IMM transporters. However, it has recently, become clear that in order for the
Ca2+ to become accessible to the IMMCa2+ transporters, it must first cross the OMM
into the IMS with VDAC1 being the only known Ca2+ transporter in the OMM.
Dysregulation of Ca2+ homeostasis leads to pathophysiology with alterations in
mitochondrial Ca2+ handling associated with many pathology including cancer and
Alzheimer’s disease.
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Chapter 14
Annexins: Ca2+ Effectors Determining
Membrane Trafficking in the Late
Endocytic Compartment

Carlos Enrich, Carles Rentero, Elsa Meneses-Salas, Francesc Tebar,
and Thomas Grewal

Abstract Despite the discovery of annexins 40 years ago, we are just beginning to
understand some of the functions of these still enigmatic proteins. Defined and
characterized by their ability to bind anionic membrane lipids in a Ca2+-dependent
manner, each annexin has to be considered a multifunctional protein, with amultitude
of cellular locations and diverse activities. Underlying causes for this considerable
functional diversity include their capability to associate with multiple cytosolic and
membrane proteins. In recent years, the increasingly recognized establishment of
membrane contact sites between subcellular compartments opens a new scenario for
annexins as instrumental players to link Ca2+ signalling with the integration of
membrane trafficking in many facets of cell physiology. In this chapter, we review
and discuss current knowledge on the contribution of annexins in the biogenesis and
functioning of the late endocytic compartment, affecting endo- and exocytic path-
ways in a variety of physiological consequences ranging from membrane repair,
lysosomal exocytosis, to cell migration.
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14.1 Introduction

Annexins are a multi-gene protein family expressed in vertebrates, invertebrates,
plants, fungi and protists that bind to biological membranes in a calcium (Ca2+)-
dependent manner [1]. Depending on the local conditions of cytosolic free Ca2+, pH
and lipids in subcellular microenvironments, annexins can dynamically attach or
possibly even insert into the plasma membrane or endomembranes. Hence, given the
great diversity of Ca2+-dependent events at cellular membranes, annexins participate
in membrane trafficking and various other processes including signalling, prolifer-
ation, differentiation, and inflammation [2–5].

Over the last few decades, the Ca2+-dependent membrane association of annexins
has been investigated intensively in endo- and exocytosis, the spatial organization of
membrane lipids (including lipid rafts), membrane repair, as well as connecting
membranes to the actin cytoskeleton [1, 6–10]. Moreover, annexins interact with a
plethora of other Ca2+-effectors and can form Ca2+-permeable ion channels in
artificial membranes [11–18], linking them to Ca2+ homeostasis and Ca2+-driven
signal transduction [1, 19].

In humans, there are 12 different annexins, AnxA1–A11 and A13, with
orthologues in most vertebrates [3]. Similar to the first annexin structure determined
from purified AnxA5 [20–22], all annexins consist of a highly conserved core
domain that comprises four structural repeats (I–IV), each 70–75 amino acid resi-
dues in length. AnxA6 is a unique member of this family, possessing two of these
four-repeat core domains connected by a linker region [19, 23–26], most likely due
to gene duplication. As shown in Fig. 14.1 for AnxA1, each repeat consists of five
α-helices. The repeats are organized into two distinct arrangements within the core
domain. The repeat pairs I/IV and II/III pack together, mostly as a result of hydro-
phobic interactions [27, 28], which in general are highly conserved within the
annexin family. The N-terminal domain is located on the concave side of the
molecule, or in the case of AnxA1 in the absence of Ca2+, affiliated with the core
in between the concave and the convex side [29].

The binding of Ca2+ to annexins promotes their binding to phospholipid-
containing membranes. Remarkably, the Ca2+ ions all lie on the same side of the
annexins [30], forming a convex surface which interacts with phospholipids
(Fig. 14.1). Unlike the structures of EF-hand Ca2+-binding proteins, such as
troponin-C [31, 32] or S100 proteins [33, 34], annexins do not appear to undergo
a significant structural change within their core domains on Ca2+-binding [34].

In the course of the last 20 years we have focussed on AnxA6, dissecting and
correlating its intracellular locations with membrane trafficking, cholesterol homeo-
stasis and signalling [19, 35]. Here we will review the role of annexins, in particular
AnxA6, in the late endocytic compartment as a pivotal Ca2+ effector for the
regulation of endo- and exocytic trafficking pathways.
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14.2 Annexins: Ca2+ Binding and Ca2+ Sensitivity

Ca2+-binding proteins represent a heterogeneous and wide group with different
structures and properties. Annexins belong to the type II Ca2+-binding proteins
[36], although they also contain two other types of Ca2+-binding sites: type III and
AB’ sites [29]. Despite the large homology within annexins, X-ray crystallography

Fig. 14.1 Annexins: Domain structure. (a) The domain structures of human annexins AnxA1–AnxA11
and AnxA13 are illustrated. The N-terminal leader domain (solid black line), C-terminal core with
annexin repeats I–IV (and I–VIII for AnxA6) and length (in amino acids) are indicated. (b) Structural
model of AnxA1. Each annexin repeat contains five α-helices that are connected by short loops or turns.
(c) Ribbon representation of the AnxA6 crystal structure. AnxA6 contains eight repeat segments, and the
two halves of the protein, which each consist of a four-annexin-repeat unit (core), are connected by a
linker (depicted in yellow).Ca2+ bound to annexins is shown as red spheres. Structuralmodels forAnxA1
and AnxA6 were derived from the Protein Data Bank (http://www.rcsb.org; files 1AIN, AVC)
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revealed striking differences in the Ca2+-binding capacity of individual annexins.
While AnxA1 bound six to eight Ca2+ ions, and AnxA2 and A3 associated with five
Ca2+ ions, AnxA5 did bind up to ten Ca2+ ions. Interestingly, although containing
two core domains, only three Ca2+ ions per lobe (six in total) were bound to AnxA6
[29]. In addition, while the EF-hand family of Ca2+-binding proteins, including S100
proteins, calmodulin (CaM), and troponin-C, exhibit high affinity for Ca2+ with
dissociation constants in the micro- and nanomolar range, annexins bind Ca2+ only at
high concentrations. However, the Ca2+-binding affinity is greatly increased in the
presence of negatively charged phospholipids. Thus, Ca2+ ions might only serve to
stabilize this interaction, bridging annexins and phospholipid headgroups [29, 34].

In this scenario, the conserved annexin core domain mediates Ca2+ and phospho-
lipid interaction, yet the N-terminal domain, which is variable in sequence and
length for each annexin, would facilitate different cellular functions. In human
annexins, the N-terminal region ranges from a few residues to 200 or more amino
acids and, based on the length of this region, can be classified into three groups. The
first group consists of members with a short extension below 20–21 amino acids,
including AnxA3, A4, A5, A6, A8, A10 and A13a. A second intermediate group
includes AnxA1, A2, A9 and A13b containing up to 55 N-terminal residues. Finally,
a third group consists of AnxA7 and A11 that possess a long N-terminus with more
than 100 amino acids [reviewed in [3, 34, 37], (see scheme in Fig. 14.1)].

14.2.1 Annexin A6: Location, Signalling and Dynamics

AnxA6 has been proposed to participate in membrane trafficking, membrane and
cytoskeleton organization, cholesterol homeostasis, and signal transduction [4, 23–25,
38]. Yet, how the cellular microenvironment can modulate the association of AnxA6
with biological membranes in a dynamic fashion is still not fully understood. Based on
in vitro studies, the linker region (amino acids 320–378) connecting the two AnxA6
core modules allows flexible binding to one or even two separate membranes [23–25,
38], and the latter feature might contribute to the ability of AnxA6 to aggregate
membranes. Ca2+-sensitive membrane binding kinetics of AnxA6 are influenced
predominantly by phosphatidylserine, phosphatidylinositol, phosphatidic acid [1],
and to a minor extend phosphatidylethanolamine [39], all of which present in the
late endosome (LE)/lysosomal (Lys) compartment [40, 41]. In addition, acidic pH and
cholesterol, both critical for LE/Lys function, also contribute to the dynamic and
reversible membrane binding behaviour of AnxA6 [42–52]. Indeed, while Ca2+ is
the main determinant of membrane binding for the majority of AnxA6 proteins, an
ethylenediaminetetraacetic acid-resistant pool of AnxA6 proteins is associated with
LE in a cholesterol-dependent manner [42, 46].

AnxA6 is predominantly located at the plasma membrane, in the endocytic
compartment, and in caveolae. In these locations, AnxA6 participates in the regula-
tion of endo- and exocytic membrane trafficking pathways. Nevertheless, there is yet
limited in vivo evidence for annexin-mediated formation of microdomains that
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would enable membrane transport. We therefore recently visualized membrane order
(liquid-ordered vs. disordered) using our AnxA6 cell models and the fluorescent
dyes laurdan and di-4-ANEPPDHQ. High AnxA6 levels were associated with a
significant decrease of condensed membrane domains [53]. Together with altered
membrane order in T cells from AnxA6-deficient mice [54], this provided the first
evidence from live cells that annexins have the potential to induce changes in
membrane architecture [55]. Hence, AnxA6 membrane translocation and binding
to phospholipids, together with the interaction to actin and the recruitment of
signalling proteins (see below), might regulate lipid and protein assembly in spe-
cialized domains at the plasma membrane, and possibly endomembranes, such as the
LE/Lys compartment.

Membrane trafficking events involving AnxA6 include low density lipoprotein
(LDL) endocytosis [46], LDL degradation and its transport from LE/pre-lysosomes
to lysosomes [56, 57], which is intimately linked to the recruitment of AnxA6 to
cholesterol-laden LE [58]. In addition, AnxA6 acts as a scaffold to recruit the
GTPase-activating protein p120GAP and protein kinase C to the plasma membrane
to modulate Ras and EGFR signalling/trafficking pathways, respectively
[4, 59]. These multifunctional features of AnxA6 are most probably a consequence
of (a) its dynamic spatiotemporal behaviour in a Ca2+- and/or cholesterol-dependent
manner but also (b) the promiscuity to interact with a large repertoire of molecules,
in particular through the N-terminal tail but also the flexible linker region (Fig. 14.1).

Alike other annexins, AnxA6 expression varies in cells, tissues and pathophys-
iological situations [47]. Over the years, we have focussed on two cell lines, Chinese
Hamster Ovary cells (CHO), which express low AnxA6 levels [58], and AnxA6-
deficient human epithelial A431 carcinoma cells [59, 60]. Stable CHO and A431 cell
lines expressing high amounts of AnxA6 commonly observed in other cells and
tissues served as gain-of-function models. Key findings were often validated in
AnxA6 knockdown approaches in HeLa cancer cells and HuH7 hepatocytes, or
upon examination of endogenous AnxA6 behaviour in various cell models of
human, mouse or rat origin. Most relevant for this article, similar to the treatment
with the cell-permeable amphiphilic amino-steroid U18666A, high AnxA6 levels
resulted in an accumulation of cholesterol in the LE compartment, a phenotype
reminiscent of mutations in Niemann–Pick Type C 1/2 (NPC1/2) proteins [58]. This
blockage of LE-cholesterol egress led to reduced amounts of cholesterol in other
compartments, in particular the Golgi and the plasma membrane, with drastic
consequences for membrane trafficking along secretory pathways.

Initially we observed that the AnxA6-induced cholesterol imbalance inhibited
caveolin export from the Golgi, affecting caveolae formation and the functioning of
the secretory pathway [58, 61, 62]. The underlying mechanism could be related to
vesiculation and tubulation events from the Golgi that require the activity of
cholesterol-sensitive cytoplasmic phospholipase A2 (cPLA2) [61]. In fact, the reduced
availability of cholesterol upon AnxA6 overexpression indirectly inhibited cPLA2

activity and its association with the Golgi complex. In support of AnxA6 modulating
cPLA2 activity required for caveolin transport to the cell surface, Ca

2+-dependent, but
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not Ca2+-independent cPLA2 inhibition, mimicked the phenotype observed upon
AnxA6 upregulation and led to an accumulation of caveolin in the Golgi [58, 61].

More recently, we associated elevated AnxA6 levels with mislocalization of
several cholesterol-sensitive SNARE proteins, which impact on the functionality
of exocytic trafficking pathways. First, syntaxin 4 (Stx4) and SNAP23, two
t-SNAREs concentrated in cholesterol-rich, caveolin-containing clusters at the
plasma membrane, were found to be sequestered in Golgi membranes. As the cell
surface delivery of secretory vesicles highly depends on Stx4 and SNAP23 being
located at the plasma membrane, their mislocalization in the Golgi upon AnxA6
overexpression inhibited exocytic transport, including fibronectin secretion
[62]. Second, syntaxin 6 (Stx6), a t-SNARE predominantly located in the trans-
Golgi-network, and responsible for integrin recycling to the cell surface, was
mislocalized in recycling endosomes of AnxA6 expressing cells [63]. This was
associated with strongly reduced integrin recycling to the cell surface. Together
with our recent studies using NPC1 mutant cells [64] recognizing LE-cholesterol as
a critical factor for Stx6-dependent integrin recycling, this points at elevated AnxA6
levels interfering with integrin trafficking through impaired LE-cholesterol export.
Indeed, ectopic expression of NPC1 restored cell surface integrin expression in cells
with high AnxA6 levels. These findings correlated with decreased cell migration and
invasion upon AnxA6 upregulation, suggesting that AnxA6-dependent distribution
of LE-cholesterol critically affects migratory cell behavior [65]. Beyond these
observations, NPC1-induced cholesterol imbalance causes deregulation of lyso-
somal Ca2+ homeostasis [66], providing a mechanistic link between AnxA6 and
LE-cholesterol export with many other Ca2+-dependent cellular events (see below).

14.3 Intracellular Ca2+ Stores and Ca2+-Binding Proteins

Most aspects of cellular life are affected by Ca2+, often acting locally in subcellular
micro-environments. Hence, Ca2+ is recognized as an evolutionarily conserved signal
transducer for diverse cellular activities ranging from synaptic transmission, muscle
contraction, granule secretion, to gene expression and membrane repair [67]. The
common theme comprises Ca2+ to add charge to proteins, thereby initiating confor-
mational changes and switching protein functions “on” and/or “off” [67, 68]. Based
on this principle, hundreds of Ca2+-sensor proteins with binding affinities in the nano-
to millimolar range are known to trigger a wide variety of Ca2+-sensitive
processes [68].

Thus, tight regulation of Ca2+ homeostasis inside cells is critical to effectively
control a plethora of molecular activities. Indeed, substantial Ca2+ concentration
gradients exist between the extracellular space (�2 mM) and the cytosol (�100 nM)
or intracellular compartments (0.5–1 mM) [67]. These gradients are established by
primary and secondary Ca2+ transporters localized at the cell surface or on mem-
branes of intracellular organelles, which upon stimulation, allow Ca2+ entry into the
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cytosol [68, 69], altogether providing a complex molecular network ensuring that the
cytosolic [Ca2+] is tightly regulated.

The high Ca2+ concentrations outside cells provide an almost unlimited supply
of Ca2+. Consequently, stimulation of plasma membrane Ca2+ channels is critical to
control Ca2+-influx. As proper cellular functioning requires the Ca2+-gradient
across the cellular membrane to be maintained, pathological disruptions of the
plasma membrane may cause de-regulated Ca2+ influxes, resulting in Ca2+ injury
[70–72]. In addition, Ca2+ can also be released from specialized Ca2+ storage
organelles, including the endoplasmic reticulum (ER), endosomes, lysosomes,
Golgi, mitochondria and secretory vesicles (Fig. 14.2). Given that the nuclear
envelope is continuous with the ER membrane, the nucleus may also be viewed
as a Ca2+ store [73].

Out of the organelles listed above, the ER represents the largest intracellular Ca2+

store [68, 74]. In fact, in muscle, the sarco-endoplasmic reticulum is the primary source
of Ca2+. It is a heterogeneous organelle with a non-uniform distribution of Ca2+.
Luminal [Ca2+] in the ER (0.3–1 mM) is established and maintained by the sarco-
endoplasmic reticulum Ca2+ pump (SERCA) [75] and several ER Ca2+ channels,
including ryanodine and inositol 1,4,5-trisphosphate receptors (RyRs, IP3Rs)
[76, 77]. Both IP3Rs and RyRs are activated by cytosolic Ca2+, a mechanism known
as Ca2+-induced Ca2+ release [78], thereby rapidly amplifying augmentation of cytosolic
[Ca2+]. Ca2+ release-activated Ca2+ entry can then refill depleted ERCa2+ stores. For this
to occur, the EF-hand domain in stromal-interacting molecule-1 (STIM1) oligomerizes
to activate calcium release-activated calcium channel protein 1 (Orai1) channels in the
plasma membrane [68, 73], in this manner enabling the restoration of Ca2+ in ER stores.

Ca2+ homeostasis has been intensively researched in the context of secretory
pathways. The Golgi is the central player for this transport route and localized changes
in Ca2+ concentrations in the adjacent cytosol or within the Golgi lumen regulate its
function. Conversely, the Golgi can sequester Ca2+ to shape cytosolic Ca2+ signals as
well as initiate them by releasing Ca2+ via IP3Rs located on Golgi membranes. Ca2+

can also regulate the passage of proteins along the secretory pathway [79]. In turn
almost all of the cellular compartments of the secretory pathway can act as Ca2+

signalling organelles, participating in both release and uptake of Ca2+ [68, 80,
81]. Moreover, multiple signalling cascades, including kinases, phosphatases [82]
and phosphoinositides [83] are intimately linked to components of the Ca2+ signalling
machinery [68, 84] and are juxtaposed to the Golgi, adding another layer of Ca2+

sensitivity to the regulation of Golgi function.
As a result of the active ER-to-Golgi vesicular transport, the Golgi receives

continuous input from ER-derived vesicles. Thus, many of the ER channels and
transporters can also be found in the Golgi apparatus, including IP3Rs and SERCA
pumps. In addition, specific Ca2+ ATPase pumps [68, 81] and several Ca2+-binding
proteins are also relevant in the dynamics of this early step within the secretory
pathway. Apoptosis-linked gene-2 product (Alg-2), which contains five serially
repetitive EF-hands, binds to protein transport protein Sec31A, a component of the
outer layer of coat protein complex II (COPII), in a Ca2+-dependent manner and is
recruited to the endoplasmic reticulum exit sites (ERES) to stabilize Sec31A
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[85, 86]. Interestingly, and despite the incomplete knowledge how annexins might
contribute to Ca2+ homeostasis and membrane transport along ER-Golgi routes,
several annexins including AnxA1, A2, A5, A6, A11 and A13b are found on Golgi
membranes or along the early or post-Golgi trafficking pathways [35].

Besides the regulatory circuits to control [Ca2+] in ER/Golgi membranes, it has
become increasingly evident that Ca2+ handling by other organelles, especially
mitochondria and lysosomes, are vital to control cellular functions such as apoptosis

Fig. 14.2 Intracellular Ca2+ stores. Schematic representation of the major Ca2+ stores and Ca2+

transport routes across membranes in a mammalian cell. The plasma membrane, endoplasmic reticulum
(ER), mitochondria, late endosomes (LE), Golgi and nucleus contain many different Ca2+ transport
molecules that contribute to the control of Ca2+ homeostasis. For clarity only the better characterized
channels and transporters are depicted. Ca2+ entry is controlled by store operated calcium entry (SOCE)
that includes the calcium release-activated calcium channel protein 1 (Orai)/stromal-interacting mole-
cule-1 (STIM) complex, as well as voltage operating calcium channels (VOC) or transient receptor
potential channels (TRPC). Endocytosis is also relevant through caveolae, clathrin-dependent endocy-
tosis or fluid phase. In early endosomes (EE), transient receptor potential mucolipin type 3 (TRPML3)
actively releases Ca2+ to the cytosol. The ER is the major storage compartment with sarco/endoplasmic
reticulum calcium ATPase (SERCA) and the ryanodine receptor (RyR) and inositol-1,4,5-triphosphate
receptor (IP3R). Mitochondria have several transporters including sodium/calcium exchanger (NCX)
and mitochondria calcium uniporter (MCU). The acidic LE/Lys compartments contain the well-
characterised Ca2+ channels, transient receptor potential mucolipin type 1 (TRPML1) and two-pore
channel (TPC1/2), and several other less-well defined Ca2+ pumps and exchangers such as Ca2+/H+

exchanger (CAX) or the Ca2+-ATPase (see Fig. 14.3 for more details). Finally, along the secretory
pathway, the Golgi complex significantly contributes to Ca2+ homeostasis through Ca2+ transporters
also located in the ER (i.e. IP3R)
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and/or autophagy [87]. Mitochondria exist in close proximity to the ER, allowing for
a privileged Ca2+ transfer via IP3Rs and then voltage-dependent anion channels
[88, 89]. Thus, mitochondria represent a second intracellular Ca2+ reservoir as they
buffer Ca2+ released from the ER. Recent studies identified mitochondria-associated
membranes (MAMs) to facilitate physical interaction between mitochondria and the
ER [87]. Many proteins in these MAMs may contribute to the exchange of Ca2+,
reactive oxygen species and lipids between these two compartments [90]. Interest-
ingly, AnxA6 out of the annexin family appears to be a marker for MAMs [91]. In
the inner mitochondrial membrane, the mitochondria Ca2+ uniporter then guides the
Ca2+ ions released from the ER stores into the mitochondrial matrix (see Fig. 14.2).

14.3.1 Ca2+ in Acidic Compartments

Besides the ER and mitochondria, acidic compartments also serve as Ca2+ stores.
This includes lysosomes, LE, multivesicular bodies (MVB), pre-lysosomes, lyso-
somal-related organelles and secretory vesicles, all with a luminal Ca2+concentration
of �0.5 mM [92, 93].

Although endosomes originate from the plasma membrane, Ca2+ is quickly
(20 min) released from this compartment, probably through the transient receptor
potential cation channel, mucolipin subfamily, member 3 (TRPML3), lowering Ca2+

concentrations to 3–40 μM [93–95]. Intriguingly, Ca2+ levels in LE are significantly
higher (�500 μM) [66, 93, 96]. This implies that acidic compartments must be
endowedwith engines to store, retain or transfer Ca2+ from other sources, for example
the cytosol or via membrane contact sites (MCS) with the ER or the plasma mem-
brane (see below). Indeed, earlier work from Berg and coworkers demonstrated the
release of Ca2+ from lysosomes using glycyl-L-phenylalanine-naphthylamide (GPN)
[97]. More recently, GPN was identified to block nicotinic acid adenine dinucleotide
phosphate (NAADP)-mediated Ca2+ signals, indicating that NAADP mobilizes Ca2+

from endosomes [98]. Together with several other studies, these findings established
that endolysosomes are engaged in Ca2+ dynamics, most probably in concert with
other organelles such as the ER (and Golgi). Amongst others, the two-pore channels
1 and 2 (TPC1/2) [99] and TRPML1 [100, 101] have been proposed as the two major
candidates to act as Ca2+ channels in acidic compartments. It was first suggested that
lysosomal acidification drives Ca2+ influx into the lysosome [102, 103]. However,
more recent studies indicate that lysosomal Ca2+ filling requires IP3R-mediated Ca2+

release from the ER rather than the vacuolar H+-ATPase [104]. The putative H+-/Ca2+

-exchanger (CAX) is likely also to support lysosomal Ca2+ intake [105–107],
although alternatively, Ca2+ uptake from the extracellular space via endocytosis
cannot be excluded [92, 106] (Fig. 14.3).

Similar to MAMs, MCS between ER and acidic organelles have emerged as an
additional mechanism for the exchange of Ca2+ and lipids, including sterols
[108, 109]. Tether or scaffolding proteins are believed to assist to establish these
close encounters. For example, AnxA1/S100A11 complexes seem to act as a tether
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in MCS that mediate cholesterol transfer from the ER to endosomes [110]. Likewise,
the AnxA6 interactome in LE suggests that this annexin might establish MCS
together with several proteins engaged in LE positioning and cholesterol transport
from LE to the ER (Enrich, Rentero and Grewal, unpublished studies).

Deciphering the spatio-temporal Ca2+ signals in subcellular microenvironments
that regulate fundamental processes such as lysosomal trafficking and/or LE
positioning is central to understand the integrated role of Ca2+ signalling. In this
context, a plethora of cytosolic Ca2+ binding proteins can act as buffers to restrict
the spread of a Ca2+ signal so it remains local and close to those intracellular stores
[67, 68, 74]. Cytosolic buffering can produce �10 μM to �100 nM drops in
intracellular [Ca2+] over a distance of 30 nm within a few milliseconds [67–69].

Fig. 14.3 Ca2+ and Ca2+-binding proteins in late endosomes. Different families of Ca2+-binding
proteins, Ca2+ channels and transporters are located at the limiting membrane of late endosomes
(LE) and influence Ca-influx and export from LE. In addition, a subset of annexins (Anx) identified
in exosomes are depicted inside ILVs. Alg-2, Apoptosis-linked gene-2 product; Alix, Alg-2-
interacting protein X; CaM, calmodulin; Syt7, synaptotagmin 7; TRPML1, transient receptor
potential mucolipin type 1; TPC1/2, two-pore channel 1/2; CAX, Ca2+/H+ exchanger; H+-ATPase
subunit VOa2. See text for more details
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Therefore, steep [Ca2+] gradients around entry and release sites result in
non-homogeneous activation of Ca2+ sensor proteins, enabling a very tight and
localized control of Ca2+ signalling.

Ca2+ released by Ca2+ channels then binds and activates a subset of Ca2+-binding
proteins, inducing a change in conformation and ultimately, association with effector
proteins (Fig. 14.3). In some cases, this is accompanied by a change in subcellular
location. Out of the diverse group of Ca2+-binding proteins, the EF-hand members
served to develop the paradigm (i.e. CaM) for many Ca2+-mediated effects. How-
ever, other Ca2+-binding proteins such as the annexins have now been recognized as
promising candidates operating in specialized membrane trafficking pathways, sig-
nalling and protein–protein complex formations. For example, annexins actively
participate in autophagy, and Ca2+ release by lysosomes has been implicated in the
autophagy process [35, 111, 112]. Other consequences of this Ca2+ release from
acidic organelles also involving annexins include membrane repair and lysosomal
exocytosis [71, 113]. As one can predict from these diverse activities, the affinity of
annexins towards the various interaction partners is likely to vary significantly, and
probably critically depends on both phospholipid composition and the local concen-
tration of free Ca2+.

Refilling of lysosomal Ca2+ is predominantly regulated through the Ca2+ from ER
stores [104], but is intimately linked to the pH in this compartment. In fact, an acidic
pH is crucial to maintain high levels of Ca2+ in the lysosomal lumen, and disruption
of lysosomal pH by lysosomotropic agents, such as bafilomycin A1 or chloroquine,
prevents Ca2+ storage in the lysosomal lumen and arrests the fusion of lysosomes
with autophagosomes. One very refined example illustrates the link between Ca2+

signalling and the autophagic pathway. Under normal conditions, the transcription
factor EB (TFEB) is sequestered in the cytoplasm due to mammalian target of
rapamycin complex 1-mediated phosphorylation on the lysosomal surface. Starva-
tion triggers Ca2+ release from the lysosome through TRPML1 to establish a Ca2+

microdomain in the vicinity of lysosomes. This locally activates the Ca2+-binding
protein calcineurin to dephosphorylate TFEB, which then translocates to the nucleus
to activate the autophagic pathway [114].

Despite the extensive knowledge on cellular Ca2+ homeostasis that has been
developed over the years, within the LE/Lys compartment two key unresolved
questions still remain less well understood: (1) How does local Ca2+ release from
acidic stores affect membrane trafficking, endolysosome positioning and dynamics?
(2) How do annexins contribute to these processes?

14.3.2 Ca2+ and Annexins in the Endo- and Exocytic
Pathways

Each annexin is generally found in multiple locations in any given cell, making it
difficult to associate endosomal annexins with signalling events and protein–protein

14 Annexins: Ca2+ Effectors Determining. . . 361



interactions in this compartment. In addition, the transient and reversible nature of
the Ca2+-dependent membrane association of annexins complicates investigations
aiming to address their scaffolding function in certain cellular sites. Nevertheless, it
is mostly believed that a common mechanism of annexins is likely to function as
organizers of membrane domains, in order to target their interaction partners to
specific membrane microdomains and enable the formation of compartment-specific
complexes and activities [1, 3, 4, 6, 115, 116].

Although Ca2+-dependent binding to phospholipids is a fundamental property of
annexins, AnxA1, A2, A5 and A6 can all be found in LE/Lys, and can interact with
biological membranes in the absence of Ca2+ [117–120]. Also, AnxA8 in LE, similar
to AnxA2 in other locations, binds to phosphatidylinositol (4,5)-biphosphate (PIP2)
and actin in a Ca2+-dependent manner [121, 122]. In addition, we and others
demonstrated that LE membrane association of AnxA6 and AnxA2 is sensitive to
LE-cholesterol [19, 42, 118, 123–126].

Irrespective of these alternative recruitment mechanisms, a well-established fea-
ture of Ca2+, possibly mediated by annexins like AnxA2 and AnxA6, includes its
requirement in endo-exocytosis and autophagy. In these settings, Ca2+ promotes
vesicle fusion by inducing local segregations/re-arrangements of lipids, such as
phosphatidic acid or cholesterol [123, 124]. Moreover, several annexins directly
associate with merging membranes in the endolysosomal system. AnxA1 is required
for early endosome fusion in a Ca2+-dependent manner in vitro [10], and cell culture
studies attributed AnxA2, A5 and A6 to bring together early endosomes [126],
autophagosomes/lysosomes [112], and LE/lysosomes [115], respectively.

For all these membrane fusion events, local Ca2+ is crucial and intracellular Ca2+

stores are well integrated in the transduction of signalling. One excellent example for
annexins linking Ca2+-homeostasis with lysosomal function is the interactome of
TPC1/2 proteins in which several annexins, including AnxA6, were identified [127].

Additional evidence that AnxA6 may function in endolysosomal fusion was
obtained by microinjection of cells with a C-terminally truncated and
non-functional AnxA6 deletion mutant, which caused the accumulation of
fluorescently-labelled LDL in enlarged pre-lysosomal structures, thereby inhibiting
LDL degradation [56]. As AnxA6 mediates the association of membranes in vitro,
one may envisage that AnxA6, along with other players, acts as one of the tethers
that have been visualized between endosomal compartments.

However, in addition to trafficking, fusion or tethering events, certain annexins
also participate in the regulation of Ca2+ channels [12]. Evidence for annexins in
direct ion channel activity is controversial and will not be discussed here, but
AnxA2, A4 and A6 are potent modulators of plasma membrane chloride channels
and sarcoplasmic reticulum Ca2+ release channels [1, 3]. On the other hand, purified
AnxA6 dramatically increased the mean open time of the ryanodine-sensitive Ca2+

channel in sarcoplasmic membrane preparations [128]. However, the significance of
this finding remains unclear because this regulatory effect was exerted from the
luminal side of the sarcoplasmic reticulum. Although AnxA6, alike other annexins,
is normally located on the membrane leaflet facing the cytosol, its presence in
exosomes suggest that AnxA6 can also be found in intraluminal endolysosomal
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locations. In fact, exosomes are endowed with a repertoire of annexins such as
AnxA2, A5, A1, A6, A11 and A4, being among the 100 most abundant proteins
found in exosomes (ExoCarta exosome database: www.exocarta.org) (Fig. 14.3).

Several studies also associated AnxA6 with Ca2+ entry at the plasma membrane.
Moss and co-workers examined A431 epithelial cells, which lack endogenous
AnxA6 [60]. Stable expression of AnxA6 in this cell line blocked the prolonged
plasma membrane Ca2+ influx induced by epidermal growth factor activation, but
not the Ca2+ release from intracellular stores [129]. More recently, we identified
plasma membrane-associated AnxA6 to reduce store-operated Ca2+ entry (SOCE)
via STIM, Orai1 and others, by stabilizing the cortical actin cytoskeleton. For these
studies, AnxA6 and A1 were fused to the membrane-anchoring sequences of H- and
K-Ras, thereby constitutively targeting both annexins to the plasma membrane
independent of Ca2+ [130]. Similarly, other plasma membrane, ER- and Golgi-
targeting sequences have been developed [131] and as shown for Raf-1 [132], the
fusion of the 2FYVE domain to fluorescently tagged AnxA1, A2, A6, and A8 could
serve as an approach to target annexins to endosomal membranes. Given their low
abundance in endosomes, even upon cell stimulation, these approaches will ulti-
mately help to improve our understanding how scaffold/targeting proteins contribute
to compartmentalized signalling.

Adding to a general theme of annexins modulating localized Ca2+ homeostasis, it
should also be mentioned that a subset of AnxA11 colocalizes with Sec31A and
Alg-2 at ERES [133]. Physical association of AnxA11 with Sec31A is mediated by
dimeric Alg-2 that bridges AnxA11 and Sec31A by functioning as a Ca2+-dependent
adaptor. Knockdown of either AnxA11 or Alg-2 accelerated ER-to-Golgi transport
[85, 133]. Hence, AnxA11 may function as a Ca2+-dependent membrane anchor to
hold COPII vesicles at the ERES until abscission is ready. Additional yet unknown
membrane-tethering proteins may also associate with Alg-2 to regulate budding and
abscission. At the ER, interactions of AnxA11, but also AnxA7 not only with Alg-2,
but also with sorcin, are likely to be relevant for Ca2+ homeostasis [134, 135].

14.4 Ca2+ Signalling and the Biogenesis, Function
and Positioning of Acidic Compartments

Lysosomes, LE and MVB are the best-characterised structures within the acidic
compartment. Lysosomes fuse with LE to form endolysosomes, which are consid-
ered the major sites of acid hydrolase activity [136]. They are morphologically and
functionally heterogeneous, with intraluminal vesicles (ILV), produced by the
inward invagination of the limiting membrane during maturation, and/or lamellar
membranes. LE/MVBs move towards the perinuclear area, where endocytosed
cargos are degraded. Alternatively, a population of MVBs can fuse with the plasma
membrane inducing the secretion of ILVs, then called exosomes [137].
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Multiple pathways seem to operate on endosomal membranes and give rise to
different populations of endolysosomes, lysosomes and LE/MVB [138]. Moreover,
diverse ILV subsets, enriched in different lipids, can coexist and form within single
MVBs that can be distinguished on the basis of size and mechanism of formation
[139–141]. The latter is only partially understood and endosomal-sorting complexes
required for transport (ESCRT) is the best-described machinery that drives ILV
formation. In this pathway, ILV formation requires ubiquitination and the sequential
action of different ESCRT components [142, 143]. Yet ubiquitin and ESCRT-
independent pathways, comprising tetraspanins (CD63, CD81) [144–146], ceramide
[147], lysobisphosphatidic acid (LBPA) [148] as well as AnxA2 [149, 150] also
exist and contribute to those different MVB subpopulations destined for either
lysosomal degradation or exosomal release [151].

14.4.1 Intra-Endosomal Trafficking: ILV Back-Fusion
in MVBs

ILVs can undergo “back-fusion” with the LE limiting membrane, a route exploited
by some pathogens and presumably followed by proteins and lipids that need to be
recycled. This process depends on LBPA and Alg-2-interacting protein X (Alix),
which selectively contribute to protein and lipid export out of endosomes to desti-
nations other than the lysosomes and perhaps exosomes [147]. However, since
vesicle back-fusion with the limiting membrane also depends on the ESCRT-I
subunit tumor susceptibility gene 101 (Tsg101), this may well be coupled to the
ESCRT machinery [152].

Ca2+ also modulates back-fusion. Indeed, cytosolic proteins such as syntenin,
Alg-2, Alix or annexins AnxA2, A6, A7 or A11 [153, 154], participate in ILV
biogenesis and back-fusion, which raises issues regarding endosomal topology and
how cytosolic (and Ca2+-sensitive) proteins can contribute to the endosomal archi-
tecture. In fact, not only membrane, but also cytoplasmic proteins can be selectively
packaged into ILVs through endosomal microautophagy [155]. Besides ESCRT
proteins, microautophagy requires the electrostatic binding of heat shock cognate
71 kDa protein (Hsc70; also known as heat shock 70 kDa protein 8) to endosomal
acidic phospholipids. Hsc70, together with Lamp2, interacts and targets cytoplasmic
proteins containing KFERQ-motifs into MVBs [156]. Remarkably, nine annexins
contain a constitutive canonical motif (AMCuervo, personal communication) related
to this pentapeptide sequence [157, 158]. Moreover, and linking to NPC1 as well as
AnxA6-induced inhibition of LE-cholesterol egress, back-fusion of intraluminal
vesicles with limiting membranes as well as chaperone-mediated autophagy in LE
is dramatically impaired upon LE-cholesterol accumulation [140].

Overall, the evidence of annexins contributing to LE/Lys function is substantial,
as they modulate membrane traffic, microdomain organization, interactions with the
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cytoskeleton, cholesterol homeostasis, tethering, Ca2+ signalling and positioning of
acidic compartments. In the following, some examples are given.

The tetraspanins CD63 and CD81 are enriched in internal LE membranes and,
like LBPA, unlikely candidates to reside within membranes destined for degradation
[141]. Here, AnxA2 coordinates the export of CD63 from LE to Weibel-Palade
bodies [159]. This transport route may also require AnxA8 [160], and even extend to
mannose-6-phosphate receptor trafficking, which cycles between endosomes and the
Golgi, and distributes to intraluminal LE membranes [161]. Other proteins and lipids
that transit through LE, including LDL-derived cholesterol, may utilize this ILV
back-fusion as an escape route from lysosomes.

The actin/spectrin cytoskeleton that surrounds LE/MVBs could also participate in
the back-fusion event. The LE limiting membrane has been considered to assemble
actin filaments enabling fusion with neighbouring organelles [162–164]. In this
context, AnxA8 on the LE limiting membrane might provide the physical link to
the actin cytoskeleton through either direct interaction or the organization of specific
membrane/actin attachment sites. Disruption of this interaction, for example by
AnxA8 depletion, interferes with the proper localization of LE and, as a conse-
quence, impairs cargo transport through the endocytic pathway [165].

AnxA6 has also been linked to actin and spectrin. We previously proposed a
model for AnxA6-spectrin-calpain interactions in the LE compartment during LDL
degradation. In this model, LDL binding to cell surface receptors induces Ca2+

mobilization, which then binds to CaM (or other Ca2+ binding proteins). Both Ca2+

elevation as well as LDL-cholesterol induce translocation of cytosolic AnxA6 to
LE. In addition, Ca2+ increases binding of AnxA6 to spectrin [56]. Finally, in
LE/MVBs, Ca2+/CaM binds to spectrin, enhancing its sensitivity towards calpain,
which then remodels the surrounding actin/spectrin cytoskeleton to facilitate the
fusion to lysosomes and degradation of LDL [reviewed in [35]].

14.4.2 Lysosomal Exocytosis: A Selective Ca2+ Pathway

Ca2+-regulated exocytosis of lysosomes is a ubiquitous process, and particularly
important for the repair of plasma membrane wounds that is regulated by the Ca2+-
sensor synaptotagmin 7 (Syt7) on lysosomes [113, 166]. It was first assumed that the
critical step in lysosomal exocytosis was the docking with the plasma membrane, but
now the regulation of transport that brings lysosomes to the cell periphery is
considered more decisive. In most cells, the majority of the lysosomal population
resides in the centrosomal region. Yet, only a subset will be shipped to the cell
surface to undergo exocytosis, via microtubule-dependent movement and a complex
machinery linking motor-based kinesins with tethering and docking proteins at the
plasma membrane. This repositioning of MVB/Lys is tightly regulated and remains
elusive, but shares many similarities with exocytosis of synaptic vesicles.

After lysosomes are docked to the plasma membrane by the formation of the
vesicle-associated membrane protein 7 (VAMP7)-Stx4-SNAP23 complex, final
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fusion is triggered by a localized rise in intracellular Ca2+ levels [167, 168]. For
lysosomal exocytosis, however, the source of Ca2+ and the identity of the Ca2+

channel(s) were unknown until recently. In vitro, LE/Lys fusion is inhibited by the
Ca2+ chelator aminophenoxyethanetetraacetic acid (BAPTA), but not
ethyleneglycoltetraacetic acid (EGTA) [138, 169]. Although BAPTA and EGTA
display high Ca2+-binding affinities, BAPTA binds Ca2+ approximately 100 times
faster than EGTA [170]. Therefore, results described above suggested that the source
of Ca2+ for LE/Lys fusion must be very close to the fusion spot, pointing at
lysosomes providing the Ca2+ required for lysosomal fusion [171].

Various reports indicate roles for annexins in exocytosis. For example, Ca2+-
regulated exocytosis controls the release of hormones, digestive enzymes, immune
modulators, neurotransmitters and AnxA11 and possible several other annexins
appear important contributing factors [172, 173]. Sjölin et al. first detected
AnxA11 fragments in neutrophil-specific granules [174]. AnxA11 was also found
associated with insulin granules in a Ca2+-dependent manner by proteomics and
biochemical procedures. Although AnxA11 antibodies could not alter insulin release
induced by calcyclin (S100A6) [175], other reports suggested that blocking AnxA11
using antibodies can inhibit Ca2+-induced insulin release [176]. In addition, there is
growing evidence that AnxA1 regulates hormone exocytosis [177] and AnxA2,
together with SNAP23 and S100A10, mediates Ca2+-dependent exocytosis in endo-
thelial cells [178–183].

To study the consequence of differential AnxA6 expression levels in lysosomal
exocytosis, we quantified the cellular release and activity of β-hexosaminidase,
which is exclusively found in LE/Lys, upon knockdown (CHO-WT siAnxA6) and
overexpression of AnxA6 in CHO cells (CHO-A6). Following ionomycin-induced
Ca2+-elevation to promote lysosomal exocytosis [184], extracellular
β-hexosaminidase activity was significantly increased only with AnxA6
upregulation (Fig. 14.4). This intriguing finding suggests elevated AnxA6 levels to
differentially influence exocytosis: (1) via mislocalization of the cholesterol-sensing
SNARE proteins Stx4 and SNAP23, which inhibits the secretion of fibronectin [62];
(2) via enhancement of lysosomal exocytosis, most probably through the regulation
of local Ca2+ release from acidic compartments. The molecular machinery governing
these pathways are under investigation, but the dynamics of spatio-temporal forma-
tion of protein complexes between AnxA6 and a variety of partners that eventually
regulate, directly or indirectly, Ca2+ channels seems essential.

One of the potential candidates affected by AnxA6 could be TRPML1, as gain-
of-function TRPML1 mutants exhibit enhanced lysosomal exocytosis
[185, 186]. Lysosomal exocytosis induced by transcription factor TFEB
overexpression requires TRPML1 and fibroblasts from mucolipidosis type IV
patients, an autosomal recessive lysosomal storage disorder, exhibit impaired
ionomycin-induced lysosomal exocytosis [96, 113]. In primary macrophages,
where TRPML1-mediated lysosomal exocytosis is believed to facilitate phagocyto-
sis, treatment with a novel TRPML1 agonist (MS-SA1) induced Lamp1 surface
staining and lysosomal enzyme release [187].
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Finally, in various models to study mechanical damage, a subset of lysosomes are
activated by the influx of Ca2+ to translocate to the site of damage in order to fuse
with the damaged membrane [167, 168]. However, lysosome-mediated repair may
not be conserved among all cell types or types of damage [188].

14.4.3 Ca2+ and Ca2+ Binding Proteins in Membrane Repair

A requisite for the maintenance of cell physiology is the functional integrity of the
plasma membrane. However, damage and injury at the plasma membrane is com-
mon, especially in mechanically active environments, such as skeletal and cardiac
muscle [70, 72]. In addition, epidermal, epithelial and endothelial cells also undergo
membrane disruptions [189]. Excitingly, damaged cells seem to be able to repair the
cellular lipid bilayer by adding membrane components from intracellular vesicles
[71]. The repair system is complex and highly dynamic, with many protein and lipid
components, including cholesterol, and involves cytoskeletal reorganization and
membrane fusion events. Different mechanisms and models for plasma membrane
repair have been described and we refer the reader to recent reviews for further detail
[71, 190, 191].

Most relevant in the context of this review, Ca2+ is a fundamental component in
all of these models. Membrane damage first causes rapid Ca2+ entry, which signif-
icantly increases intracellular Ca2+ concentration at injury sites [71, 190], triggering
multiple Ca2+ sensors to initiate and promote the repair response. Importantly, while

Fig. 14.4 Lysosomal exocytosis is modulated by AnxA6. Ionomycin-induced release of
β-hexosaminidase and transport of Lamp1 to the plasma membrane. (a) NRK cells were stimulated
with 2μM ionomycin and incubated on ice with anti-Lamp1 antibodies without permeabilization.
Cells were fixed with paraformaldehyde and labelled with fluorescent secondary antibody (green) and
co-stained for cholesterol, using filipin (blue). (b) Cells were stimulated with 2μM ionomycin or PBS
as negative control for 10 min. Then β-hexosaminidase activity in the medium and cell lysates was
determined. The secreted enzyme activity is expressed as a percentage of the total activity. Histogram
shows the mean � SEM of three independent experiments. siNT, non-target siRNA (control)
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almost all previous studies focused on extracellular Ca2+ injury fluxes, Ca2+ release
from intracellular stores after injury was identified recently [reviewed in [71]].
Hence, depending on the size and type of injury, extra- and/or intracellular sources
of Ca2+ may be used to trigger repair processes.

Consistent with Ca2+ triggering early responses for plasma membrane repair, a
number of Ca2+-binding proteins, including ferlins (with C2 domains), annexins
(type II), S100 proteins (EF-hand), and Eps15 Homology Domain families contrib-
ute to membrane healing [71, 191–193]. In addition, Alg-2 is now emerging as a
crucial component of the cellular repair kit [85]. As outlined above, Alg-2 binds to
AnxA7 and AnxA11, Sec31A, ESCRT proteins, and Alix in a Ca2+-dependent
manner [135]. How AnxA7 and AnxA11 influence Alg-2 in membrane repair
remains to be clarified, but luminal Ca2+ release from secretory organelles activates
Alg-2, regulating vesicle transport in the secretory pathway [79, 133, 194]. Injury-
triggered Ca2+ increases lead to Alg-2 dependent assembly of an ESCRT III-Alix-
Vacuolar protein sorting-associated protein 4 complex at plasma membrane injury
sites, resulting in cleavage and shedding of damaged membranes. Interestingly,
Alg-2 requires Ca2+ to interact with TRPML1 and one can speculate that
de-regulated Alg-2 circuits might contribute to the phenotype of TRPML1 knockout
mice, which exhibit muscle repair defects and develop muscular dystrophy
[85, 195].

Other proteins also participating in membrane repair include the calpains, a group
of Ca2+-dependent cysteine proteases that contain a “C2-like” domain near their
N-terminal catalytic regions [196]. Mutations of muscle specific calpain-3 are
associated with limb girdle muscular dystrophy type 2A [197]. Furthermore, the
ubiquitously expressed calpains-1 and -2 also participate in plasma membrane
resealing [198, 199]. Interestingly, a direct link between calpain and dysferlin was
reported recently, suggesting that Ca2+ sensors may interact with one another in
plasma membrane resealing [200].

14.4.3.1 Annexins: Masters in Membrane Repair

The first evidence for annexins contributing to membrane repair came from Lennon’s
laboratory demonstrating injury-dependent interaction of AnxA1 and AnxA2 with
dysferlin in muscle cells [201]. Based on their known ability to aggregate liposomes,
it was proposed that annexins could facilitate plasmamembrane repair by aggregating
and fusing intracellular vesicles at the sites of injury. Further supporting this model,
these annexins are commonly found at the plasma membrane, exhibit broad mem-
brane trafficking roles and coordinate the assembly and organization of the cytoskel-
eton, another critical component required during the repair process, all of which in a
Ca2+-dependent manner. At “resting” cytosolic [Ca2+], annexins are diffusely local-
ized in the cytosol, only to translocate to the plasma membrane and organellar
membranes upon cytosolic Ca2+ increase [202]. Hence, the association of AnxA1,
A2, A4, A5, A6 and A8 with endosomal and secretory vesicles [149, 203–206],
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together with their fusogenic properties and lipid preferences make them ideal
mediators of resealing.

Despite the physical interaction of AnxA1 with dysferlin, emphasizing AnxA1
association with membrane injury sites [207] as a critical factor in membrane repair,
it should also be noted that binding of extracellular AnxA1 to formyl receptors
triggers a plethora of anti-inflammatory signalling cascades that substantially con-
tribute to reparative properties of injured epithelium. This extracellular property of
AnxA1 will not be discussed here and we refer the reader to recent excellent reviews
[208–212].

Besides studies in mouse models and various mammalian cell types, annexins
AnxA1, A2, A5, and A6 also localize to the site of muscle membrane repair in
zebrafish. This localization at the sarcolemma occurs in a sequential manner with
AnxA6 arriving first [188]. Several reports identified AnxA1 and AnxA2 at the site
of membrane injury in muscle and various cancer cell lines [213]. Although little is
known about the precise function of AnxA1 and AnxA2 in membrane repair, both of
these annexins bind dysferlin and may be part of larger membrane repair complexes
[188, 201, 214]. Alternatively, in the case of AnxA2, links to the secretory pathway
and formation of filamentous (F)-actin may also contribute [215]. Additionally,
AnxA2 binds PIP2 and cholesterol with high affinity, making the lipid bilayer at
the plasma membrane a target for AnxA2 binding [6]. The Ca2+-dependent binding
of AnxA2 to both actin and lipids would then allow for tight control of the repair
process. More recently, the influx of Ca2+ upon membrane damage was identified as
a trigger to recruit AnxA2 to the site of membrane injury, facilitating actin reorga-
nization near the injury lesion [213].

In addition, AnxA1 and A2 may function as diagnostic markers for a number of
muscle diseases due to the strong correlation between high expression levels of
AnxA1 and A2 and the clinical severity of some muscular dystrophies [216].

In human placenta, which expresses high levels of dysferlin and AnxA5, the
repair of human trophoblast membranes is influenced by AnxA5 [71]. For this to
occur, AnxA5 is believed to form oligomers and bind phosphatidylserine at the site
of damage. This may provide stability to the injury site by reducing the movement of
phosphatidylserine-containing membranes, thereby preventing the broken mem-
brane from extending [217]. Interestingly, from these studies it also appears feasible
that AnxA5 functions as a molecular repair protein from both the interior and
exterior of the cell.

Several recent studies substantiated a critical function for AnxA6 in membrane
repair of zebrafish and mouse skeletal muscle. During muscle membrane damage,
AnxA6 translocates to the site of injury [188, 218] and supports the forming a “repair
cap” structure, which facilitates healing of injured muscle fibers [193]. AnxA6 was
also implicated in shedding of microvesicles from the plasma membrane upon
treatment with the pore forming protein streptolysin O. Here, AnxA6 was activated
and recruited to the site of injury at lower Ca2+ concentration compared to AnxA1,
revealing a sequential recruitment of annexins for plasma membrane repair
[219, 220].
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Finally, the recent identification of AnxA2 and S100A11 containing complexes
in plasma membrane repair [213] reinforces the contribution of the Ca2+-binding
S100 family in this vital cellular function. Besides the large variety of cytoplasmic
proteins, S100 proteins represent prominent annexins interaction partners [34]. Their
assembly seems to enable the binding of adjacent phospholipid membranes to
facilitate membrane fusion [178]. Moreover, some Annexin-S100 complexes such
as S100A10 and AnxA2 can bind actin cytoskeleton components and modulate actin
dynamics [122, 221]. A similar interaction exists between S100A11 (also called
Calgizzarin or S100C) and AnxA1 in a temporal and Ca2+-dependent manner
[222]. To this end, several other annexin and S100 binding pairs have been discov-
ered and it appears likely that certain S100 proteins can bind several annexins to
exert different biological functions [34, 192].

Taken together, these data emphasize a central role for annexins in the spatio-
temporal coordination of membrane repair. These observations might extend to other
settings beyond the resealing of membranes, as several annexins, including AnxA4,
can protect cells against plasma membrane lesions induced by heat, osmotic stress or
treatment with detergents [193]. Likewise, AnxA5 and AnxA6 may also provide
protection to membrane permeability [223].

14.4.4 Ca2+ and Annexins Regulate Lysosomal Positioning

In recent years, it has become apparent that besides lysosomal exocytosis and
membrane repair (see above), many other functions of lysosomes affecting cell
adhesion, tumour invasion and metastasis or autophagic degradation are influenced
by their positioning and motility [224, 225]. In this last section we will discuss how
annexins might regulate lysosomal positioning.

While lysosomes are generally considered as a uniform compartment, there is
evidence for both structural [138, 226, 227] and functional heterogeneity [136, 228],
even within individual cells. Lysosome positioning, perinuclear versus peripheral, is
thought to reflect the dynamic balance between centripetal and centrifugal microtu-
bule motors. These are linked to lysosomal membrane via adapters, which in turn are
associated with active GTPases. In brief, ADP-ribosylation factor-like protein
8 (Arl8b) recruits kinesin-1 via its adapter, SKI-interacting protein, pushing lyso-
somes away from the microtubule-organizing center (MTOC) [229, 230]. The
GTPase Rab7, in contrast, has dual effects: similar to Arl8b, it promotes centrifugal
motion by associating with kinesins via the FYVE and coiled-coil domain
containing 1 protein (FYCO1). In addition, Rab7 also binds the Rab interacting
lysosomal protein, which recruits the dynein complex, a minus end-directed motor.
The net effect of Rab7 appears to be centripetal, as constitutively active Rab7 causes
lysosomes to concentrate around the MTOC while dominant-negative Rab7 dis-
perses lysosomes peripherally [231].

Ca2+ efflux from endosomes and lysosomes is thought to be important for signal
transduction, organelle homeostasis, and organelle acidification [92, 96, 232]. But
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also, lysosomes provide Ca2+ for membrane fusion between lysosomes and other
compartments, including LEs and the plasma membrane and, the existence of
multiple Ca2+ sensors may allow lysosomal Ca2+ release to regulate distinct steps
of lysosomal trafficking [233]. To control these transport systems, numerous Ca2+-
binding proteins including annexins have been identified. Depending on the indi-
vidual interaction partners and microenvironment, the recruitment of these Ca2+

binding proteins to the LE membrane most probably involves different strategies.
Once bound to LE, one can envisage that Ca2+-bound sensors may increase their
association with preassembled SNARE complexes to facilitate lipid bilayer mixing.

Annexins, possibly complexed with S100 proteins, may provide tethering
between vesicles and/or links to the cytoskeleton for the repositioning of lysosomes.
This probably relies on the Ca2+-dependent and -independent phospholipid and
cholesterol binding capability of AnxA1, A2, A6 and A8 to LE membranes, and
simultaneously maintaining dynamic interactions with the actin cytoskeleton. How-
ever, since annexins do not have a lysosomal targeting motif, their association with
the LE/Lys membrane remains unclear. Acidic phospholipids such as
phosphatidylserine, phosphatidylcholine, phosphatidylethanolamine, phosphatidic
acid or cholesterol and PIP2 are present in LE and represent binding sites for
annexins. Moreover, the cytosolic portion of LE/Lys membrane proteins may also,
directly or indirectly, associate with annexins. Indeed, proteomic studies demon-
strated that AnxA6 directly interacts with abundant ubiquitous transmembrane pro-
teins like the proton pump H+-ATPase subunit VOa2, [234], the TPC1/2 Ca2+

channels [127] or NPC1 [58].
Finally, a different view of the repositioning versus lysosomal functioning is the

possibility that under certain physiological situations (i.e. endosome maturation),
LE/Lys in the vicinity of the extensive ER network could establish close and
functional contacts (MCS) [108, 109]. Extending these observations even further,
not only MCS between LE/Lys and the ER, a recent elegant study demonstrated Syt7
to enable the transfer of cholesterol between peroxisomes and LE via MCS [235]. As
outlined above (Chap. 14.3.1), the AnxA1-S100A11 complex as well as other
annexins might establish MCS with other compartments, which could affect lyso-
somal positioning [110].

14.5 Concluding Remarks

In this review we have summarized current knowledge and discussed the possible
impact of annexins in a variety of processes in the LE/Lys compartment such as
membrane traffic, microdomain organization, interactions with cytoskeleton, cho-
lesterol homeostasis, tethering, Ca2+ signalling and lysosomal positioning. Our
knowledge regarding the way these annexins contribute to LE/Lys function is still
incomplete, but seems to require the convergence of localized Ca2+ homeostasis in
LE/Lys with direct or indirect interactions with LE membrane proteins and lipids to
accomplish a variety of cellular processes.
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Finally, although not within the scope of this review, disrupted cellular Ca2+

signaling is increasingly being associated with several inherited human diseases. In
particular lysosomal storage diseases (LSD) represent a group of �50 malignancies
caused predominantly by mutations in lysosomal proteins. These genetic defects
commonly result in the accumulation of macromolecules within the lysosome. The
accumulation of cholesterol and other lipids in LE/Lys from patients with mutations
in NPC 1/2 genes represents the prototype of these malignancies. Strikingly, NPC1/2
disease is associated with defective lysosomal Ca2+ uptake and defective NAADP-
mediated lysosomal Ca2+ release, which significantly contributes to the accumula-
tion of cholesterol and sphingolipids [66, 92, 187, 236, 237]. In contrast, the
Chediak–Higashi Syndrome is characterized by enhanced lysosomal Ca2+ uptake
[238], whilst the TRPML1 protein is defective in mucolipidosis type IV [185].

Given the involvement of annexins in all of these regulatory circuits, one can
envisage that the modulating functions of annexins in LE/Lys function, including the
possibility of gene defects, could contribute to disease-related phenotypes observed
in some LSD. Advanced methodology in molecular biology, live cell and intravital
microscopy, mouse models and patient analysis in future studies will be needed to
provide further insights into the function of individual annexins in acidic
compartments.
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Cytokinesis and Ca2+ Signaling



Chapter 15
Ca2+ Signalling and Membrane Dynamics
During Cytokinesis in Animal Cells

Sarah E. Webb and Andrew L. Miller

Abstract Interest in the role of Ca2+ signalling as a possible regulator of the
combinatorial processes that result in the separation of the daughter cells during
cytokinesis, extend back almost a 100 years. One of the key processes required for
the successful completion of cytokinesis in animal cells (especially in the large
holoblastically and meroblastically dividing embryonic cells of a number of amphib-
ian and fish species), is the dynamic remodelling of the plasma membrane. Ca2+

signalling was subsequently demonstrated to regulate various different aspects of
cytokinesis in animal cells, and so here we focus specifically on the role of Ca2+

signalling in the remodelling of the plasma membrane. We begin by providing a
brief history of the animal models used and the research accomplished by the early
twentieth century investigators, with regards to this aspect of animal cell cytokinesis.
We then review the most recent progress made (i.e., in the last 10 years), which has
significantly advanced our current understanding on the role of cytokinetic Ca2+

signalling in membrane remodelling. To this end, we initially summarize what is
currently known about the Ca2+ transients generated during animal cell cytokinesis,
and then we describe the latest findings regarding the source of Ca2+ generating these
transients. Finally, we review the current evidence about the possible targets of the
different cytokinetic Ca2+ transients with a particular emphasis on those that either
directly or indirectly affect plasma membrane dynamics. With regards to the latter,
we discuss the possible role of the early Ca2+ signalling events in the deformation of
the plasma membrane at the start of cytokinesis (i.e., during furrow positioning), as
well as the role of the subsequent Ca2+ signals in the trafficking and fusion of
vesicles, which help to remodel the plasma membrane during the final stages of
cell division. As it is becoming clear that each of the cytokinetic Ca2+ transients
might have multiple, integrated targets, deciphering the precise role of each transient
represents a significant (and ongoing) challenge.
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15.1 Introduction

15.1.1 Historical Perspective

Cytokinesis is the final step of the cell cycle in both animal and plant cells when a
‘mother’ cell divides into two ‘daughter’ cells. Over the last decade, a number of
excellent general reviews on cytokinesis have been published (for example, see [1–6]).
Here, however, we provide a more focussed review of what is known about the link
between Ca2+ signalling and membrane dynamics during cytokinesis in animal cells.
As the interest in these two specific aspects of the cell division process spans nearly
100 years, a short introduction providing a historical perspective was considered
necessary. During early twentieth century investigations of the membrane dynamics
during cytokinesis, the holoblastically dividing eggs of echinoderms (such as
Hemicentrotus pulcherrimus, Astriclypeus manni, Arbacia punctulata, Echinus
esculentus, and Echinarachnius parma) were some of the favoured model systems
used. In these early studies, investigators recognized that the ‘addition’ or ‘growth’ of
de novo plasma membrane at or near the cleavage furrow appeared to be an integral
and essential part of the cytokinetic process [7–11]. Furthermore, from experiments
carried out in Ca2+-free media, the furrow constriction and membrane remodelling
events shown to occur during cytokinesis, were suggested to somehow involve
calcium ions (Ca2+) [7, 12, 13]. These observations, however, were initially contro-
versial and resulted in a certain amount of lively debate in the literature [13, 14]. Other
favourite early models (due to their large size and consequent ease of manipulation and
observation), were the holoblastically dividing eggs of amphibians. Once again
researchers reported that new membrane addition and the remodelling of existing
membrane were an integral part of the cell division process. Examples include the
dividing eggs of the newts Trituris alpestrist [15, 16], T. pyrrhogaster [17] and
Cynops pyrrhogaster [18, 19]; as well as those of the frogs Rana pipiens [20] and
Xenopus laevis [21, 22]. There is, therefore, a significant record in the early literature
(i.e., dating back ~50–80 years) that links plasma membrane dynamics with the first
few embryonic cell divisions of holoblastically cleaving egg cells both small and large.
More recently, a range of other model systems have been used to study membrane
dynamics during cytokinesis. These include the zebrafish, Danio rerio [23] and
medaka,Oryzias latipes [24]; the fruit fly,Drosophila spp. [25, 26], and the nematode,
Caenorhabditis elegans [27].
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15.1.2 General Aspects of Cytokinesis

In animal cells, cytokinesis is initiated when an actomyosin band forms and con-
tracts, cleaving the cells in two [28]. Most of the time the cytokinesis apparatus is
located in such a way that the daughter cells that form are approximately the same
size [5]. This requires the precise coordination of the mitotic spindle and the
cytokinetic apparatus, including the contractile band/ring and the pre-furrow plasma
membrane, to ensure that the cleavage furrow is placed correctly between the
segregating chromosomes and that enough new membrane can be formed to gener-
ate the two daughter cells [29, 30].

In somatic cells and small egg cells the contractile band appears to form and start
contracting simultaneously around the equator of the cell [31, 32]. However, in large
eggs (such as those of several fish and amphibian species), four distinct cytokinetic
components can be distinguished both from a temporal and spatial viewpoint
[33]. These include: The initial positioning of the furrow at the cell surface
[34, 35], which is followed by the propagation of the furrow within the cell cortex
with minimal initial deepening [36]; this is then followed by a phase of contractile
band constriction and furrow deepening [37]. At the end of furrow deepening in
these large embryonic cells, the two new daughter cells formed do not undergo
abscission (or separate) as they do following cytokinesis of many unicellular species
such as yeast and bacteria [38–41]; instead the fully deepened furrows undergo a
process of furrow apposition (or furrow ‘zipping’) to maintain compaction of the
early embryo [24, 42–44]. It has been suggested that a similar sequence of events
might also occur during cytokinesis in somatic cells, and in small eggs such as those
of certain echinoderm species [45]. It is, however, more difficult to distinguish
between the sequential steps of the cytokinetic process due to these events occurring
in a shorter time-frame and within a more restricted spatial domain due to the small
size of the cells. Alternatively, a truncated sequence of events might occur in these
small cells. It is during the latter stages of furrow deepening in both separating and
non-separating daughter cells that new membrane is reported to be added [22, 27,
46–48].

It was initially assumed that the action of the actomyosin contractile ring was the
main component of cytokinesis in animal cells. This is because ingression (deepen-
ing) of the cleavage furrow was considered to be the key event in the partitioning of
the cytoplasm to form the two daughter cells [28]. However, it is now known that the
transport and subsequent fusion of new plasma membrane is also a crucial step
during cell cleavage [49, 50]. This addition of plasma membrane is necessary to
allow for the increase in surface area that is required during cytokinesis. Indeed,
throughout cytokinesis the plasma membrane is a highly dynamic structure (espe-
cially in the region of the cleavage furrow), as it helps to maintain the shape, volume
and integrity of the cell at all times during this process [51, 52]. During furrow
positioning, the cleavage furrow first appears as a shallow indentation in the plasma
membrane at the animal pole. Once the furrow is positioned, a process is initiated
whereby this indentation extends (or propagates) laterally in both directions. In the
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case of meroblastically dividing fish eggs, once the indentation (propagating furrow)
reaches the edges of the blastodisc the furrow then starts to deepen both downward
and outward from the initial positioning indentation [24, 36]. In large,
holoblastically dividing amphibian eggs, such as those of Xenopus, however, the
cleavage furrow starts to deepen in the animal hemisphere before the leading edges
of the propagating furrows have reached the vegetal pole [44, 53]. Finally, during the
latter stages of furrow deepening, and apposition, new membrane is added via
endocytosis [29, 54].

As the structural aspects of animal cell cytokinesis became better understood, so
researchers began to realize that Ca2+ signalling was somehow involved in the overall
cell division process [55–58]. In addition, with the development of better Ca2+

reporters and imaging techniques it became clear that cytokinesis in large eggs
requires four sequential Ca2+ signals at furrow positioning, propagation, deepening
and apposition [24, 36, 45, 59, 60]. Here, we review the most recent discoveries (i.e.,
those reportedmainlywithin the last decade) regarding themechanism of cytokinesis,
especially focussing on the role of Ca2+ signalling on the events that lead to the
dynamic reorganization of the plasma membrane. We are basing this chapter largely
on the mechanisms involved in cleavage in fish embryos, as this is our major research
interest. However, we also compare and contrast what is known in these large fish
embryos with the mechanisms that have been identified in other embryonic systems
as well as in somatic cells, highlighting the events that are conserved between the
various cell types and discussing the events that might be more cell-specific.

15.2 The Cytokinetic Ca2+ Transients

15.2.1 Generation of Distinct Ca2+ Transients During
Cytokinesis

The first report of intracellular changes in Ca2+ during cytokinesis came from
Ridgway et al. [57] who injected medaka embryos with the luminescent Ca2+

reporter, aequorin, and then measured the light generated with a photomultiplier
tube (PMT). Although this group were mainly investigating the large single Ca2+

transient that accompanies egg activation, they also reported seeing small Ca2+

transients that seemed to correlate with the early cell division cycles. Almost a
decade after this first report, Shantz [61] demonstrated, again in medaka but this
time using a Ca2+-sensitive microelectrode, that the concentration of Ca2+ increased
transiently and synchronously during two successive rounds of cell division. These
early observations were confirmed in the early 1990s with the development of a
specialised Photon Imaging Microscope System (PIMS; [62]) that allowed for the
direct visualization of Ca2+ signals in the dividing embryos of medaka and other fish
species.
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Fluck et al. [24] loaded medaka embryos with aequorin and using a PIMS,
confirmed that the localised increases in Ca2+ first reported by Ridgway et al. [57]
occurred concurrently with cytokinesis. Fluck et al. [24] described the generation of
two successive slow Ca2+ waves that accompanied the propagation then deepening
of the cleavage furrows during the early meroblastic cell divisions in these embryos.
The first wave was relatively confined and appeared to accompany the extension
(propagation) of the furrow through the cell cortex with minimal deepening, whereas
the second wave was considerably broader and accompanied furrow deepening and
apposition of the newly formed daughter cells.

Following on from this initial discovery of Ca2+ transients in cleaving medaka
embryos, subsequent investigations (using both luminescent and fluorescent Ca2+

reporters) quickly confirmed the existence of Ca2+ transients during cytokinesis in
zebrafish embryos. For example, using the fluorescent Ca2+ reporter, calcium green-1
dextran, and laser scanning confocal microscopy, Chang andMeng [59] reported that
localised elevations in free Ca2+ were associated with cytokinesis in these embryos,
and they demonstrated that intracellular Ca2+ was elevated at the right time and right
place to play a role in establishing the location of the furrow plane. These results were
subsequently confirmed and extended using an aequorin-based imaging method
somewhat similar to that used by Fluck et al. [24], where it was reported that a
number of distinct Ca2+ signals accompany the sequentially-occurring cytokinetic
events during the first and second cell division cycles [36]. The first Ca2+ signal
generated was termed the ‘furrow positioning’ transient. This is a distinct, localised
elevation of intracellular Ca2+, which was demonstrated to precede the first physical
manifestation of the furrow arc at the surface of the blastodisc [34]. The furrow
positioning signal is followed by the ‘furrow propagation signal’, which takes the
form of two linear sub-surface slow Ca2+ waves (moving at ~0.5 μm/sec), which
accompany the leading edges of the furrow as they move in a linear manner to the
blastodisc margins. As the propagation wave fronts approach the margins then the
furrow deepening Ca2+ transient appears at the apex of the blastodisc in the same
place as the original furrow positioning signal. Like the propagation signal, the
deepening signal extends outward at ~0.5 μm/sec to the margins of the blastodisc,
but it also extends deep into the blastodisc (at ~0.1 μm/sec) as it accompanies the
furrow deepening process that divides the mother cell in two [36]. At the end of
furrow deepening, there is a gradual decrease in the level of intracellular Ca2+ starting
in the central base region of the furrow; this accompanies furrow apposition such that
by the time the cleavage furrow is fully apposed, the [Ca2+] has returned to the
pre-cleavage resting level [37]. The furrow positioning, propagation, deepening and
apposition Ca2+ signals observed during the first and second cell division cycles of
zebrafish embryos are shown in Fig. 15.1. The signals are shown from the side (both
facial and axial views) and animal pole as (unlike confocal microscopy with fluores-
cent reporters) the aequorin imaging method does not provide any information with
respect to the z-axis.

The generation of localised Ca2+ transients in zebrafish embryos during the
different cytokinetic events have also been confirmed by other groups using
aequorin and fluorescent reporters [60, 63, 64]. In addition, most recently, stable
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Fig. 15.1 The luminescence-generated images of three f-aequorin-loaded zebrafish embryos to
show the changes in intracellular free Ca2+ that occur during the first and second cell division
cycles. (A) Schematic illustrations of an embryo during furrow deepening of the first cell division
cycle from: (Aa) side facial and (Ab) side axial views, as well as from (Ac) a top (animal pole; AP)
view. (B–D) Pseudocolour images showing the f-aequorin-generated luminescence generated in
embryos when viewed in a (B) facial, (C) axial, and (D) top orientation. Each image represents 30 s
of accumulated luminescence and there is a 30-s gap between each image. For each series of images,
the positioning, propagation, deepening and apposition Ca2+ transients are labeled. Scale bars are
200 μm. Reprinted (in a modified form) with permission from “Localized calcium transients
accompany furrow positioning, propagation, and deepening during the early cleavage period of
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transgenic zebrafish lines have been generated (Tg[βactin2:GCaMP6s]stl351 and
Tg[ubi:GCaMP6s]stl352), which combine the ultra-sensitive fluorescent Ca2+ indi-
cator GCaMP6s with the ubiquitously expressed β-actin2 or ubiquitin genes [65]. It
is possible to visualize the dynamic Ca2+ signalling events that are generated
throughout embryogenesis and into adulthood with the Tg[βactin2:GCaMP6s]
stl351 line, but of particular interest to us with regards to this review, is the fact
that the Ca2+ signals generated during the early cleavage stages, are the same as
those visualized using injected reporter proteins [65].

In addition to zebrafish, a similar series of distinct Ca2+ transients have been
identified to accompany furrow positioning, propagation and deepening in other fish
species, such as the rosy barb (Puntius conchonius) and mummichog (Fundulus
heteroclitus; [45]), as well as during furrow propagation and deepening in the
Xenopus laevis [44, 45]. Furthermore, cytokinetic Ca2+ signals have also been
described in species that have considerably smaller eggs than those of fish and
amphibians. These include starfish (Asterina miniata and Pisaster ochraceus;
[66]), sand dollar (Echinarachnius parma; [67]), and sea urchin (Lytechinus pictus
and Paracentrotus lividus; [68, 69]).

More recently, the existence of intracellular elevations of Ca2+ during cytokinesis
in mammalian embryos has been reported [70]. Zygote-stage (1-cell stage) mouse
embryos were loaded with the ratiometric fluorescent Ca2+ reporter, Fura-2, and
images were acquired via confocal microscopy during the first cell division cycle
[70]. An elevation of intracellular Ca2+ was imaged in the plane of the forming
cleavage furrow in a somewhat similar manner to what has been observed during
cytokinesis in zebrafish that are loaded with fluorescent Ca2+ reporters and imaged
via confocal microscopy [59]. These are very exciting findings as they provide some
of the first direct evidence that Ca2+ signalling is a conserved feature of cytokinesis
during the early embryonic stages in mammals as well as in lower invertebrate
species.

15.2.2 Identifying the Source of Ca2+ Generating Cytokinetic
Transients

To identify the source of Ca2+ responsible for the generation of the cytokinetic Ca2+

transients, embryos have been treated with antagonists of the various Ca2+ release
channels. Chang and Meng [59] treated calcium green-1 dextran-injected zebrafish
embryos with inhibitors of the IP3 receptor (heparin), ryanodine receptor
(ryanodine), or the plasma membrane Ca2+ channel (nifedipine or lanthanum ions,
La3+), and showed that heparin blocked the cytokinetic Ca2+ signals (and cell

⁄�

Fig. 15.1 (continued) zebrafish embryos” by Webb SE, Lee KW, Karplus E, Miller AL, 1997.
Developmental Biology, 192, 78–92. Academic Press
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division) but the other inhibitors had no effect. The same group also demonstrated
that the cytokinetic Ca2+ transients were still generated when Ca2+ was removed
from the embryo bathing medium. They concluded that the transients were generated
via Ca2+ release from IP3 receptors most likely located in the endoplasmic reticulum
(ER; [59]). Using aequorin-injected embryos, it was subsequently confirmed that the
cytokinetic Ca2+ transients were generated in Ca2+-free medium [36]. In the follow-
ing sections, we describe the evidence accumulated, which demonstrates that Ca2+ is
essential for the various specific stages of cytokinesis.

15.2.2.1 Positioning and Propagation Ca2+ Transients

Some of the first evidence presented for the initiation of cleavage furrow formation
in embryos being dependent on Ca2+ comes from amphibians. Microsomal fractions
were prepared from CHO-K1 cells that stably expressed SERCA-GFP, and then
microinjected into dividing newt (Cynops pyrrhogaster) zygotes [71]. This resulted
in the induction of additional cleavage furrows at the site of injection. It was also
demonstrated that the Ca2+ transients observed in zebrafish embryos are crucial for
cleavage furrow positioning and formation. Newly fertilized embryos were injected
with aequorin, and then as soon as the positioning Ca2+ transient was observed, the
weak Ca2+ buffer, 5,50-dibromo-BAPTA was injected into the blastodisc [35]. This
had a delocalizing effect on the normally compact positioning Ca2+ transient and the
cleavage furrow never appeared at the surface of the blastodisc. As the positioning
Ca2+ signal was dispersed, then the subsequent propagation, deepening and apposi-
tion Ca2+ signals also failed to be generated and the associated furrow propagation,
deepening and apposition events were also absent.

The formation of extra furrows in newt embryos was demonstrated to be induced
via IP3-dependent Ca

2+ release by the microinjection of microsomes prepared from
the cerebella of wild-type or IP3 receptor (type 1)- mutant mice [71]. The injection of
microsomes from wild-type mice brain was shown to induce the formation of ectopic
cleavage furrows; whereas the co-injection of these microsomes and heparin or an
anti-IP3 receptor antibody inhibited the formation of these extra furrows. In addition,
the injection of microsomes from IP3 receptor-deficient mice resulted in far fewer
additional furrows forming [71]. It was subsequently demonstrated that when newt
eggs were simultaneously labelled for IP3 receptors and the ER (via injection of
sarco/endoplasmic reticulum ATPase- (SERCA-)-tagged GFP), as well as for F-actin
and DNA, the ER Ca2+ store and IP3 receptors were shown to co-migrate and
co-accumulate at the cleavage furrow along with F-actin [72, 73]. As migration
was blocked by treatment with the microtubule-depolarizing agent, nocodazole, or
the microtubule motor inhibitor, AMP-PNP, it was suggested that the ER and IP3
receptors might accumulate in the cleavage furrow in a microtubule-dependent
manner [73].

A role for IP3-dependent Ca
2+ release in positioning the cleavage furrow was

also demonstrated in zebrafish [74]. They showed that the introduction of the IP3
receptor antagonist, 2-aminoethoxydiphenyl borate (2-APB) just before or just
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after the appearance of the furrow positioning Ca2+ signal, eliminated the positioning
Ca2+ transient and the appearance of the furrow at the cell surface. On the other hand,
treatment with ryanodine, or antagonists of the nicotinic acid-adenine dinucleotide
phosphate (NAADP)-sensitive channel (nifedipine and verapamil), had no effect on
the generation of the positioning transient or the appearance of the furrow at the
blastodisc surface [35].

Following observations in the newt that furrow positioning is dependent on
microtubules [72], it was subsequently reported that an array of microtubules also
plays a crucial role in furrow positioning in zebrafish [34]. This so-called ‘pre-
furrowing microtubule array’ (pf-MTA) was shown to be visible just prior to the
physical deformation of the plasma membrane indicating the first appearance of the
cleavage furrow. It originated between the chromosomes (i.e., at the mid-zone of the
mitotic spindle) and expanded both upward toward the animal pole, and laterally
toward the blastodisc surface between metaphase and telophase of the cell division
cycle. It was suggested that the pf-MTAmight act to transfer chromosome passenger
proteins from the chromosomes to the central spindle and then to the cell cortex, and
organise the cortical ER so that it is confined principally to the location of cleavage
furrow formation [34].

15.2.2.2 Deepening and Apposition Ca2+ Transients

With regards to the deepening and apposition Ca2+ signals generated in zebrafish, it
was reported that application of heparin or 2-APB, at a time to specifically
challenge the deepening transient, inhibited the Ca2+ signal and blocked furrow
deepening [37]. On the other hand, treatment with ryanodine, ruthenium red
(another ryanodine receptor antagonist), nifedipine or verapimil had no effect on
either the deepening Ca2+ transient or furrow deepening. It was also shown (via
immunolabeling experiments) that the ER and IP3 receptors were localised on
either side of the cleavage furrow during furrow deepening. Thus, together these
data support the initial suggestion of Chang and Meng [59] that the localized
increase in intracellular [Ca2+] observed during furrow deepening is likely to be
derived mainly from the ER, and that Ca2+ is released into the cytoplasm via IP3
receptors.

Since then, it has been shown in zebrafish that while furrow positioning, propa-
gation and deepening require Ca2+ that is released from the ER via IP3 receptors, for
the successful apposition of the two daughter cells, the entry of extracellular Ca2+ is
needed [23]. In support of this observation, use of a scanning ion-selective electrode
[75] to measure the Ca2+ fluxes in the immediate vicinity of the deepening furrow,
demonstrated that when embryos were maintained in normal (Ca2+-containing)
medium, there was a small but measureable efflux of intracellular Ca2+ at the base
of the furrow, but there was a distinct influx of extracellular Ca2+ in the sides of the
deepening furrow [76]. In addition, again in zebrafish embryos, store-operated Ca2+

entry (SOCE) has been shown to play a role in refilling the ER and thus maintaining
the elevated levels of intracellular Ca2+ for the sustained period required for furrow
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deepening and apposition to occur [76]. It was estimated that in zebrafish at 28�C, it
takes ~9–13 min for deepening and apposition to be completed, and during this time
the intracellular [Ca2+] rises ~5-fold above the resting level of Ca2+ (i.e., from
~100 nM to ~500 nM). This is in contrast to the more superficially-located furrow
positioning and propagation signals, which last just ~1 min and ~2–5 min, respec-
tively (see Fig. 15.1). When embryos were treated with the STIM1 inhibitor, SKF
96365, furrow positioning and propagation occurred normally. However, although
furrow deepening was initiated, it was not successfully completed to separate the two
daughter cells and the cleavage furrow that was initially formed underwent regression
[76]. In addition, in aequorin-loaded SKF 96365-treated embryos, a furrow position-
ing Ca2+ transient was observed and this developed into a small furrow propagation
transient and thereafter into a very small (from both the volume and [Ca2+] point of
view) deepening transient. However, no distinct furrow apposition transient was
observed [76]. Additional supporting evidence for SOCE during furrow deepening
was provided by immunolabeling studies, which demonstrated that component
members of SOCE (i.e., STIM1 in the ER, and both Orai1 and TRPC1 in the plasma
membrane), are localised in the sides of the cleavage furrow during furrow deepen-
ing [76, 77]. The localization of the ER, IP3 receptor, STIM1, Orai1 and TRPC1 in
the deepening furrow during cytokinesis of the first cell division cycle in zebrafish
embryos is shown in Fig. 15.2. Interestingly, TRPC1 has also been shown to play a
key role in cytokinesis in the human grade IV D54MG glioma (brain tumour) cell
line [78]. When the function of TRPC1 was genetically suppressed in these cells (via
transfection with TRPC1 shRNA) or pharmacologically inhibited (by treatment with
SKF 96365, 2-APB or MRS1845), SOCE was inhibited and cytokinesis was
blocked. The authors went on to suggest that as the pharmacological inhibition of
TRPC1 appeared to slow the growth of glioma tumours, this strategy is worth
investigating as a possible therapeutic treatment for this type of highly malignant
cancer [78].

15.3 Possible Targets of the Cytokinetic Ca2+ Transients

15.3.1 The Positioning and Propagation Ca2+ Transients

It was studies conducted in the 1970s–1990s with sea urchin, sand dollar, and newt
embryos, which first indicated that cytokinesis involves the formation and contrac-
tion of an actomyosin ring or band at the base of the cleavage furrow [15, 79,
80]. Since then, there have been a number of suggestions with regards to the role
played by Ca2+ in this process, including: the recruitment of microfilaments into the
contractile band [24]; the regulation of binding between actin and myosin [67]; and
the regulation of the contraction process itself via the Ca2+/calmodulin-activated
myosin light chain kinase (MLCK; [59, 81–83]). The precise function of Ca2+ in the
assembly and/or contraction of the actomyosin contractile ring/band might prove to be
species- and/or cell type-specific. For example, whereas MLCK is reported to play a key
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Fig. 15.2 Localization of the main Ca2+ store and Ca2+ release channel as well as components of
SOCE that have been shown to play a role during furrow deepening of the first cell division cycle in
zebrafish embryos. (A) These are series of single optical sections that have been projected as single
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role in cytokinesis in Dictyostelium discoidium [82], crane fly (Nephrotoma suturalis)
andDrosophila melanogaster spermatocytes [84]; and in human oral cancer cells [85], it
does not appear to play a role in cytokinesis in early C. elegans embryos [86].

In zebrafish, the role of Ca2+ with respect to the assembly of the contractile band
has not yet been fully explored. However, it was recently demonstrated that in these
large embryos there is a biphasic assembly of the acto-myosin contractile apparatus
[87]. Thus, initially a restricted arc of F-actin patches form along the presumptive
furrow plane at the animal pole, in what was called the ‘assembly phase’. These
patches then fuse together to form F-actin cables, which subsequently become
bundled together forming the F-actin band proper, during what was called the
‘extension phase’. It was also shown that phosphorylated myosin light chain
2 (MLC2) is not associated with the initial arc of F-actin formed during the assembly
phase, but that clusters of MLC2 are recruited into the extending ends of the
contractile band during the extension phase. As a result, it was suggested that the
MLC2-free region of the contractile band is required to position and act as a scaffold
to extend the cleavage furrow, whereas the actomyosin ends generate the force
required for furrow deepening [87].

It has also been suggested that the positioning Ca2+ transient might also play a
role in the all-important adhesion of the contractile ring to the plasma membrane, an
essential step for successful cytokinesis [88, 89]. Phosphatidylinositol
4,5-bisphosphate (PIP2), an intermediate in the IP3/diacylglycerol signalling path-
way and substrate of phospholipase C (PLC), has been shown to accumulate in the
furrow during cytokinesis in a variety of cells in culture, including Chinese hamster
ovary (CHO), HeLa, NIH-3T3 and MDCK cells [90, 91]. In addition, when the
levels of PIP2 were reduced either genetically or pharmacologically, then the normal

Fig. 15.2 (continued) images to show the localization of the (a) ER, (b) IP3 receptor, (c) TRPC1,
(d) STIM1, and (e) Orai1 from an animal pole view. For panels (a–e) the arrowheads indicate the
respective protein of interest, whereas in panels (c–e) the arrows indicate F-actin which is co-labeled
with the various SOCE proteins. (e*) The inset panel shows the elevated level of Orai1 in the base of
the deepening furrow at the edges of the blastodisc. Scale bars are (a,b,e*) 50 μm and (c–e) 200 μm.
(B) Schematic illustrations of low and higher magnification animal pole views of an embryo to
show the actomyosin contractile band and the associated ER, IP3 receptor, TRPC1, STIM1, and
Orai1 localized in the deepening cleavage furrow during the first cell division cycle. (C) Schematic
illustrations of low and higher magnification facial views of an embryo showing how SOCE in
combination with Ca2+ released from the ER via activation of IP3 receptors might be required to
maintain the high levels of Ca2+ in the furrow region for successful furrow deepening and
apposition to take place. Panels Aa and Ab are reprinted with permission from “Ca2+ released via
IP3 receptors is required for furrow deepening during cytokinesis in zebrafish eggs” by Lee KW,
Webb SE, Miller AL, 2003. International Journal of Developmental Biology, 47, 411–421. UBC
Press. Panel Ac is reprinted with permission from “Inhibition of SOCE disrupts cytokinesis in
zebrafish embryos mainly via inhibition of cleavage furrow deepening” by Chan CM, Chen Y,
Hung TS, Miller AL, Shipley AM, Webb SE, 2015. International Journal of Developmental
Biology, 59, 289–301. UBC Press. Panels Ad and Ae are reprinted with permission from “SOCE
proteins, STIM1 and Orai1, are localized to the cleavage furrow during cytokinesis of the first and
second cell division cycles in zebrafish embryos” by Chan CM, Aw JTM, Webb SE, Miller AL,
2016. Zygote, 24, 880-889. Cambridge University Press
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adhesion between the plasma membrane and cytoskeleton was affected [90]. In an
earlier report, Han et al. [92] demonstrated that the injection of a monoclonal anti-
PIP2 antibody into one blastomere of 2-cell stage Xenopus embryos, resulted in the
inhibition of cleavage in that blastomere, while the uninjected sister blastomere
divided normally. More recently, it has been shown that PIP2 and PIP2 hydrolysis
are both required for cytokinesis in Drosophila spermatocytes [93] and that PIP2
hydrolysis controls the actin dynamics that occur during constriction of the actomy-
osin contractile ring in both Drosophila and crane fly spermatocytes through the Ca2+

activation of myosin via MLCK [84]. PIP2 is also involved in localising the
scaffold protein, anillin, to the cleavage furrow [94]. Anillin links RhoA to the
actomyosin contractile ring during cytokinesis [95], and it also helps to maintain the
stability of the furrow by linking the actomyosin contractile band/ring with septin
filaments [96], which are themselves tightly linked to the plasma membrane
[97]. Indeed, in Drosophila spermatocytes undergoing cytokinesis, anillin has
been shown to recruit septins to the cleavage furrow and to maintain F-actin and
myosin II in the correct location during the later stages of cytokinesis [96]. In an
earlier report in syncytial blastoderm stage Drosophila embryos, both F-actin and
myosin II were shown to be transported along microtubules and then co-localize in
regions where pseuodocleavage furrows form [98]. In addition, in sea urchin
(Lytechinus pictus) eggs, myosin II has been shown to be transiently activated
globally before the cleavage plane is specified, and during cell division it is activated
by both the MLCK and Rho-kinase pathways [99].

Calmodulin is another Ca2+-binding protein, which appears to play a role in the
earliest stages of cytokinesis as it is reported to determine the positioning and timing
of cleavage furrow formation [100]. In HeLa cells, a GFP-tagged CaM was shown to
concentrate in the sub-membranous region of the cell during much of the cell cycle
and it accumulated at the equatorial region just prior to the formation of the cleavage
furrow. In addition, when a CaM-specific inhibitory peptide was injected into cells
during early anaphase, this lead to either a partial or full inhibition of cytokinesis
[100]. It was subsequently demonstrated, again in HeLa cells, that calmodulin is
initially associated with the spindle microtubules, and then it accumulates at the
central spindle. In addition, as treatment with the Ca2+/CaM inhibitor, W7, blocked
the assembly of the central spindle and prevented the formation of the cleavage
furrow, it was suggested that it is the central spindle that is important for the
formation of the cleavage furrow in these cells [101].

Calmodulin has also been demonstrated to accumulate in the cleavage furrow of
zebrafish embryos during cytokinesis [87]. Similar to the pattern of localisation in
HeLa cells, calmodulin is localised in the cortex of zebrafish embryos throughout
cytokinesis and it first becomes visible prior to the indentation in the plasma
membrane that indicates the positioning of the cleavage furrow. When visualizing
the region of calmodulin labelling from a top view, it starts off as a small, relatively
diffuse arc at the animal pole; this appears to correspond (from the timing and
location) with the arc of the forming contractile band during furrow positioning.
Calmodulin then continues to be localized in the contractile band as it grows across
the blastodisc, and it is localized in the sides of the cleavage furrow where it grows in
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length and width as the furrow propagates. The pattern of labelling then continues to
grow in width (during furrow deepening), and finally it narrows and the overall level
of fluorescence appears to get less intense (during furrow apposition). Calmodulin
labelling in the contractile band disappears in the central region of the furrow during
apposition but lingers at the lateral ends of the contractile band suggesting that these
regions are responsible for generating the force required for furrow deepening
[87].While calmodulin might therefore prove to be one of the targets of the cytokinetic
Ca2+ transients in zebrafish embryos and HeLa cells, it does not appear to play a role in
cytokinesis in early C. elegans embryos [86]. This is an example, which appears to
demonstrate that the signalling pathways involved in cytokinesis are not completely
conserved between species, and thus species-specific differences do occur.

The Rho family of GTPases has been shown to regulate changes in cell shape by
affecting the formation of actin structures just under the surface of the plasma
membrane. It has been demonstrated that the binding of Ca2+ to calmodulin activates
Ca2+/calmodulin-dependent kinase II (CaMKII), which in turn activates RhoA and
Cdc42 [102]. Interestingly, during cytokinesis in Xenopus embryos, Rho has been
shown to regulate the assembly of F-actin in the cortex and it plays a key role in the
constriction of the cleavage furrow, whereas Cdc42 plays a role in furrow
deepening [103].

Annexin A2 has also been demonstrated to play a necessary role in the early
stages of cytokinesis. This is a Ca2+- and phospholipid-binding protein, which plays
a role in remodelling actin in the cortex of cells. In HeLa cells, annexin A2 has been
shown to accumulate in the equatorial cortex at the start of cytokinesis [104]. How-
ever, on the siRNA-mediated down-regulation of this protein, RhoA fails to form a
compact ring around the equator of the cell, and the normal association between the
equatorial cortex and central spindle is lost. This leads to the formation of defective
cleavage furrows and hence a failure of cytokinesis [105].

15.3.2 The Deepening and Apposition Ca2+ Transients

Aside from its role in the positioning and propagation of the cleavage furrow via the
assembly and contraction of the contractile band, the role played by Ca2+ during the
later stages of cytokinesis (i.e., during furrow deepening and apposition), is becoming
more apparent. In zebrafish embryos, the furrow deepening Ca2+ transient has been
suggested to play a role in the recruitment and exocytosis of vesicles at the plasma
membrane of the deepening furrow [35]. A number of groups have demonstrated that
vesicle trafficking plays a crucial role in membrane remodelling during cytokinesis in
various animal cells, including: in zebrafish, sea urchin, Xenopus, Drosophila, and
C. elegans embryos, as well as in Drosophila spermatocytes and Dictyostelium cells
[29, 43, 48, 105]. There are a number of excellent recent reviews that describe
membrane trafficking during cytokinesis [29, 50, 54, 106–108], and with the latest
advances in cell imaging techniques, the identity and function of the trafficking
components are now starting to be revealed. In zebrafish embryos, it was
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demonstrated that two cognate SNARE partners, VAMP-2 and SNAP-25, mediate
vesicle fusion at the deepening and apposing cleavage furrowmembranes [23]. It was
also shown that VAMP-2 vesicle fusion is not required for furrow deepening but is
essential for successful daughter cell apposition. In addition, starting during late
deepening finger-like plasma membrane projections, which express both F-actin
and VAMP-2, appear on either side of the furrow and form bridges to span the furrow
(Fig. 15.3Ai, B). As the plasma membrane on either side of the furrow undergoes
apposition, a VAMP-2-rich boundary forms between the adjacent blastomeres
(Fig. 15.3B; [23]). Furthermore, it was shown that microtubules are required for the
recruitment of VAMP-2 vesicles to the furrow [23] These data support an earlier
report by Jesuthasan [43], who demonstrated that microtubules are required for the
apposition of daughter blastomeres in zebrafish embryos, and he suggested that they
might mediate the trafficking of intracellular vesicles to the furrow plasmamembrane.
Furthermore, he also reported that vesicles are exocytosed at the furrow membrane,
and in this way vesicle cargos of proteins such as cadherins and catenins are delivered
at the right time and in the correct location to promote Ca2+-sensitive blastomere
apposition.

More recently, the fusion of VAMP-2 vesicles in the deepening furrow was
demonstrated to require an elevation of Ca2+ that is released from intracellular stores
via IP3 receptors [33]. The role of IP3 receptors in the extensive remodelling of the
membrane that takes place during furrow deepening and apposition in zebrafish is
supported by a report from sea urchin embryos where Ca2+ released from heparin-
sensitive intracellular stores was shown to be required for the addition of new
membrane during cytokinesis ([48]).

Intracellular Ca2+ is also required for the extensive remodelling of F-actin, which
takes place during furrow deepening, for example, for the assembly and extension of
the contractile band and for the formation of pericleavage actin enrichments (PAEs),
which are located in the cortex of the deepening furrow on either side of the
contractile band [33, 109]. VAMP-2 fusion also requires the presence of the
PAEs, and both VAMP-2 fusion and PAE formation require the action of calpains
[33]. The latter are Ca2+-dependent, cytosolic cysteine proteases, which act upstream
of members of the Rho GTPase family in the integrin signalling pathway, and they
play a role in cell differentiation, proliferation and apoptosis [110]. In addition, the
transport of VAMP-2 vesicles along microtubules to the cleavage furrow has been
shown to be dependent on the recruitment of kif23, a homologue of mitotic kinesin-
like protein 1 (Mklp1) to the furrow region, and that the localization of kif23 is also
Ca2+-dependent [33]. This confirms an earlier report demonstrating that GFP-tagged
Mklp1 colocalizes with microtubules in the cleavage furrow during the early cell
division cycles in zebrafish embryos, and that when embryos were injected with
dominant-negative variants of GFP-Mklp1 then cytokinesis frequently failed to
complete [111]. Furthermore, other kinesin-like proteins have been shown to play
a significant role in the formation of the midbody matrix and be required for the
completion of cytokinesis in C. elegans embryos [112], as well as in CHO and HeLa
cells [113–115].
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Fig. 15.3 Localization of VAMP-2 vesicles and Kif23, along with F-actin, microtubules and calmod-
ulin in the cleavage furrow during furrow apposition of the early cell division cycles in zebrafish
embryos. (Aa–Ah) Accumulation of VAMP2 in vesicles in the furrow at the end of deepening and
during apposition. These images show localization of (Aa–Ad) VAMP2-EGFP alone and (Ae–Ah) both
VAMP2-EGFP and Bodipy-TR-ceramide (the latter being a fluorescent lipid used to label to the plasma
membrane; see arrowheads). The arrows indicate VAMP2, which accumulates in vesicles toward the
end of deepening, and is then incorporated into the plasma membrane separating the two new daughter
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In addition to its role in early cytokinesis, myosin II is also required for the later
cleavage stages in zebrafish. Urven et al. [109] demonstrated that it plays a role in the
recruitment of components of the adhesion junctions, i.e., β-catenin, and the
pericleavage F-actin to the furrow, as well as in the remodelling of the FMA, and
the disassembly of the FMA and contractile ring towards the end of cytokinesis. As
myosin II did not appear to be involved in furrow deepening, they suggested that its
main role is for the recruitment of cell adhesion components as well as remodelling
of the cytoskeleton during the maturation of the furrow [109].

Actin depolymerizing factor (ADF)/cofilin has also been reported to play a key
role in the later stages of cytokinesis. It has been shown to localize to the contractile
band/ring at the end of cleavage in a number of different cell types, including
Xenopus and C. elegans embryos [116, 117]. In addition, when the expression of
ADF/cofilin was knocked down or inhibited in these embryos, this resulted in a
failure of cytokinesis and the embryos became multinucleated [116, 117]. It has also
been reported that ADF/cofilin can modulate Ca2+ signalling; in starfish oocytes for
example, it was shown to enhance Ca2+ release by both IP3 and NAADP, and in this
way modulate the pattern of Ca2+ signalling during activation and fertilization
[118]. Thus, although evidence is currently limited, ADF/cofilin associated with
the contractile band in large embryos might also prove to (in some way) modulate

⁄�

Fig. 15.3 (continued) cells during apposition. (Ai–Al) Localization of F-actin in the furrow during
deepening and apposition. F-actin is localized in the sides (arrowheads) and base (arrows) of the
furrow. The asterisk in panel (Ai) indicates an F-actin-rich finger-like membrane projection on one
side of the deepening furrow. (B) Such finger-like membrane projections precede furrow apposition
and appear from both sides of the furrow (arrowheads in panels Ba and Bb). In addition to F-actin,
VAMP2-EGFP is also localized in these projections. Apposition of the blastomeres is complete
when a VAMP2-EGFP-labeled boundary appears due to the cohesion of the plasma membrane from
both sides of the furrow (arrows in panels Bb and Bd). (C) Localization of calmodulin (arrowheads)
in the (Ca) deepening and (Cb) apposing cleavage furrow during the first cell division cycle. (D)
Localization of Kif23-EGFP (arrowheads) and microtubules (labeled with rhodamine-tagged tubu-
lin- see white dashed lines) in the (Da) deepening and (Db) apposing cleavage furrow. (E)
Schematic illustration to show how Ca2+ released from intracellular stores via the IP3 receptor
might play a role in furrow apposition. We have previously shown that the fusion of VAMP2
vesicles to the plasma membrane, recruitment of Kif23 and formation of the PAEs, as well as the
remodeling, stabilization and construction of the contractile band are all Ca2+-dependent [33]. In
addition, we have shown that VAMP2 vesicles are transported along furrow microtubule arrays
(FMAs), that Kif23 plays a role in moving the vesicles along the FMAs and that calpains and the
PAEs play a role in the fusion process too [33]. As calmodulin is also found in the cleavage furrow
throughout cytokinesis [87], this might play some role in transducing the deepening and apposition
Ca2+ signals to effect these various cellular activities. Scale bars are (A) 20 μm; (B and D) 10 μm;
and (C) 100 μm. Panels Aa–Ah and B are reprinted with permission from “Recruitment and
SNARE-mediated fusion of vesicles in furrow membrane remodeling during cytokinesis in
zebrafish embryos” by Li WM, Webb SE, Lee KW, Miller AL, 2006, Experimental Cell Research,
312, 3260–3275. Elsevier Inc. Panels Ai–Al and D, are reprinted with permission from “Multiple
roles of the furrow deepening Ca2+ transient during cytokinesis in zebrafish embryos” by Li WM,
Webb SE, Chan CM, Miller AL, 2008, Developmental Biology, 316, 228–248. Elsevier Inc. Panel
C is reprinted with permission from “Biphasic assembly of the contractile apparatus during the first
two cell division cycles in zebrafish embryos” by Webb SE, Goulet C, Chan CM, Yuen MYF,
Miller AL, 2014, Zygote, 22, 218–228. Cambridge University Press
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the cytokinetic Ca2+ transients, particularly during deepening towards the end of
cleavage when substantially higher levels of Ca2+ are generated over a relatively
long-duration [37].

It has also been suggested that members of the copine family of Ca2+-dependent
membrane-binding proteins might play a role in cytokinesis. Copines are highly and
ubiquitously expressed proteins in a wide variety of different animal (and plant)
species, including Paramecium tetraurelia, Dictyostelium, C. elegans, mice and
humans [119, 120]. In Dictyostelium, Damer et al. [120] demonstrated that copine
A is localized to the plasma membrane and various intracellular vacuoles, including
endolysosomal organelles. In addition, cells in which CpnA was knocked out
exhibited cytokinesis defects. The authors suggested that during cytokinesis,
CpnA might bind to vesicles that are targeted for the plasma membrane at the
cleavage furrow [120]; thus they might help to regulate the addition of new mem-
brane to the cleavage furrow during the latter stages of cytokinesis.

15.4 Conclusions

Out of the possible targets suggested for all four of the cytoplasmic Ca2+ transients,
those associated either directly or indirectly with remodelling the plasma membrane
feature prominently. Indeed it has been proposed that the cytokinetic Ca2+ transients
might serve multiple functions at different stages of the cytokinesis process
depending on the cell type in question [33]; whether they are embryonic or somatic;
whether they divide evenly or unevenly, and if they are embryonic, then whether
they divide holoblastically or meroblastically. We propose that for each type of cell,
specific components of the so-called ‘Ca2+ signalling toolkit’ [121] are expressed
along with the required Ca2+-sensitive targets in order to orchestrate the form of cell
division required. Furthermore, we suggest that the same Ca2+ signal might target
several components involved in the regulation of cytokinesis either simultaneously,
or at different times. A possible example of simultaneous stimulation is the IP3
receptor-mediated deepening Ca2+ transient, which might serve to regulate the
constriction of the actomyosin contractile band, while also promoting the transport
and fusion of vesicles to add new membrane to the deepening furrow walls. We
suggest that the ongoing development of super-resolution microscopy techniques
that can be readily applied to living cells, as well as the continuing improvements in
Ca2+ imaging methodologies with regards to both the reporters and detectors, bode
well for the continued progress in this field.

Acknowledgments We acknowledge funding support from Hong Kong Research Grants Council
(RGC) General Research Fund awards 662113, 16101714 and 16100115; the ANR/RGC joint
research scheme award A-HKUST601/13 and the Hong Kong Theme-based Research Scheme
award T13-706/11-1. We also acknowledge funding support from the Hong Kong Innovation and
Technology Commission (ITCPD/17-9).

406 S. E. Webb and A. L. Miller



References

1. Atilla-Gokcumen GE, Castoreno AB, Sasse S, Eggert US (2010) Making the cut: the chemical
biology of cytokinesis. ACS Chem Biol 5:79–90

2. Barr FA, Gruneberg U (2007) Cytokinesis: placing and making the final cut. Cell 131:847–860
3. Green RA, Paluch E, Oegema K (2012) Cytokinesis in animal cells. Ann Rev Cell Dev Biol

28:29–58
4. McMichael CM, Bednarek SY (2013) Cytoskeletal and membrane dynamics during higher

plant cytokinesis. New Phytol 197:1039–1057
5. Oliferenko S, Chew TG, Balasubramanian MK (2009) Positioning cytokinesis. Genes Dev

23:660–674
6. Pollard TD (2010) Mechanics of cytokinesis in eukaryotes. Curr Opin Cell Biol 22:50–56
7. Dan K, Dan JC (1940) Behavior of the cell surface during cleavage III. On the formation of

new surface in the eggs of Strongylocentrotus pulcherrimus. Biol Bull 78:486–501
8. Dan K, Yanagita T, Sugiyama M (1937) Behavior of the cell surface during cleavage

I. Protoplasma 28:66–81
9. Motomura I (1940) Studies of cleavage I. Changes in the surface area of different regions of

eggs of a sea urchin in the course of the first cleavage. Sci Rep Tôhoku Imp Univ Ser
4 15:121–130

10. Rappaport R, Ratner JH (1967) Cleavage of sand dollar eggs with altered patterns of new
surface formation. J Exp Zool 165:89–100

11. Tilney LG, Marsland D (1969) A fine structural analysis of cleavage induction and furrowing
in the eggs of Arbacia punctulata. J Cell Biol 42:170–184

12. Gray J (1924) The mechanism of cell-division I. The forces which control the form and
cleavage of the eggs of Echinus esculentus. Biol Rev 1:164–188

13. Motomura I (1941) Studies of cleavage II. Cleavage of the cells of a sea urchin,
Strongylocentrotus pulcherrimus, in calcium-free sea water. Sci Rep Tôhoku Imp Univ, Ser
4 16:283–290

14. Dan K (1954) Further study on the formation of the “new membrane” in the eggs of the sea
urchin, Hemicentrotus (Strongylocentrotus) pulcherrimus. Embryologia 2:99–113

15. Selman GG, Perry MM (1970) Ultrastructural changes in the surface layers of the newt’s egg
in relation to the mechanism of its cleavage. J Cell Sci 6:207–227

16. Selman GG, Waddington CH (1955) The mechanism of cell division in the cleavage of the
newt’s egg. J Exp Biol 32:700–733

17. Dan K, Kuno Kojima M (1963) A study on the mechanism of cleavage in the amphibian egg.
J Exp Biol 40:7–14

18. Sawai T (1976) Movement of the cell surface and change in surface area during cleavage in the
newt’s egg. J Cell Sci 21:537–551

19. Sawai T (1987) Surface movement in the region of the cleavage furrow of amphibian eggs.
Zool Sci (Tokyo) 4:825–832

20. Woodward DJ (1968) Electrical signs of new membrane production during cleavage of Rana
pipiens eggs. J Gen Physiol 52:509–531

21. Bluemink JG, de Latt SW (1973) New membrane formation during cytokinesis in normal and
cytochalasin B-treated eggs of Xenopus laevis I. Electron microscope observations. J Cell Biol
59:89–108

22. Byers TJ, Armstrong PB (1986) Membrane protein redistribution during Xenopus first cleav-
age. J Cell Biol 102:2176–2184

23. Li WM, Webb SE, Lee KW, Miller AL (2006) Recruitment and SNARE-mediated fusion of
vesicles in furrow membrane remodeling during cytokinesis in zebrafish embryos. Exp Cell
Res 312:3260–3275

24. Fluck RA, Miller AL, Jaffe LA (1991) Slow calcium waves accompany cytokinesis in medaka
fish eggs. J Cell Biol 115:1259–1265

15 Ca2+ Signalling and Membrane Dynamics During Cytokinesis in Animal Cells 407



25. Lecuit T, Wieschaus E (2000) Polarized insertion of new membrane from a cytoplasmic
reservoir during cleavage of Drosophila embryo. J Cell Biol 150:849–860

26. Takeda T, Robinson IM, Savoian MM, Griffiths JR, Whetton AD, McMahon HT, Glover DM
(2013) Drosophila F-BAR protein Syndapin contributes to coupling the plasma membrane
and contractile ring in cytokinesis. Open Biol 3:130081. https://doi.org/10.1098/rsob.130081

27. Skop AR, Bergmann D, Mohler WA, White JG (2001) Completion of cytokinesis in
C. elegans requires a brefeldin A-sensitive membrane accumulation at the cleavage furrow
apex. Curr Biol 11:735–746

28. Rappaport R (1996) Cytokinesis in animal cells. Developmental and cell biology series.
Cambridge University Press, Cambridge, UK

29. Albertson R, Riggs B, Sullivan W (2005) Membrane traffic: a driving force in cytokinesis.
Trends Cell Biol 15:92–101

30. Straight AF, Field CM (2000) Microtubules, membranes and cytokinesis. Curr Biol 10:
R760–RR70

31. Dan K (1988) Mechanism of equal cleavage of sea urchin egg: transposition from astral
mechanism to constricting mechanism. Zool Sci 5:507–517

32. Schroeder TE (1972) The contractile ring. II Determining its brief existence, volumetric
changes, and vital role in cleaving Arbacia eggs. J Cell Biol 53:419–434

33. Li WM, Webb SE, Chan CM, Miller AL (2008) Multiple roles of the furrow deepening Ca2+

transient during cytokinesis in zebrafish embryos. Dev Biol 316:228–248
34. Lee KW, Ho SM, Wong CH, Webb SE, Miller AL (2004) Characterization of mid-spindle

microtubules during furrow positioning in early cleavage period zebrafish embryos. Zygote
12:221–230

35. Lee KW, Webb SE, Miller AL (2006) Requirement for a localized, IP3R-generated Ca2+

transient during the furrow positioning process in zebrafish zygotes. Zygote 14:143–155
36. Webb SE, Lee KW, Karplus E, Miller AL (1997) Localized calcium transients accompany

furrow positioning, propagation, and deepening during the early cleavage period of zebrafish
embryos. Dev Biol 192:78–92

37. Lee KW, Webb SE, Miller AL (2003) Ca2+ released via IP3 receptors is required for furrow
deepening during cytokinesis in zebrafish eggs. Int J Dev Biol 47:411–421

38. Guertin DA, Trautmann S, McCollum D (2002) Cytokinesis in eukaryotes. Microbiol Mol
Biol Rev 66:155–178

39. Guizetti J, Gerlich DW (2010) Cytokinetic abscission in animal cells. Sem Cell Dev Biol
21:909–916

40. Rothfield LI, Justice SS (1997) Bacterial cell division: the cycle of the ring. Cell 88:581–584
41. Yeong FM (2005) Severing all ties between mother and daughter: cell separation in budding

yeast. Mol Micro 55:1325–1331
42. Danilchik MV, Brown EE (2008) Membrane dynamics of cleavage furrow closure in Xenopus

laevis. Dev Dyn 237:565–579
43. Jesuthasan S (1998) Furrow-associated microtubule arrays are required for the cohesion of

zebrafish blastomeres following cytokinesis. J Cell Sci 111:3695–3703
44. Muto A, Kume S, Inoue T, Okano H, Mikoshiba K (1996) Calcium waves along the cleavage

furrows in cleavage-stage Xenopus embryos and its inhibition by heparin. J Cell Biol
135:181–190

45. Webb SE, Miller AL (2007) Ca2+ signaling during embryonic cytokinesis in animal systems.
In: Krebs J, Michalak M (eds) Calcium: a matter of life and death. Elsevier, B.V., Amsterdam,
The Netherlands, pp 445–470. https://doi.org/10.1016/S0167-7306(06)41017-6

46. Aimar C (1997) Formation of new plasma membrane during the first cleavage cycle in the eggs
of Xenopus laevis: an immunocytological study. Dev Growth Dev 39:693–704

47. Danilchik MV, Funk WC, Brown EE, Larkin K (1998) Requirement for microtubules in new
membrane formation during cytokinesis of Xenopus embryos. Dev Biol 194:47–60

48. Shuster CB, Burgess DR (2002) Targeted new membrane addition in the cleavage furrow is a
late, separate event in cytokinesis. Proc Natl Acad Sci USA 99:3633–3638

408 S. E. Webb and A. L. Miller

https://doi.org/10.1098/rsob.130081
https://doi.org/10.1016/S0167-7306(06)41017-6


49. Finger FP, White JG (2002) Fusion and fission: membrane trafficking in animal cells. Cell
108:727–730

50. Schiel JA, Prekeris R (2013) Membrane dynamics during cytokinesis. Curr Opin Cell Biol
25:92–98

51. Bezanilla M, Gladfelter AS, Kovar DR (2015) Cytoskeletal dynamics: a view from the
membrane. J Cell Biol 209:329–337

52. Heng YW, Koh CG (2010) Actin cytoskeleton dynamics and the cell division cycle. Int
J Biochem Cell Biol 42:1622–1633

53. Miller AL, Fluck RA, MccLaughlin JA, Jaffe LF (1993) Calcium buffer injections inhibit
cytokinesis in Xenopus eggs. J Cell Sci 106:523–534

54. Simon GC, Prekeris R (2008) Mechanisms regulating targeting of recycling endosomes to the
cleavage furrow during cytokinesis. Biochem Soc Trans 36:391–394

55. Arnold JM (1975) An effect of calcium in cytokinesis as demonstrated with ionophore A
23187. Cytobiologie 11:1–9

56. Baker PF, Warner AE (1972) Intracellular calcium and cell cleavage in early embryos of
Xenopus laevis. J Cell Biol 53:579–581

57. Ridgway EB, Gilkey JC, Jaffe LF (1977) Free calcium increases explosively in activating
medaka eggs. Proc Natl Acad Sci USA 74:623–627

58. Schroeder TE, Strickland DL (1974) Ionophore A23187, calcium and contractility in frog
eggs. Exp Cell Res 83:139–142

59. Chang DC, Meng C (1995) A localized elevation of cytosolic free calcium is associated with
cytokinesis in the zebrafish embryo. J Cell Biol 131:1539–1545

60. Créton R, Speksnijder JE, Jaffe LF (1998) Patterns of free calcium in zebrafish embryos. J Cell
Sci 111:1613–1622

61. Shantz AR (1985) Cytosolic free calcium-ion concentration in cleaving embryonic cells of
Oryzias latipes measured with calcium-selective microelectrodes. J Cell Biol 100:947–954

62. Miller AL, Karplus E, Jaffe LF (1994) Use of aequorin for [Ca2+]i imaging. Chapter 13. In:
Nuccitelli R (ed) Methods in cell biology, Vol 40: a practical guide to the study of Ca2+ in
living cells. Academic press, San Diego, pp 305–338

63. Chang DC, Lu P (2000) Multiple types of calcium signals are associated with cell division in
zebrafish embryo. Micros Res Tech 49:111–122

64. Guo YB, Wen Y, Gao WX, Li JC, Zhou P, Bai ZL, Zhang B, Wang SQ (2010) The formation
of Ca2+ gradients at the cleavage furrows during cytokinesis of zebrafish embryos. Front Biol
5:369–377

65. Chen J, Xia L, Bruchas MR, Solnica-Krezel L (2017) Imaging early embryonic calcium
activity with GCaMP6s transgenic zebrafish. Dev Biol 430(2):385–396

66. Stricker SA (1995) Time-lapse confocal imaging of calcium dynamics in starfish embryos.
Dev Biol 170:496–518

67. Silver RB (1996) Calcium, BOBs, QEDs, microdomains and a cellular decision: control of
mitotic cell division in sand dollar blastomeres. Cell Calc 20:161–179

68. Ciapa B, Pesando D, Wilding M, Whitaker M (1994) Cell-cycle calcium transients driven by
cyclic changes in inositol trisphosphate levels. Nature 368:875–878

69. Peonie M, Alderton J, Tsien RY, Steinhardt RA (1985) Changes of free calcium levels with
stages of the cell division cycle. Nature 315:147–149

70. Liu X, Wang P, Fu J, Lv D, Chen D, Li Y, Ma W (2011) Two-photon fluorescence real-time
imaging on the development of early mouse embryo by stages. J Microsc 241:212–218

71. Mitsuyama F, Sawai T, Carafoli E, Furuichi T, Mikoshiba K (1999) Microinjection of Ca2+

store-enriched microsome fractions to dividing newt eggs induces extra-cleavage furrows via
inositol 1,4,5- trisphosphate-induced Ca2+ release. Dev Biol 214:160–167

72. Mitsuyama F, Sawai T (2001) The redistribution of Ca2+ stores with inositol 1,4,5-
trisphosphate receptor to the cleavage furrow in a microtubule-dependent manner. Int J Dev
Biol 45:861–868

15 Ca2+ Signalling and Membrane Dynamics During Cytokinesis in Animal Cells 409



73. Mitsuyama F, Futatsugi Y, Okuya M, Karagiozov K, Kato Y, Kanno T, Sano H, Koide T,
Sawai T (2008) Microinjected F-actin into dividing newt eggs moves toward the next cleavage
furrow together with Ca2+ stores with inositol 1,4,5-trisphosphate receptor in a microtubule-
and microtubule motor- dependent manner. It J Anat Embryol 113:143–152

74. Lee KW, Baker R, Galione A, Gilland EH, Miller AL (1996) Ionophore-induced calcium
waves activate unfertilized zebrafish (Danio rerio) eggs. Biol Bull 191:265–267

75. Kühtreiber WM, Jaffe LF (1990) Detection of extracellular calcium gradients with a calcium-
specific vibrating electrode. J Cell Biol 110:1565–1573

76. Chan CM, Chen Y, Hung TS, Miller AL, Shipley AM, Webb SE (2015) Inhibition of SOCE
disrupts cytokinesis in zebrafish embryos mainly via inhibition of cleavage furrow deepening.
Int J Dev Biol 59:289–301

77. Chan CM, Aw JTM, Webb SE, Miller AL (2016) SOCE proteins, STIM1 and Orai1, are
localized to the cleavage furrow during cytokinesis of the first and second cell division cycles
in zebrafish embryos. Zygote 24:880–889

78. Bomben VC, Sontheimer H (2010) Disruption of transient receptor potential canonical
channel 1 causes incomplete cytokinesis and slows the growth of human malignant gliomas.
Glia 58:1145–1156

79. Mabuchu I, Takano-Ohmuro H (1990) Effects of inhibitors of myosin light chain kinase and
other protein kinases of the first cell division of sea urchin eggs. Develop Growth Differ
32:549–556

80. Mabuchu I, Tsukita S, Tsukita S, Sawai T (1988) Cleavage furrow isolated from newt eggs:
contraction, organization of the actin filaments, and protein components of the furrow. Proc
Natl Acad Sci USA 85:5966–5970

81. Murthy K, Wadsworth R (2005) Myosin-II-dependent localization and dynamics of F-actin
during cytokinesis. Curr Biol 15:724–731

82. Smith JL, Silveira LA, Spudich JA (1996) Myosin light chain kinase (MLCK) gene disruption
in Dictyostelium: a role for MLCK-A in cytokinesis and evidence for multiple MLCKs. Proc
Natl Acad Sci USA 93:12321–12326

83. Yamakita Y, Yamashiro S, Matsumura F (1994) In vivo phosphorylation of regulatory light
chain of myosin II during mitosis of cultured cells. J Cell Biol 124:129–137

84. Wong R, Fabian L, Forer A, Brill JA (2007) Phospholipase C and myosin light chain kinase
inhibition define a common step in actin regulation during cytokinesis. BMC Cell Biol 8:15.
https://doi.org/10.1186/1471-2121-8-15

85. Wu Q, Sahasrabudhe RM, Luo LZ, Lewis DW, Gollin SM, Saunders WS (2010) Deficiency in
myosin light-chain phosphorylation causes cytokinesis failure and multipolarity in cancer
cells. Oncogene 29:4183–4193

86. Batchelder EL, Thomas-Virnig CL, Hardin JD, White JG (2007) Cytokinesis is not controlled
by calmodulin or myosin light chain kinase in the Caenorhabditis elegans early embryo. FEBS
Lett 581:4337–4341

87. Webb SE, Goulet C, Chan CM, Yuen MYF, Miller AL (2014) Biphasic assembly of the
contractile apparatus during the first two cell division cycles in zebrafish embryos. Zygote
22:218–228

88. Celton-Morizur S, Bordes N, Fraisier V, Tran PT, Paoletti A (2004) C-terminal anchoring of
mid1p to the membrane stabilizes cytokinetic ring position in early mitosis in fission yeast.
Mol Cell Biol 24:10621–10635

89. Laplante C, Huang F, Tebbs IR, Bewersdorf J, Pollard TD (2016) Molecular organization of
cytokinesis nodes and contractile rings by super-resolution fluorescence microscopy of live
fission yeast. Proc Natl Acad Sci USA 113(40):E5876–E5885. https://doi.org/10.1073/pnas.
1608252113

90. Field SJ, Madson N, Kerr ML, Galbraith KAA, Kennedy CE, Tahiliani M, Wilkins A, Cantley
LC (2005) PtdIns(4,5)P2 functions at the cleavage furrow during cytokinesis. Curr Biol
15:1407–1412

410 S. E. Webb and A. L. Miller

https://doi.org/10.1186/1471-2121-8-15
https://doi.org/10.1073/pnas.1608252113
https://doi.org/10.1073/pnas.1608252113


91. Naito Y, Okada M, Yagisawa H (2006) Phospholipase C isoforms are localised at the cleavage
furrow during cytokinesis. J Biochem 140:785–791

92. Han JK, Fukami K, Nuccitelli R (1992) Reducing inositol lipid hydrolysis, Ins(1,4,5)P3
receptor availability, or Ca2+ gradients lengthens the duration of the cell cycle in Xenopus
laevis blastomeres. J Cell Biol 116:147–156

93. Wong R, Hadjiyanni I, Wei HC, Polevoy G, McBride R, Sem KP, Brill JA (2005) PIP2
hydrolysis and calcium release are required for cytokinesis in Drosophila spermatocytes. Curr
Biol 15:1401–1406

94. Liu J, Fairn GD, Ceccarelli DF, Sicheri F, Wilde A (2012) Cleavage furrow organization
requires PIP2- mediated recruitment of anillin. Curr Biol 22:64–69

95. Piekny AJ, Glotzer M (2007) Anillin is a scaffold protein that links RhoA, actin and myosin
during cytokinesis. Curr Biol 18:30–36

96. Goldback P, Wong R, Beise N, Sarpal R, Trimble WS, Brill JA (2010) Stabilization of the
actomyosin ring enables spermatocyte cytokinesis in Drosophila. Mol Biol Cell
21:1482–1493

97. Rodal AA, Kozubowski L, Goode BL, Drubin DG, Hartwig JH (2005) Actin and septin
ultrastructures at the budding yeast cell cortex. Mol Biol Cell 16:372–384

98. Foe VE, Field CM, Odell GM (2000) Microtubules and mitotic cycle phase modulate
spatiotemporal distributions of F-actin and myosin II in Drosophila syncytial blastoderm
embryos. Development 127:1767–1787

99. Lucero A, Stack C, Bresnick AR, Shuster CB (2006) A global, myosin light chain kinase-
dependent increase in myosin II contractility accompanies the metaphase-anaphase transition
in sea urchin eggs. Mol Biol Cell 17:4093–4104

100. Li CJ, Heim R, Lu P, Pu Y, Tsien RY, Chang DC (1999) Dynamic redistribution of calmodulin
in HeLa cells during cell division as revealed by a GFP-calmodulin fusion protein technique.
J Cell Sci 112:1567–1577

101. Yu YY, Chen Y, Dai G, Chen J, Sun XM, Wen CJ, Zhao DH, Chang DC, Li CJ (2004) The
association of calmodulin with central spindle regulates the initiation of cytokinesis in HeLa
cells. Int J Biochem Cell Biol 36:1562–1572

102. Murakoshi H, Wang H, Yasuda R (2011) Local, persistent activation of Rho GTPases during
plasticity of single dendritic spines. Nature 472:100–104

103. Drechsel DN, Hyman AA, Hall A, Glotzer M (1997) A requirement for Rho and Cdc42 during
cytokinesis in Xenopus embryos. Curr Biol 7:12–23

104. Bernaud C, Le Dez G, Mironov S, Galli F, Reboutier D, Prigent C (2015) Annexin A2 is
required for the early steps of cytokinesis. EMBO Rep 16:481–489

105. Feng B, Schwarz H, Jesuthasan S (2002) Furrow-specific endocytosis during cytokinesis of
zebrafish blastomeres. Exp Cell Res 279:14–20

106. Caswell PT, Vadrevu S, Norman JC (2009) Integrins: masters and slaves of endocytic
transport. Nature Rev Mol Cell Biol 10:843–853

107. McKay HF, Burgess DR (2011) ‘Life is a highway’: membrane trafficking during cytokinesis.
Traffic 12:247–251

108. Neto H, Collins LL, Gould GW (2011) Vesicle trafficking and membrane remodeling in
cytokinesis. Biochem J 437:13–24

109. Urven LE, Yabe T, Pelegri F (2006) A role for non-muscle myosin II function in furrow
maturation in the early zebrafish embryo. J Cell Sci 119:4342–4352

110. Sato K, Kawashima S (2001) Calpain function in the modulation of signal transduction
molecules. Biol Chem 382:743–751

111. Chen MC, Zhou Y, Detrich HW III (2002) Zebrafish mitotic kinesin-like protein 1 (Mklp1)
functions in embryonic cytokinesis. Physiol Gen 8:51–66

112. Raich WB, Moran AN, Rothman JH, Hardin J (1998) Cytokinesis and midzone microtubule
organization in Caenorhabditis elegans require the kinesin-like protein ZEN-4. Mol Biol Cell
9:2037–2049

15 Ca2+ Signalling and Membrane Dynamics During Cytokinesis in Animal Cells 411



113. Kuryama R, Gustus C, Terada Y, Uetake Y, Matuliene J (2002) CHO1, a mammalian kinesin-
like protein, interacts with F-actin and is involved in the terminal phase of cytokinesis. J Cell
Biol 156:783–790

114. Matuliene J, Kuriyama R (2002) Kinesin-like protein CHO1 is required for the formation of
midbody matrix and the completion of cytokinesis in mammalian cells. Mol Biol Cell
13:1832–1845

115. Zhu C, Bossy-Wetzel E, Jiang W (2005) Recruitment of MKLP1 to the spindle midzone/
midbody by INCENP is essential for midbody formation and completion of cytokinesis in
human cells. Biochem J 389:373–381

116. Abe H, Obinata T, Minamide LS, Bamburg JR (1996) Xenopus laevis actin-depolarizing
factor/cofilin: a phosphorylation-regulated protein essential for development. J Cell Biol
132:871–885

117. Ono K, Parast M, Alberico C, Benian GM, Ono S (2003) Specific requirement for two
ADF/cofilin isoforms in distinct actin-dependent processes in Caenorhabditis elegans. J Cell
Sci 116:2073–2085

118. Nusco GA, Chun JT, Ercolano E, Lim D, Gragnaniello G, Kyozuka K, Santella L (2006)
Modulation of calcium signalling by the actin-binding protein cofilin. Biochem Biophys Res
Communs 348:109–114

119. Creutz CE, Tomsig JL, Snyder SL, Gautier MC, Skouri F, Beisson J, Cohen J (1998) The
copines, a novel class of C2 domain-containing, calcium-dependent, phospholipid-binding
proteins conserved from Paramecium to humans. J Biol Chem 273:1393–1402

120. Damer CK, Bayeva M, Kim PS, Ho LK, Eberhardt ES, Socec CI, Lee JS, Bruce EA, Goldman-
Yassen AE, Naliboff LC (2007) Copine A is required for cytokinesis, contractile vacuole
function, and development in Dictyostelium. Euk Cell 6:430–442

121. Berridge MJ, Bootman MD, Llewelyn Roderick H (2003) Calcium signalling: dynamics,
homeostasis and remodelling. Nature Rev Mol Cell Biol 4:517–529

412 S. E. Webb and A. L. Miller


	Preface
	Contents
	Part I: Plasma Membrane
	Chapter 1: The Plasma Membrane Calcium Pump (PMCA): Regulation of Cytosolic Ca2+, Genetic Diversities and Its Role in Sub-plas...
	1.1 Introduction
	1.2 General Properties of PMCA
	1.3 Structural Details of PMCA
	1.4 Genetic Diversity of PMCA in Health and Disease
	1.4.1 PMCA1
	1.4.2 PMCA2
	1.4.3 PMCA3
	1.4.4 PMCA4

	1.5 PMCA and Microdomains of Ca2+ Signaling
	1.6 Conclusions
	References

	Chapter 2: Structure-Function Relationship of the Voltage-Gated Calcium Channel Cav1.1 Complex
	2.1 Introduction
	2.1.1 Classification of Voltage-Gated Calcium Channels
	2.1.2 Molecular Properties of Cav
	2.1.3 Channelopathies

	2.2 Structural Studies of Voltage-Gated Calcium Channels
	2.3 Structural Analysis of Cav1.1
	2.3.1 The Overall Architecture of Cav1.1
	2.3.2 Structure of the α1 Subunit
	2.3.3 The VSDs of Cav1.1
	2.3.4 The Selectivity Filter
	2.3.5 The Auxiliary Subunits
	2.3.6 Structural Mapping of Disease-Associated Mutations

	2.4 Voltage-Gated Calcium Channels in Excitation-Contraction Coupling
	2.5 Perspective
	References

	Chapter 3: Structure-Dynamic Coupling Through Ca2+-Binding Regulatory Domains of Mammalian NCX Isoform/Splice Variants
	3.1 Ca2+ Sensing by Isoform/Splice Variants and Multitask Ca2+ Signaling
	3.2 Structural and Regulatory Specificities of NCX Isoform/Splice Variants
	3.2.1 Coordination Chemistry Controls the Number and Affinity of Ca2+ Sites in Uniformly Folded CBDs
	3.2.2 Each CBD Domain Plays a Distinct Regulatory Role
	3.2.3 Exon Arrays Differentially Control the Tissue-Specific Regulatory Modes of NCX Variants

	3.3 Synergistic Interactions Between CBDs Control the Ca2+ Sensing Features
	3.3.1 CBD12 Crystal Structures Highlight the Functional Significance of the Two-Domain Interface
	3.3.2 Ca2+ Dependent Rigidification Underlies Dynamic Coupling of CBDs

	3.4 Structure-Dynamic Basis for Ca2+ Evoked Decoding of Regulatory Massage
	3.5 Exon-Specific Roles in Editing the Regulatory Massage
	3.6 Conclusions
	References


	Part II: Endoplasmic/Sarcoplasmic Reticulum
	Chapter 4: The Endoplasmic Reticulum and the Cellular Reticular Network
	4.1 Introduction
	4.2 The ER
	4.3 ER and Ca2+ Homeostasis
	4.4 ER-Plasma Membrane Connection: Store-Operated Calcium Entry
	4.5 ER and Protein Quality Control
	4.6 ER and Cellular Stress Coping Response Strategies
	4.7 ER and Lipid Metabolism
	4.8 ER and Membrane Contact Sites
	4.9 Conclusions
	References

	Chapter 5: Structure-Function Relationship of the SERCA Pump and Its Regulation by Phospholamban and Sarcolipin
	5.1 Calcium Homeostasis
	5.2 SERCA Isoforms and Human Disease (P-Type ATPases)
	5.2.1 SERCA1
	5.2.2 SERCA2
	5.2.3 SERCA3

	5.3 Catalytic Cycle of Calcium Transport by SERCA
	5.4 Structural Studies of SERCA
	5.4.1 Structural Insights into the SERCA Calcium Transport Cycle

	5.5 Regulation of SERCA by Phospholamban
	5.5.1 Introduction to Phospholamban
	5.5.2 Oligomerization of Phospholamban and the Theory of Mass Action
	5.5.3 SERCA Inhibition by Phospholamban
	5.5.4 Structural Studies of Phospholamban and SERCA/Phospholamban Complex
	5.5.5 Regulation of Phospholamban
	5.5.6 Phospholamban in Heart Failure
	5.5.6.1 Arg9-Cys (R9C)
	5.5.6.2 Arg14-Deletion (R14del)
	5.5.6.3 Arg9-Leu (R9L) and Arg9-His (R9H)
	5.5.6.4 Leu39-Stop (L39stop)
	5.5.6.5 Arg25-Cys (R25C)
	5.5.6.6 Mutations in the Promoter and Intronic Regions


	5.6 Regulation of SERCA by Sarcolipin
	5.6.1 Introduction to Sarcolipin
	5.6.2 Regulatory Mechanism of SERCA Inhibition by Sarcolipin
	5.6.3 Structure of Sarcolipin
	5.6.4 Oligomeric State of Sarcolipin
	5.6.5 Sarcolipin Physically Interacts with SERCA
	5.6.6 Role of Sarcolipin in the Heart
	5.6.7 Sarcolipin Regulates Thermogenesis in Skeletal Muscle

	5.7 Targeting SERCA Regulatory Complexes as Therapy for Cardiac Disease
	5.8 Future Directions for SERCA Regulation
	References

	Chapter 6: Structural Insights into IP3R Function
	6.1 Introduction
	6.2 Historical Perspective on the Structural Studies of IP3R
	6.3 Validation of the 3D Structure of IP3R
	6.4 Near-Atomic Resolution Structure of Tetrameric IP3R Assembly
	6.5 Structure-Function Conservation in Ca2+ Release Channel Family
	6.6 Conclusions and Future Perspective
	References

	Chapter 7: IP3 Receptor Properties and Function at Membrane Contact Sites
	7.1 The IP3 Receptor, the Main Ca2+-Release Channel of the Endoplasmic Reticulum
	7.2 Mitochondrial and Lysosomal Ca2+ Handling in Cell Death and Survival Processes
	7.2.1 Apoptosis and Its Regulation by Ca2+
	7.2.2 Autophagy and Its Regulation by Ca2+

	7.3 The Role of the IP3R at ER: Mitochondrial Contact Sites
	7.3.1 IP3R-Mediated Ca2+ Signals in Cell Survival
	7.3.2 IP3R-Mediated Ca2+ Signals in Apoptosis

	7.4 The Role of the IP3R at ER: Lysosomal Contact Sites
	7.5 Conclusions
	References

	Chapter 8: Structural Details of the Ryanodine Receptor Calcium Release Channel and Its Gating Mechanism
	8.1 Introduction
	8.2 Structure of RyR
	8.3 Gating of RyR
	8.4 Regulation of Gating
	8.5 RyR in Diseases
	8.6 Conclusions
	References

	Chapter 9: Store-Operated Calcium Entry: An Historical Overview
	References

	Chapter 10: From Stores to Sinks: Structural Mechanisms of Cytosolic Calcium Regulation
	10.1 Calcium Signaling
	10.2 N-Terminal Domain of IP3R
	10.2.1 IP3-Induced Receptor Activation
	10.2.2 Allosteric Regulation of Channel Gating by IP3

	10.3 STIM1/2 EF-SAM Structure and Function
	10.3.1 STIM1 Coiled-Coil Domain Structure and Function
	10.3.2 Drosophila melanogaster Orai Crystal Structure and Function
	10.3.3 STIM1 Coupling to Orai1

	10.4 MCU Structure and Function
	10.4.1 MCU N-Terminal Domain Structure and Function

	10.5 Concluding Remarks
	References

	Chapter 11: Assembly of ER-PM Junctions: A Critical Determinant in the Regulation of SOCE and TRPC1
	11.1 Introduction
	11.2 The Molecular Components of SOCE
	11.3 Regulation of TRPC1 Following ER-Ca2+ Depletion
	11.4 Plasma Membrane Domains in Regulation of SOCE
	11.5 PMCA, SERCA and Ca2+ Signaling Microdomains
	11.6 The Role of Lipid Raft Domains in the Regulation of TRPC1
	11.7 Conclusions
	References


	Part III: Mitochondria
	Chapter 12: Beyond Intracellular Signaling: The Ins and Outs of Second Messengers Microdomains
	12.1 Introduction
	12.2 The Microdomain Concept
	12.3 Ca2+ Microdomains
	12.4 Ca2+ Microdomains at the ER-Mitochondria Interface: Generation and Functional Significance
	12.5 Heterogeneity of Ca2+ Levels Within Organelles
	12.5.1 ER/SR
	12.5.2 Golgi Apparatus
	12.5.3 Mitochondria

	12.6 cAMP Microdomains
	12.6.1 The Generation of cAMP Microdomains
	12.6.2 cAMP Effectors
	12.6.3 cAMP Generation
	12.6.4 cAMP Degradation
	12.6.5 Termination of cAMP Signaling

	12.7 Ca2+ and cAMP Crosstalk
	12.8 ATP Microdomains
	12.9 Other Microdomains
	12.10 Conclusions
	References

	Chapter 13: Mitochondrial VDAC, the Na+/Ca2+ Exchanger, and the Ca2+ Uniporter in Ca2+ Dynamics and Signaling
	13.1 Overview
	13.2 Mitochondria and Ca2+ Dynamics
	13.3 Ca2+ Transporters in the Mitochondria
	13.3.1 VDAC1: The Ca2+ Transporter in the OMM
	13.3.1.1 VDAC1 Structure, Channel Conductance, Properties, and Regulation
	13.3.1.2 VDAC1, a Multifunctional Channel Controlling Cell Metabolism
	13.3.1.3 VDAC1 a Ca2+ Channel in the OMM

	13.3.2 Ca2+ Transporters and Their Regulation in the IMM
	13.3.2.1 MCU and Its Regulatory Proteins
	13.3.2.2 Other Ca2+ Influx Pathways

	13.3.3 Ca2+ Efflux Out of Mitochondria
	13.3.3.1 NCLX Mediating Ca2+ Efflux
	13.3.3.2 Other Proteins That have been Proposed to Mediate Ca2+ Efflux from Mitochondria


	13.4 Mitochondria Ca2+, VDAC1 and Regulation of Metabolism
	13.5 Mitochondrial Ca2+, VDAC1 and Regulation of Apoptosis
	13.6 VDAC1 Function in ER/Mitochondria-Ca2+ Cross-Talk
	13.7 microRNA Mediated Regulation of Mitochondrial Ca2+ Transporters and Channels
	13.7.1 miRNAs Regulate VDAC1
	13.7.2 miRNAs Regulate the MCU Complex

	13.8 Defects of Other Mitochondrial Proteins in Ca2+ Homeostasis and Diseases
	13.8.1 Diabetes
	13.8.2 Cancer
	13.8.3 Other Diseases

	References


	Part IV: Annexins
	Chapter 14: Annexins: Ca2+ Effectors Determining Membrane Trafficking in the Late Endocytic Compartment
	14.1 Introduction
	14.2 Annexins: Ca2+ Binding and Ca2+ Sensitivity
	14.2.1 Annexin A6: Location, Signalling and Dynamics

	14.3 Intracellular Ca2+ Stores and Ca2+-Binding Proteins
	14.3.1 Ca2+ in Acidic Compartments
	14.3.2 Ca2+ and Annexins in the Endo- and Exocytic Pathways

	14.4 Ca2+ Signalling and the Biogenesis, Function and Positioning of Acidic Compartments
	14.4.1 Intra-Endosomal Trafficking: ILV Back-Fusion in MVBs
	14.4.2 Lysosomal Exocytosis: A Selective Ca2+ Pathway
	14.4.3 Ca2+ and Ca2+ Binding Proteins in Membrane Repair
	14.4.3.1 Annexins: Masters in Membrane Repair

	14.4.4 Ca2+ and Annexins Regulate Lysosomal Positioning

	14.5 Concluding Remarks
	References


	Part V: Cytokinesis and Ca2+ Signaling
	Chapter 15: Ca2+ Signalling and Membrane Dynamics During Cytokinesis in Animal Cells
	15.1 Introduction
	15.1.1 Historical Perspective
	15.1.2 General Aspects of Cytokinesis

	15.2 The Cytokinetic Ca2+ Transients
	15.2.1 Generation of Distinct Ca2+ Transients During Cytokinesis
	15.2.2 Identifying the Source of Ca2+ Generating Cytokinetic Transients
	15.2.2.1 Positioning and Propagation Ca2+ Transients
	15.2.2.2 Deepening and Apposition Ca2+ Transients


	15.3 Possible Targets of the Cytokinetic Ca2+ Transients
	15.3.1 The Positioning and Propagation Ca2+ Transients
	15.3.2 The Deepening and Apposition Ca2+ Transients

	15.4 Conclusions
	References



