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Abstract

Reconstitution of ion channels into planar lipid bilayers (also called black lipid membranes or
BLM) is the most widely used method to conduct physiological studies of intracellular ion
channels, including endoplasmic reticulum (ER) calcium (Ca2*) channels. The two main types of
Ca?* release channels in the ER membrane are ryanodine receptors (RyanRs) and inositol(1,4,5)-
trisphosphate receptors (InsP3Rs). Use of the BLM reconstitution technique enabled the initial
description of the functional properties of InsP3R and RyanR at the single-channel level more than
20 years ago. Since then, BLM reconstitution methods have been used to study physiological
modulation and to perform structure—function analysis of these channels, and to study pathological
changes in the function of InsP3R and RyanR in various disease states. The BLM technique has
also been useful for studies of other intracellular Ca* channels, such as ER Ca?* leak presenilin
channels and NAADP-gated lysosomal CaZ* channels encoded by TPC2. In this article, basic
protocols used for BLM studies of ER Ca%* channels are introduced.

Introduction

Studies of plasma membrane ion channels have been greatly facilitated by the development
of the patch-clamp technique (Sakmann and Neher 1983). However, membranes of the
endoplasmic reticulum (ER) and other intracellular compartments are not accessible for
traditional patch clamp experiments. Application of the patch-clamp technique to nuclear
patches provided an opportunity to conduct some studies of intracellular ion channels (Mak
and Foskett 1997), but this technique (see Patch-Clamp Electrophysiology of Intracellular
Ca?* Channels [Mak et al. 2013]) is only applicable to certain types of cells and preparations
and has a number of additional technical limitations. For these reasons, reconstitution of ion
channels into planar lipid bilayers (also called black lipid membranes or BLM) is the most
widely used method to conduct physiological studies of intracellular ion channels, including
ER Ca2* channels. General methods for making bilayers and for ion channel reconstitution
into BLM have been extensively described in an excellent manual (Miller 1986). In this
article, the focus will primarily be on the technical issues specific for BLM studies of ER
Ca?* channels.
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There are two types of Ca2* release channels in the ER membrane—ryanodine receptors
(RyanRs) and inositol(1,4,5)-trisphosphate receptors (InsP3Rs). There are single isoforms of
InsP3R and RyanR in Drosophila melanogaster and Caenorhabditis elegans and three
mammalian isoforms for both the InsP3R and RyanR families (Bezprozvanny 2005; Foskett
et al. 2007; Mikoshiba 2007; Lanner et al. 2010; Capes et al. 2011). These tetrameric
channels are very large, with subunits of InsP3R having a mass of about 260 kDa and
subunits of RyanR having a mass of 560 kDa (Bezprozvanny 2005; Foskett et al. 2007;
Mikoshiba 2007; Lanner et al. 2010; Capes et al. 2011). The large size of these channels
enabled direct structural studies using particle electron microscopy and image analysis
(Hamilton and Serysheva 2009; Serysheva and Ludtke 2010).

InsP3Rs are gated by the second messenger inositol (1,4,5)-trisphosphate (InsP3), which is
generated following phospholipase C-mediated cleavage of the lipid precursor
phosphatidylinositol 4,5-bisphosphate (PIP,). All InsP3R isoforms have a conserved amino-
terminal domain that forms a high affinity InsP3-binding site (Bezprozvanny 2005; Foskett
et al. 2007; Mikoshiba 2007). The crystal structure of the InsP3-binding domain from
InsP3R1 was solved in both InsPz-bound and apo (InsP3-free) forms (Bosanac et al. 2002;
Bosanac et al. 2005; Lin et al. 2011). Skeletal muscle RyanR1s are gated mechanically by
direct movement of voltage-sensors in plasma membrane Cay/1.1 channels (DHPR) (Lanner
et al. 2010; Capes et al. 2011). The mechanical coupling between DHPR and RyanR1 is
facilitated by a specialized triad structure in skeletal muscle, which brings the sarcoplasmic
reticulum and plasma membrane in close proximity to each other. RyanR2 is a predominant
isoform in the heart and brain. RyanR2 is gated by an increase in Ca2* levels and supports
Ca?*-induced Ca?* release (CICR). RyanR3 is expressed in brain, smooth muscle, and
several other tissues and also functions as a Ca2*-gated Ca2* channel. Activation of RyanRs
by a novel messenger, cyclic-ADP ribose (CADPR), has been proposed, but cCADPR does
not bind directly to RyanR, and the issue of RyanR activation by cADPR remains
controversial (Venturi et al. 2012).

BLM EXPERIMENTS TO STUDY InsP3R AND RyanR

Both InsP3Rs and RyanRs play a key role in control of cytosolic Ca2* concentrations in
cells. Due to the central role played by these channels in CaZ* signaling, both proteins are
subject to multiple levels of regulation. BLM recordings of native and recombinant InsP3R
and RyanR played a key role in understanding the physiological modulation of these
channels. Initial bilayer recordings of native skeletal muscle RyanR1 was achieved in 1985
(Smith et al. 1985, 1986), native smooth muscle InsP3R1 in 1988 (Ehrlich and Watras
1988), and native cerebellar InsP3R1 and RyanR in 1991 (Bezprozvanny et al. 1991). The
main procedures used in these initial publications have been used with only minor changes
for more than 20 years now to describe physiological properties and modulation of InsP3R
and RyanR in bilayers. Using bilayer techniques, it was shown that both InsP3R and RyanR
are modulated by cytosolic Ca2* levels (Smith et al. 1986; Bezprozvanny et al. 1991).
However, in the physiological Ca?* range, skeletal muscle RyanR1 and cardiac RyanR2
function as Ca2*-gated Ca2* channels (Smith et al. 1986), whereas cerebellar InsP3R1
displays very narrow bell-shaped Ca2* dependence (Bezprozvanny et al. 1991). The activity
of both skeletal muscle RyanR1 and cerebellar InsP3R1 are potentiated by cytosolic levels of
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ATP (Smith et al. 1986; Bezprozvanny and Ehrlich 1993). Additionally, RyanR and InsP3R
form high conductance nonselective cation-permeable channels (Tinker and Williams 1992;
Bezprozvanny and Ehrlich 1994). Direct modulation of RyanR and InsP3R by
phosphorylation was investigated in bilayers (Hain et al. 1994; Tang et al. 2003b).
Modulation of InsP3R1 gating by intraluminal Ca2* levels (Bezprozvanny and Ehrlich 1994)
and modulation of RyanR1 by cytosolic and luminal pH (Laver et al. 2000) was studied in
BLM. The phenomenon of “adaptation” of RyanR to rapid changes in cytosolic Ca?* levels
was discovered in BLM experiments (Gyorke and Fill 1993; Valdivia et al. 1995). The
laboratories involved in these studies used a number of variations on the procedures used to
obtain BLM recordings of native InsP3Rs and RyanRs, but the general outline of these
procedures has remained the same since pioneering work by Smith et al. (1988). In the
associated protocols, | provide an outline of these basic protocols as used in our studies of
cerebellar InsP3R function together with Dr. Barbara Ehrlich at the University of
Connecticut Medical Center (Bezprozvanny et al. 1991; Bezprozvanny and Ehrlich 1993,
1994) and later in my own laboratory in UT Southwestern Medical Center (Lupu et al. 1998;
Tang et al. 2003b). See Preparation of Microsomes to Study Ca2* Channels (Bezprozvanny
2013a) and Reconstitution of Endoplasmic Reticulum InsP3 Receptors into Black Lipid
Membranes (Bezprozvanny 2013b).

Cloning of the InsP3R and RyanR genes created an opportunity for structure—function
analysis of these channels. Once again, the BLM reconstitution technique was very useful
for these studies. Wild-type and mutant RyanRs were expressed in mammalian cell lines,
purified, and reconstituted in BLM (Chen et al. 1993, 1997). A similar approach was also
initially taken with InsP3R structure—function studies (Kaznacheyeva et al. 1998; Ramos-
Franco et al. 1998), but expression of wild-type and mutant InsP3R in Sf9 cells by
baculoviral infection provided a more abundant source of recombinant InsP3R for BLM
studies. Using this approach, my laboratory compared the functional properties of three
mammalian InsP3R isoforms (Tu et al. 2005b), described channel properties of Drosophila
InsP3R (Srikanth et al. 2004), and mapped structural determinants responsible for InsP3R
modulation by Ca?* (Tu et al. 2003; Tu et al. 2005a). The procedures used by our laboratory
at UT Southwestern Medical Center in these studies are described in the accompanying
protocols. See Preparation of Microsomes to Study Ca2* Channels (Bezprozvanny 2013a)
and Reconstitution of Endoplasmic Reticulum InsP3 Receptors into Black Lipid Membranes
(Bezprozvanny 2013b).

In addition to studies of the basic functional properties of RyanR and InsP3R, the BLM
reconstitution technique was also useful for studies of the pathophysiology of these
channels. This application of the BLM technique has become particularly useful in recent
years, as more disease-relevant molecular data have become available for both InsP3R and
RyanR. Functional effects of a number of malignant hyperthermia (MH) mutations in
RyanR1 and effects of the volatile anesthetic halothane on the mutant RyanR1 have been
characterized in BLM (Jiang et al. 2008). BLM recordings were used to characterize the
phenotype of point mutations in RyanR1 linked with muscle weakness and central core
disease (CCD) (Ghassemi et al. 2009; Loy et al. 2011) and point mutations in RyanR2
linked to ventricular arrhythmia and sudden death (Jiang et al. 2007; Jones et al. 2008).
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These results led to the hypothesis that dysfunction of the store-overload-induced Ca?*
release (SOICR) mechanism plays a key role in cardiac arrhythmia (Priori and Chen 2011).
BLM recordings have been used to investigate changes in RyanR2 functional states in the
model of exercise-induced sudden cardiac death and during heart failure (Marx et al. 2000;
Wehrens et al. 2003). In addition, the BLM technique was used extensively to study
pathogenic interactions of neuronal InsP3R1 with mutant Huntingtin, ataxin-2, and ataxin-3
proteins (Tang et al. 2003a; Chen et al. 2008; Liu et al. 2009), and the results obtained form
the basis for the hypothesis that abnormal Ca?* signaling plays a role in polyglutamine
expansion neurodegenerative disorders (Bezprozvanny 2009, 2011). Thus, BLM studies of
RyanR and InsP3R have provided key mechanistic insights about mechanisms of disorders
affecting skeletal muscle, the heart, and the brain.

OTHER USES FOR BLM METHODS

The BLM techniques developed for studies of RyanR and InsP3R can be easily adapted to
studies of other Ca2*-permeable channels. For example, BLM methods have been used to
show that AB42 oligomers forms Ca2*-permeable channels in membranes (Arispe et al.
1993). These findings form the basis for the hypothesis that the ion channel forming activity
of AB42 oligomers may be responsible for amyloid toxicity in Alzheimer’s disease (AD)
(Pollard et al. 1995). BLM recordings with recombinant presenilins were used to show their
ability to support ER Ca?* leak and to show that most familial AD mutations in presenilins
disrupt their leak function (Tu et al. 2006; Nelson et al. 2007). Obtained results provided
strong support to the hypothesis that aberrant Ca?* signaling plays a role in AD
(Bezprozvanny and Mattson 2008; Bezprozvanny 2009; Supnet and Bezprozvanny 2011).
BLM recordings were used to confirm the recent discovery that the TPC2 ion channel
functions as a NAADP-gated lysosomal CaZ* channel and to study regulation of this channel
by lysosomal Ca2* and pH (Pitt et al. 2010).

In summary, BLM reconstitution of Ca2* channels continues to provide an opportunity to
gather unique mechanistic information highly relevant for the basic biology of these
channels and for better understanding of the pathogenesis of diseases implicating these
channels.

ACKNOWLEDGMENTS

| express my sincere thanks to Dr. Barbara Ehrlich (Yale University). | learned most of the techniques described in
this article as a postdoctoral researcher in Barbara’s laboratory (1990-1994). | also want to thank Dr. Chris Miller
for inspiring BLM studies of reconstituted ion channels and for promoting and developing this field. I also want to
thank excellent students in my laboratory at UT Southwestern Medical Center at Dallas involved in BLM
experiments, in particular Dr. Vitali Lupu, Dr. Elena Nosyreva, and Dr. Huiping Tu. I.B. holds the Carl J. and
Hortense M. Thomsen Chair in Alzheimer’s Disease Research, is supported by the National Institutes of Health
grants ROLNS056224, RO1INS38082, and RO1INS074376, and by the Russian Ministry of Science Contract
14.740.11.0924.

REFERENCES

Avrispe N, Rojas E, Pollard HB. Alzheimer disease amyloid 3 protein forms calcium channels in bilayer
membranes: Blockade by tromethamine and aluminum. Proc Natl Acad Sci. 1993; 90:567-571.
[PubMed: 8380642]

Cold Spring Harb Protoc. Author manuscript; available in PMC 2015 February 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bezprozvanny

Page 5

Bezprozvanny |. The inositol 1,4,5-trisphosphate receptors. Cell Calcium. 2005; 38:261-272.
[PubMed: 16102823]

Bezprozvanny |. Calcium signaling and neurodegenerative diseases. Trends Mol Med. 2009; 15:89—
100. [PubMed: 19230774]

Bezprozvanny |. Role of inositol 1,4,5-trisphosphate receptors in pathogenesis of Huntington’s disease
and spinocerebellar ataxias. Neurochem Res. 2011; 36:1186-1197. [PubMed: 21210219]

Bezprozvanny |. Preparation of microsomes to study Ca2* channels. Cold Spring Harb Protoc. 2013a
doi: 10.1101/pdb.prot073098.

Bezprozvanny I. Reconstitution of endoplasmic reticulum InsP3 receptors into black lipid membranes.
Cold Spring Harb Protoc. 2013b doi: 10.1101/pdb.prot073106.

Bezprozvanny |, Ehrlich BE. ATP modulates the function of inositol 1,4,5-trisphosphate-gated
channels at two sites. Neuron. 1993; 10:1175-1184. [PubMed: 7686381]

Bezprozvanny I, Ehrlich BE. Inositol (1,4,5)-trisphosphate (InsP3)-gated Ca channels from
cerebellum: Conduction properties for divalent cations and regulation by intraluminal calcium. J
Gen Physiol. 1994; 104:821-856. [PubMed: 7876825]

Bezprozvanny |, Mattson MP. Neuronal calcium mishandling and the pathogenesis of Alzheimer’s
disease. Trends Neurosci. 2008; 31:454-463. [PubMed: 18675468]

Bezprozvanny |, Watras J, Ehrlich BE. Bell-shaped calcium-response curves of Ins(1,4,5)P3- and
calcium-gated channels from endoplasmic reticulum of cerebellum. Nature. 1991; 351:751-754.
[PubMed: 1648178]

Bosanac I, Alattia JR, Mal TK, Chan J, Talarico S, Tong FK, Tong KI, Yoshikawa F, Furuichi T, Iwai
M, et al. Structure of the inositol 1,4,5-trisphosphate receptor binding core in complex with its
ligand. Nature. 2002; 420:696-700. [PubMed: 12442173]

Bosanac I, Yamazaki H, Matsu-Ura T, Michikawa T, Mikoshiba K, Ikura M. Crystal structure of the
ligand binding suppressor domain of type 1 inositol 1,4,5-trisphosphate receptor. Mol Cell. 2005;
17:193-203. [PubMed: 15664189]

Capes EM, Loaiza R, Valdivia HH. Ryanodine receptors. Skelet Muscle. 2011; 1:18. [PubMed:
21798098]

Chen SRW, Leong P, Imredy JP, Bartlett C, Zhang L, MacLennan DH. Single-channel properties of
the recombinant skeletal muscle Ca release channel (ryanodine receptor). Biophys J. 1997;
73:1904-1912. [PubMed: 9336186]

Chen SRW, Vaughan DM, Airey JA, Coronado R, MacLennan DH. Functional expression of cDNA
encoding the Ca release channel (ryanodine receptor) of rabbit skeletal muscle sarcoplasmic
reticulum in COS-1 cells. Biochem. 1993; 32:3743-3753. [PubMed: 8385488]

Chen X, Tang TS, Tu H, Nelson O, Pook M, Hammer R, Nukina N, Bezprozvanny |. Deranged
calcium signaling and neurodegeneration in spinocerebellar ataxia type 3. J Neurosci. 2008;
28:12713-12724. [PubMed: 19036964]

Ehrlich BE, Watras J. Inositol 1,4,5-trisphosphate activates a channel from smooth muscle
sarcoplasmic reticulum. Nature. 1988; 336:583-586. [PubMed: 2849060]

Foskett JK, White C, Cheung KH, Mak DO. Inositol trisphosphate receptor Ca2* release channels.
Physiol Rev. 2007; 87:593-658. [PubMed: 17429043]

Ghassemi F, Vukcevic M, Xu L, Zhou H, Meissner G, Muntoni F, Jungbluth H, Zorzato F, Treves S.
A recessive ryanodine receptor 1 mutation in a CCD patient increases channel activity. Cell
Calcium. 2009; 45:192-197. [PubMed: 19027160]

Gyorke S, Fill M. Ryanodine receptor adaptation: Control mechanism of Ca-induced Ca release in
heart. Science. 1993; 260:807-809. [PubMed: 8387229]

Hain J, Nath S, Mayrleitner M, Fleischer S, Schindler H. Phosphorylation modulates the function of
the calcium release channel of sarcoplasmic reticulum from skeletal muscle. Biophys J. 1994;
67:1823-1833. [PubMed: 7858121]

Hamilton SL, Serysheva Il. Ryanodine receptor structure: Progress and challenges. J Biol Chem. 2009;
284:4047-4051. [PubMed: 18927076]

Jiang D, Chen W, Wang R, Zhang L, Chen SR. Loss of luminal Ca2* activation in the cardiac
ryanodine receptor is associated with ventricular fibrillation and sudden death. Proc Natl Acad Sci.
2007; 104:18309-18314. [PubMed: 17984046]

Cold Spring Harb Protoc. Author manuscript; available in PMC 2015 February 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bezprozvanny

Page 6

Jiang D, Chen W, Xiao J, Wang R, Kong H, Jones PP, Zhang L, Fruen B, Chen SR. Reduced threshold
for luminal Ca2* activation of RyR1 underlies a causal mechanism of porcine malignant
hyperthermia. Biol Chem. 2008; 283:20813-20820.

Jones PP, Jiang D, Bolstad J, Hunt DJ, Zhang L, Demaurex N, Chen SR. Endoplasmic reticulum ca?t
measurements reveal that the cardiac ryanodine receptor mutations linked to cardiac arrhythmia
and sudden death alter the threshold for store-overload-induced Ca2* release. Biochem J. 2008;
412:171-178. [PubMed: 18092949]

Kaznacheyeva E, Lupu VD, Bezprozvanny |. Single-channel properties of inositol (1,4,5)-
trisphosphate receptor heterologously expressed in HEK-293 cells. J Gen Physiol. 1998; 111:847—
856. [PubMed: 9607940]

Lanner JT, Georgiou DK, Joshi AD, Hamilton SL. Ryanodine receptors: Structure, expression,
molecular details, and function in calcium release. Cold Spring Harb Perspect Biol. 2010;
2:a003996. [PubMed: 20961976]

Laver DR, Eager KR, Taoube L, Lamb GD. Effects of cytoplasmic and luminal pH on Ca2* release
channels from rabbit skeletal muscle. Biophys J. 2000; 78:1835-1851. [PubMed: 10733964]

Lin CC, Baek K, Lu Z. Apo and InsP-bound crystal structures of the ligand-binding domain of an InsP
receptor. Nat Struct Mol Biol. 2011; 18:1172-1174. [PubMed: 21892169]

LiuJ, Tang TS, Tu H, Nelson O, Herndon E, Huynh DP, Pulst SM, Bezprozvanny |. Deranged
calcium signaling and neurodegeneration in spinocerebellar ataxia type 2. J Neurosci. 2009;
29:9148-9162. [PubMed: 19625506]

Loy RE, Orynbayev M, Xu L, Andronache Z, Apostol S, Zvaritch E, MacLennan DH, Meissner G,
Melzer W, Dirksen RT. Muscle weakness in Ryr114895T/WT knock-in mice as a result of reduced
ryanodine receptor Ca* ion permeation and release from the sarcoplasmic reticulum. J Gen
Physiol. 2011; 137:43-57. [PubMed: 21149547]

Lupu VD, Kaznacheyeva E, Krishna UM, Falck JR, Bezprozvanny I. Functional coupling of
phosphatidylinositol 4,5-bisphosphate to inositol 1,4,5-trisphosphate receptor. J Biol Chem. 1998;
273:14067-14070. [PubMed: 9603901]

Mak DO, Foskett JK. Single-channel kinetics, inactivation, and spatial distribution of inositol
trisphosphate (IP3) receptors in Xenopus oocyte nucleus. J Gen Physiol. 1997; 109:571-587.
[PubMed: 9154905]

Mak DD, Vais H, Cheung KH, Foskett JK. Patch-clamp electrophysiology of intracellular Ca2*
channels. Cold Spring Harb Protoc. 2013 doi: 10.1101/pdb.top066217.

Marx SO, Reiken S, Hisamatsu Y, Jayaraman T, Burkhoff D, Rosemblit N, Marks AR. PKA
phosphorylation dissociates FKBP12.6 from the calcium release channel (ryanodine receptor):
Defective regulation in failing hearts. Cell. 2000; 101:365-376. [PubMed: 10830164]

Mikoshiba K. IP3 receptor/Ca2+ channel: From discovery to new signaling concepts. J Neurochem.
2007; 102:1426-1446. [PubMed: 17697045]

Miller, C., editor. lon channel reconstitution. Plenum; New York: 1986.

Nelson O, Tu H, Lei T, Bentahir M, de Strooper B, Bezprozvanny I. Familial Alzheimer disease-
linked mutations specifically disrupt Ca2* leak function of presenilin 1. J Clin Invest. 2007;
117:1230-1239. [PubMed: 17431506]

Pitt SJ, Funnell TM, Sitsapesan M, Venturi E, Rietdorf K, Ruas M, Ganesan A, Gosain R, Churchill
GC, Zhu MX, et al. TPC2 is a novel NAADP-sensitive Ca?* release channel, operating as a dual
sensor of luminal pH and Ca2* J Biol Chem. 2010; 285:35039-35046. [PubMed: 20720007]

Pollard HB, Arispe N, Rojas E. lon channel hypothesis for Alzheimer amyloid peptide neurotoxicity.
Cell Mol Neurobiol. 1995; 15:513-526. [PubMed: 8719038]

Priori SG, Chen SR. Inherited dysfunction of sarcoplasmic reticulum Ca2t handling and
arrhythmogenesis. Circ Res. 2011; 108:871-883. [PubMed: 21454795]

Ramos-Franco J, Caenepeel S, Fill M, Mignery G. Single channel function of recombinant type-1
inositol 1,4,5- trisphosphate receptor ligand binding domain splice variants. Biophys J. 1998;
75:2783-2793. [PubMed: 9826600]

Sakmann, B.; Neher, E., editors. Single-channel recording. Plenum; New York: 1983.

Serysheva Il, Ludtke SJ. 3D Structure of IP(3) Receptor. Curr Top Membr. 2010; 66C:171-189.
[PubMed: 22353480]

Cold Spring Harb Protoc. Author manuscript; available in PMC 2015 February 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bezprozvanny

Page 7

Smith JS, Coronado R, Meissner G. Sarcoplasmic reticulum contains adenine nucleotide-activated
calcium channels. Nature. 1985; 316:446—449. [PubMed: 2410798]

Smith JS, Coronado R, Meissner G. Single channel measurements of the calcium release channel from
skeletal muscle sarcoplasmic reticulum. Activation by Ca?* and ATP and modulation by Mg2+ J
Gen Physiol. 1986; 88:573-588. [PubMed: 2431098]

Smith JS, Coronado R, Meissner G. Techniques for observing calcium channels from skeletal muscle
sarcoplasmic reticulum in planar lipid bilayers. Methods Enzymol. 1988; 157:480-489. [PubMed:
2852754]

Srikanth S, Wang Z, Tu H, Nair S, Mathew MK, Hasan G, Bezprozvanny I. Functional properties of
the Drosophila melanogaster inositol 1,4,5-trisphosphate receptor mutants. Biophys J. 2004;
86:3634-3646. [PubMed: 15189860]

Supnet C, Bezprozvanny I. Presenilins function in ER calcium leak and Alzheimer’s disease
pathogenesis. Cell Calcium. 2011; 50:303-309. [PubMed: 21663966]

Tang TS, Tu H, Chan EY, Maximov A, Wang Z, Wellington CL, Hayden MR, Bezprozvanny |I.
Huntingtin and huntingtin-associated protein 1 influence neuronal calcium signaling mediated by
inositol-(1,4,5) tri-phosphate receptor type 1. Neuron. 2003a; 39:227-239. [PubMed: 12873381]

Tang TS, Tu H, Wang Z, Bezprozvanny |. Modulation of type 1 inositol (1,4,5)-trisphosphate receptor
function by protein kinase A and protein phosphatase lalpha. J Neurosci. 2003b; 23:403-415.
[PubMed: 12533600]

Tinker A, Williams AJ. Divalent cation conduction in the ryanodine receptor of sheep cardiac muscle
sarcoplasmic reticulum. J Gen Physiol. 1992; 100:479-493. [PubMed: 1279095]

Tu H, Nosyreva E, Miyakawa T, Wang Z, Mizushima A, lino M, Bezprozvanny |. Functional and
biochemical analysis of the type 1 inositol (1,4,5)-trisphosphate receptor calcium sensor. Biophys
J. 2003; 85:290-299. [PubMed: 12829484]

Tu H, Wang Z, Bezprozvanny . Modulation of mammalian inositol 1,4,5-trisphosphate receptor
isoforms by calcium: A role of calcium sensor region. Biophys J. 2005a; 88:1056-1069. [PubMed:
15531634]

Tu H, Wang Z, Nosyreva E, De Smedt H, Bezprozvanny |. Functional characterization of mammalian
inositol 1,4,5-trisphosphate receptor isoforms. Biophys J. 2005b; 88:1046—1055. [PubMed:
15533917]

Tu H, Nelson O, Bezprozvanny A, Wang Z, Lee SF, Hao YH, Serneels L, De Strooper B, Yu G,
Bezprozvanny 1. Presenilins form ER calcium leak channels, a function disrupted by mutations
linked to familial Alzheimer’s disease. Cell. 2006; 126:981-993. [PubMed: 16959576]

Valdivia HH, Kaplan JH, Ellis-Davies GC, Lederer WJ. Rapid adaptation of cardiac ryanodine
receptors: Modulation by Mg2+ and phos phorylation. Science. 1995; 267:1997-2000. [PubMed:
7701323]

Venturi E, Pitt S, Galfre E, Sitsapesan R. From eggs to hearts: What is the link between cyclic ADP-
ribose and ryanodine receptors? Cardiovasc Ther. 2012; 30:109-116. [PubMed: 21176119]

Wehrens XH, Lehnart SE, Huang F, Vest JA, Reiken SR, Mohler PJ, Sun J, Guatimosim S, Song LS,
Rosemblit N, et al. FKBP12.6 deficiency and defective calcium release channel (ryanodine
receptor) function linked to exercise-induced sudden cardiac death. Cell. 2003; 113:829-840.
[PubMed: 12837242]

Cold Spring Harb Protoc. Author manuscript; available in PMC 2015 February 04.



