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ABSTRACT
The sigma-1 receptor (S1R) is a 223 amino acid two transmem-
brane (TM) pass protein. It is a non-ATP-binding nonglycosylated
ligand-regulatedmolecular chaperoneof unknown three-dimensional
structure. TheS1R is resident to eukaryoticmitochondrial-associated
endoplasmic reticulum and plasmamembraneswith broad functions
that regulate cellular calcium homeostasis and reduce oxidative
stress. Several multitasking functions of the S1R are underwritten
by chaperone-mediated direct (and indirect) interactions with
ion channels, G-protein coupled receptors and cell-signaling
molecules involved in the regulation of cell growth. The S1R is a
promising drug target for the treatment of several neurodegen-
erative diseases related to cellular stress. In vitro and in vivo
functional and molecular characteristics of the S1R and its
interactions with endogenous and synthetic small molecules have

been discovered by the use of pharmacologic, biochemical,
biophysical, and molecular biology approaches. The S1R exists
in monomer, dimer, tetramer, hexamer/octamer, and higher
oligomeric forms that may be important determinants in defining
the pharmacology and mechanism(s) of action of the S1R. A
canonical GXXXG in putative TM2 is important for S1R oligomer-
ization. The ligand-binding regions of S1R have been identified
and include portions of TM2 and the TM proximal regions of the C
terminus. Some client protein chaperone functions and interac-
tions with the cochaperone 78-kDa glucose-regulated protein
(binding immunoglobulin protein) involve the C terminus. Based
on its biochemical features and mechanisms of chaperone action
the possibility that the S1R is a member of the small heat shock
protein family is discussed.

Introduction
This minireview summarizes current aspects of the molec-

ular pharmacology and biochemistry of the sigma-1 receptor
(S1R). The remarkable history of the S1R extends from the
late 1970s and early 1980s (Martin et al., 1976; Su, 1981, 1988;
Tam, 1983; Vaupel, 1983; Tam and Cook, 1984; Largent et al.,
1986, 1987; Sircar et al., 1986a; Weber et al., 1986; Itzhak,
1987; McLean and Weber, 1988; Sharkey et al., 1988; Bowen
et al., 1989; de Costa et al., 1989; Hellewell and Bowen, 1990)
to the present day. The reader is directed to the earlier
publications and reviews that outline the original pharmaco-
logic identification of this important receptor (Martin, 1983;
Su and Hayashi, 2003; Glennon, 2005).
The guinea pig S1R was originally purified and cloned by

Hanner et al. (1996), who found that the S1R is a unique 223

amino acid protein with 90% sequence conservation in
many mammalian species. The S1R is located in eukaryotic
mitochondrial-associated endoplasmic reticulum membranes
(Hayashi and Su, 2007) and in some plasma membrane com-
partments (Mavlyutov and Ruoho, 2007; Mavlyutov et al., 2010,
2012). Notable molecular features of the S1R include 1) two
putative transmembrane sequences, which predicts that both
the N and C termini are located on the same side of the mem-
brane, 2) the presence of several splice variants (Ganapathy
et al., 1999), and 3) endogenous and synthetic ligand regulation
of its chaperone functions (Hayashi and Su, 2007).
The gene that encodes for the human S1R is located on

chromosome 9 band p13 and contains four exons and three
introns. The S1R shares 60% amino acid identity to a yeast
sterol isomerase, ERG2, however, the mammalian S1R does
not possess sterol isomerase activity, nor can it rescue the
growth of sterol isomerase-deficient yeast (Moebius et al., 1996,
1997). The S1R is a ligand-regulated non–ATP-binding mem-
brane bound chaperone protein (Hayashi and Su, 2007). In its
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ABBREVIATIONS: BD-1047, Nʹ-[2-(3,4-dichlorophenyl)ethyl]-N,N,Nʹ-trimethylethane-1,2-diamine; BD-1063, N-[2-(3,4-dichlorophenyl) ethyl]-4-
methylpiperazine dihydrochloride; BiP, binding immunoglobulin protein; cdk5, cyclin-dependent kinase 5; ER, endoplasmic reticulum; GPCR,
G-protein coupled receptor; GRP78, 78-kDa glucose-regulated protein; hERG, human ether-à-go-go; HSP, heat shock protein; [125I]-IACoc,
[125I]-iodoazidococaine; [125I]-IABM, S-[[4-(4-amino-3-[125I] iodobenzoyl phenyl] methyl] ester; [125I]-IAC44, N-propyl-N-(4-azido-3-iodophenylethyl)-
3-(4-fluorophenyl) propylamine; (125I)-IAF, (125I)-iodoazidofenpropimorph; IP3, inositol triphosphate; LDAO, lauryl dimethylamine N-oxide; NE-100, N,
N-dipropyl-2-[4-methoxy-3-(2-phenylethoxy)phenyl]-ethylamine monohydrochloride; 4-NPPC12, N-3-(4-nitrophenylpropyl) dodecan-1-amine; PRE-084,
2-(4-morpholinethyl) 1-phenylcyclohexane-1-carboxylate hydrochloride; SKF10047, [2S-(2a,6a,11R*]-1,2,3,4,5,6-hexahydro-6,11-dimethyl-3-(2-propenyl)-
2,6-methano-3-benzazocin-8-ol; S1R, sigma-1 receptor; SBLD, steroid-binding-like domain; sHSP, small heat shock protein; TM, transmembrane.
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multitasking functions, the S1R has been demonstrated to
physically interact with client proteins in a functional manner
including ion channels such as inositol triphosphate (IP3)
receptors (Hayashi and Su, 2001; Wu and Bowen, 2008),
voltage-gated potassium (Aydar et al., 2002), sodium (Balasuriya
et al., 2012), and calcium channels (Tchedre et al., 2008),
calcium-activated chloride channels (Zhang and Cuevas,
2002), andN-methyl-D-aspartate receptors (Sircar et al., 1986b;
Monnet et al., 1990; Balasuriya et al., 2013; Pabba et al., 2014).
Specific interactions of the S1R with several types of G-protein
coupled receptors (GPCRs) (Kim et al., 2010). Navarro et al.
(2010) have also been reported. The S1R directly and indirectly
modulates neuronal mitochondrial Rac-1 GTPase (Tsai et al.,
2009; Natsvlishvili et al., 2015), which is involved in dendritic
spine formation. S1R reduces tau phosphorylation (Tsai et al.,
2015) via indirect regulation of cyclin-dependent kinase 5 (cdk5)
and thus protects neuronal axon elongation. (Fig. 1).
The S1R has been established as a therapeutic target for

many neurodegenerative conditions in humans that involve
various forms of cellular metabolic stress, including amyotro-
phic lateral sclerosis (Al-Saif et al., 2011; Mancuso et al., 2012;
Mavlyutov et al., 2013, 2015; Prause et al., 2013; Gromek et al.,
2014; Fukunaga et al., 2015; Mishra et al., 2015), frontotempo-
ral lobar dementia (Luty et al., 2010), Alzheimer disease (Feher
et al., 2012; Yin et al., 2015), Parkinson disease (Mishina et al.,
2005;Mori et al., 2012), retinal neurodegeneration (Smith et al.,
2008;Mavlyutov et al., 2011; Shimazawa et al., 2015), addiction
to drugs of abuse (Navarro et al., 2010;Nguyen et al., 2015), and
psychiatric disorders (Tsai et al., 2014) (Fig. 1).

Commonly Used Agonists/Antagonists for the
S1R

Glennon (2005) proposed that the pharmacophore for small
molecule binding to the S1R is defined by two hydrophobic con-
stituents attached to a central nitrogen atom containing un-
shared electrons. Anadded feature of the general pharmacophore
is that the primary hydrophobic group would optimally be an

N-aralkyl substituent. After analysis of many structure-activity
studies compiled from at least 2 to 3 decades of intense activity
involving small molecule S1R selective syntheses, it has been
generally agreed that this primary hydrophobic component is
optimally situated at approximately five carbons (6–10 Å) from
thenitrogen.A secondaryhydrophobic group can be located closer
to the obligate nitrogen (2.5–4 Å) than the primary hydrophobic
group. Additionally, Ruoho et al. (2012) have shown that para-
nitro or para-azido electron-withdrawing groups on the phenyl
ring of molecules such as cocaine (Chen et al., 2007) greatly
enhance the specific S1R-binding affinity (discussed later).
Similarly the binding of a series of N-3-(4-nitrophenyl) propyl-
Nʹ-alkylamines to the pure S1R in which the Nʹ-alkyl chains
varied from propyl to octadecyl showed a similar increase in
affinity compared with their parent N-phenylalkyl amines
(Ruoho et al., 2012).
A minimal pharmacophore for S1R binding based on a

phenylalkylamine platform (Maeda et al., 2002; Fontanilla
et al., 2009) has led to the identification of a plethora of com-
pounds with reasonable (and in some cases exceptional) S1R-
binding affinity as either agonists or antagonists (selected
compounds are shown in Table 1). Upon examination of
the benzomorphans, such as pentazocine and SKF10047
([2S-(2a,6a,11R*]-1,2,3,4,5,6-hexahydro-6,11-dimethyl-3-(2-
propenyl)-2,6-methano-3-benzazocin-8-ol), an important fea-
ture involving the stereospecificity of binding to the S1R is
emphasized; that is, the dextrorotatory forms bind to the S1R
with significantly higher affinity than the levorotatory forms.
Given this generally promiscuous pharmacophore, several small
molecules that are able to bind to other drug targets also interact
with the S1R, such as fenpropimorph (antifungal), haloperidol
(antipsychotic), chlorpheniramine (antihistamine), N,Nʹ di-
methyl tryptamine (DMT) and methamphetamine (psychosti-
mulants), fluvoxamine (antidepressant), and verapamil (calcium
channel blocker). Endogenous compounds such as sphingosine
and sphingosine derivatives (discussed later), progesterone,
dehydroepiandrosterone (DHEA), and cholesterol also bind to
the S1R.

Fig. 1. Themultitasking sigma-1 receptor
chaperone. Overview of some sigma-1 re-
ceptor molecular interactions and poten-
tial therapeutic applications.
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TABLE 1
Representative sigma-1 receptor agonists and antagonists

Compound Structure Function

(+) Pentazocine Agonist

(+) SKF10047 Agonist

PRE 084 Agonist

Dimethyl tryptamine (DMT) Agonist

BD-1047 Antagonist

BD-1063 Antagonist

Rimcazole Antagonist

NE-100 Antagonist

NE-100, N, N-dipropyl-2-[4-methoxy-3-(2-phenylethoxy)phenyl]-ethylamine monohydrochloride; PRE-084, 2-(4-morpholinethyl) 1-phenylcyclohexane-1-carboxylate hydrochloride.
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Structural Features of the S1R
The three-dimensional structure of the S1R is currently

unknown. Originally, sequence-based algorithms that predict
amino acid hydrophobicity [TM BASE (Hofmann, 1993)] and
structural flexibility assessment plots [PONDR (Garner et al.,
1999; Li et al., 1999)] have indicated two major hydrophobic
helical transmembrane sequences (Aydar et al., 2002) (Fig. 2).
Depending on the algorithm used to predict the transmem-
brane (TM) segments, TM1 is predicted to span between amino
acids 8 and 34, and TM2 region spans between amino acids 83
and 111 (Ortega-Roldan et al., 2015). This disposition of the
receptor in mammalian endoplasmic reticulum (ER) mem-
branes indicates that the N and C termini are both located in
the ER lumen (Hayashi and Su, 2007). Further, this orienta-
tion predicts that if S1R enters the plasma membrane (as is
the case in some mammalian cells) the S1R N and C termini
are located outside the cell.
This orientation has been confirmed in vivo in intact mouse

nucleus accumbens neurons usingC-terminal sequence–specific
antibodies (Kourrich et al., 2013). Based on sequence identity
to the yeast sterol isomerase ERG2, two regions of the S1R
have been referred to as steroid-binding-like domains I and II
(SBLD I and SBLD II) (Fig. 3). Proposed structural features of
the pure S1R have been recently reported using in silico ap-
proaches based on the use of several reasonable model plat-
forms reported in the Protein Data Bank (Brune et al., 2013;
Brune et al., 2014) and by proton NMR assessments of regions
of the S1R (Ortega-Roldan et al., 2013, 2015).
Specific Structural Features of the S1R N-Terminus,

Proposed TM1 and TM2 and TM1/TM2 Loop. The S1RN
terminus sequence before entrance into themembrane bilayer
involves approximately 9 amino acids, including an ER re-
tention sequence of double arginines at positions 7 and 8 in the
guinea pig (Hayashi and Su, 2003). TM1 is predicted to span
between amino acids 9 and 34 while TM2 is predicted to
contain amino acids 83–111. While the precise amino acids
that comprise the transmembrane sequences have not been
established with certainty, recent NMR data on a truncated
form of the S1R (S1RΔ35) in which the N-terminal 35 amino
acids were removed have indicated unusual flexibility of serine
87 beyond that expected for a membrane-imbedded residue

(Ortega-Roldan et al., 2015). The conclusion made was that
TM2 enters at residue 87 (instead of 83) from the N terminus
and extends to residue 108 (Fig. 3). This truncated form of S1R,
however, would likely enter the Escherichia coli membrane
translocon during expression in a manner that could reverse
the TM2 sequence in the membrane with respect to the con-
stitutive full-length S1R TM1 and remain in this orientation in
the dodecylphosphocholine detergent micelles (Ortega-Roldan
et al., 2015).
Significant additional structural features of TM2 include a

canonical membrane-imbedded GxxxG dimerization sequence
(Overton et al., 2003) at positions 87–91, which is involved in
oligomerization of the S1R (Gromek et al., 2014) (Fig. 3), and a
single cysteine residue that occurs at position 94 in TM2. A
specific functional role has not been ascribed to this cysteine.
Because the S1R has been associated with various in vivo
mechanisms to suppress cellular oxidative stress (Bucolo et al.,
2006; Tuerxun et al., 2010; Pal et al., 2012), perhaps cysteine 94
participates in redox reactions to maintain an intracellular
reducing environment.An alanine residuewhen substituted for
cysteine 94 does not significantly affect the binding of the S1R
agonist [3H]-(1)-pentazocine (unpublished results).
The 50 amino acid loop joining the two TM sequences has

been examined byNMRand found to contain three short helical
segments, labeled as cH1, cH2, and cH3 (Ortega-Roldan et al.,
2015) (Fig. 3). The cH2 and cH3helices appear to be constrained
in some manner either by constitutive strong helical interac-
tions or by interactions with the detergent used in the NMR
experiments. A compact three-dimensional structure for this
region is consistent with previous observations that lysine 60
is relatively insensitive to Endolys C proteolytic cleavage even
in the presence of sodium dodecylsulfate (SDS) (Pal et al.,
2008).
Specific Structural and Functional Features of the

S1R C Terminus. The in vitro structural and functional
studies of the S1R have been achieved using the C-terminal
approximately 123 amino acids of the S1R. Structurally, this
region of the S1R C terminus is predicted to contain varying
levels of order and disorder (Aydar et al., 2002) (Fig. 2). High-
resolution NMR analysis of S1R C-terminal residues 112–223
when expressed in E. coli, purified as a polyhistidine construct

Fig. 2. Hydropathy and PONDR plots of the guinea
pig sigma-1 receptor. The hydropathy TM plot in
black and PONDR plot in red (PONDR.com). Adapted
from Aydar et al. (2002) with permission from
Elsevier.
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and reconstituted into dodecylphosphocholinemicelles, revealed
five helical segments, H1 (∼121 to 137), H2 (∼167 to 175), H3
(∼180 to 189), H4 (∼193 to 210), H5 (∼212 to 219), and two
short extended regions (Ortega-Roldan et al., 2013) (Fig. 3).
The mobility of the H1 helix, which is most proximal to TM2,

appears to depend in part on its connection to TM2 (Ortega-
Roldan et al., 2015).
The ER luminal S1R C-terminal amino acids contain at least

a portion of the structural and functional information needed
for the S1R to interact with protein partners; for example, the

Fig. 3. Model of the key structural motifs of the sigma-1
receptor. (A) Amodel of the sigma-1 receptor. The structure
was determined using solution NMR studies of the S1R
(Δ35) construct where the first 35 amino acids of the S1R
were deleted. Helices are represented as blue, gray, green,
and red cylinders, and the length of each helix is scaled
relative to each other. Flexible regions are not drawn to
scale. The residues making up the transmembrane domain
1 (TM1), depicted as a gray cylinder and indicated by
asterisks, is predicted based on several computer algo-
rithms. Nomenclature of each helical region is adapted
from Ortega-Roldan et al. (2015); the SBDL I and SBDL II
regions (shown in red) are modeled after Pal et al. (2007),
and the cholesterol recognition motif (CRM) I and II were
identified by Palmer et al. (2007). Based on photolabeling
data (Fig. 4) and site-directed mutagenesis data (Table 2),
the shaded area broadly defines the ligand-binding site and
perhaps a dimerization-dependent agonist binding inter-
face between monomers. An ER retention sequence was
determined by Hayashi and Su (2003), and the oligomeri-
zation sequence (GGMWG) of the sigma-1 receptor was
based on studies published by Gromek et al. (2014). Note:
this model of the sigma-1 receptor is drawn from the
perspective of the ER membrane; it is worth mentioning
that the sigma-1 receptor will assume a reverse orientation
on the plasma membrane where the N and C termini are
extracellular. (B) Structures of photoprobes that have been
used to study the S1R that are referenced in the text.
Photoprobes i–iii were reported for S1R covalent labeling.
Photoprobes iv–ix have been used to identify individual
residues in the S1R binding sites and/or regions of the
receptor as indicated. Adapted from Ortega-Roldan et al.
(2015).
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C-terminal construct was found to interact with the nucleotide-
binding domain of the ATP requiring cochaperone binding
immunoglobulin protein (BiP) (78-kDa glucose-regulated pro-
tein, GRP78), and not the substrate domain of BiP (Ortega-
Roldan et al., 2013). Residues 116–223, when expressed as a
fusion with glutathione S-transferase, were shown in vitro to
mitigate heat-mediated aggregation of the mitochondrial en-
zyme citrate synthase and to interact with GRP78 (BiP) in a
calcium-dependent fashion (Hayashi and Su, 2007). In vivo
overexpression of the S1R C-terminal 102–223 in MCF-7 cells
enhanced bradykinin-stimulated calcium release by promot-
ing removal of ankyrin 220 from the IP3-type 3 receptor in
ER membranes. This latter action occurred via a chaperone-
mediated function by binding directly to ankyrin 220 with
resultant dissociation from the IP3-type 3 receptor (Hayashi
and Su, 2001;WuandBowen, 2008). It is important to point out
that the C-terminal amino acids (encompassing amino acids
100–223 approximately) do not bind ligands but can chaperone
partner proteins. This indicates that although the chaperone
function is ligand regulated in the intact protein, ligand-
binding functions and chaperone functions are separable.

Structural Features of the S1R Ligand-Binding
Region

Two main approaches have been informative for identifica-
tion of the amino acid residues that affect S1R ligand binding:
1) site-directed mutagenesis and 2) use of radiolabeled photo-
affinity probes.
Site-Directed Mutagenesis. Carbodiimide-based chemi-

cal modifications of anionic amino acids (or combinations of
amino acids) in the C terminus of the wild-type receptor or in
the recombinantly expressed S1R were reported to reduce
[3H]-haloperidol and [3H]-(1)-pentazocine binding. Reduction
of [3H]-haloperidol binding was further supported by glycine
substitutions that identified Asp126 and Glu172 as important
residues (Seth et al., 2001) (Fig. 3A and Table 2). Yamamoto
et al. (1999) showed that S99A, Y103F, and di-L105, 106
di-A which are in, or in close proximity to, TM2 reduced
[3H]-(1)-pentazocine binding (Fig. 3A and Table 2). Recently a
study of residues in the human S1R that were transiently
expressed in a quail fibroblast line QT-6, null for constitutive
S1Rs, identified amino acid residues important for specific
[3H]-(1)-pentazocine binding (Brune et al., 2014). When per-
centiled against the human wild-type S1R the investigators

found the following residues to reduce binding by greater than
70%:R119A, I128A, Y173A, S101A,Y103A, F107A, R175A, and
E172D (see Table 2).
Essentially, complete loss of binding, when compared with

wild type, was seen with I128A, Y173A, and E172D. Deletion
of 15 and 23 amino acids from the C terminus appeared
to result in a partially unfolded receptor. Deletion of the
C-terminal 7 residue YLFGQDP sequence reduced [3H]-(1)-
pentazocine–specific binding by approximately 60%, presum-
ably by a “Hasp-like” effect that altered or reduced the
strength of interaction of R119, D126, and E172 with (1)-
pentazocine. Additionally, 30%–70% reductions in (3H)-(1)-
pentazocine binding were noted for Y120A, S127A, T127A,
and F146A.
Based on current knowledge that the S1R exists both in

vitro and in vivo in oligomeric forms (discussed later), it would
be of great interest to establish whether only certain func-
tional forms of the S1R are binding to agonists and antago-
nists and further to determine the stoichiometries of agonist/
antagonist/S1R subunit binding. Multisubunit receptors such
as the GABA A (Sigel and Steinmann, 2012) and the nicotinic
acetylcholine receptors (Albuquerque et al., 2009) bind regula-
tory ligands at the interface between subunits. Is this also the
case for ligands that interact with the homo-oligomeric S1R?
Use of Photoaffinity Probes. Specific covalent derivati-

zation of the binding site of the S1R inmembrane preparations
has been reported using several types of S1R ligandderivatives,
including [3H]-azido-1,3-di-o-tolylguanidine (Kavanaugh et al.,
1989), [3H]-azidoemopamil (Moebius et al., 1993), and
[3H]-haloperidol (Largent et al., 1984; Tam and Cook, 1984)
(Fig. 3B, i–iii). Several radioiodinated photoprobes have been
developed in the Ruoho laboratory (Kahoun and Ruoho, 1992;
Chen et al., 2007; Pal et al., 2007, 2008; Fontanilla et al., 2008)
(Fig. 3B, iv–ix).
With the advent of effective methods to express the S1R in

E. coli and purification of the S1R in native forms (Ramachandran
et al., 2007; Gromek et al., 2013, 2014), identification of the
general location of certain ligand binding regions has been
possible using various small molecule radiolabeled photo-
probes. Selective cleavage of the specifically covalently photo-
labeled pure S1R has been achieved by EndoLys C at the
lysine at position 142, followed in some cases, by additional
cleavage with cyanogen bromide at methionines 90 and 170
followed by SDS-PAGE analyses. The data from these exper-
iments are summarized in Fig. 3B, iv–ix.

TABLE 2
Amino acid residues of the sigma-1 receptor affected by mutation

Amino Acid Mutation
or Chemical Modification Sigma Ligand Tested References

Ser99 [3H]-(+)-pentazocine (Yamamoto et al., 1999)
Ser101 [3H]-(+)-pentazocine (Brune et al., 2014)
Tyr103 [3H]-(+)-pentazocine (Brune et al., 2014; Yamamoto et al., 1999)
Leu 105, 106 (disubstituted) [3H]-(+)-pentazocine and [3H]-NE100 (Yamamoto et al., 1999)
Phe107 [3H]-(+)-pentazocine (Brune et al., 2014)
Arg119 [3H]-(+)-pentazocine (Brune et al., 2014)
Ser125 [3H]-(+)-pentazocine (Brune et al., 2014)
Asp126 [3H]-haloperidol and [3H]-(+)-pentazocine (Brune et al., 2014; Seth et al., 2001)
Thr127 [3H]-(+)-pentazocine (Brune et al., 2014)
Ile128 [3H]-(+)-pentazocine (Brune et al., 2014)
Glu172 [3H]-haloperidol and [3H]-(+)-pentazocine (Brune et al., 2014; Seth et al., 2001)
Tyr173 [3H]-(+)-pentazocine (Brune et al., 2014)
Arg175 [3H]-(+)-pentazocine (Brune et al., 2014)
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[125I]-Iodoazidococaine ([125I]-IACoc) specifically derivat-
ized aspartate 188 in the SBLD II region (Chen et al., 2007).
Electron-withdrawing groups on the para position of the
phenyl ring such as azido and/or nitro enhanced the affinity
of the cocaine derivatives for the S1R by at least 100-fold
compared with para position electron-donating or nonderiv-
atized phenyl ring tropane derivatives. These data presage the
notion (Chen et al., 2007) that T-stacking pi/pi interactions of
the cocaine phenyl ring with nearby aromatic amino acid
containing side chains occur in the binding site. When the pi
electron density of the cocaine phenyl ring was reduced by
withdrawing groups, the pi electronic density of surrounding
aromatic amino acid side chains strongly compensated to
result in the enhancement of IACoc affinity. These aromatic
amino acid residues in the S1R-binding site are likely to be
Tyr120 and/or Trp121, as shown for the interaction of the
heteraromatic condensed ring of (1)-pentazocine (Brune et al.,
2014) with the S1R.
Binding and photoincorporation of N-3-(4-nitrophenyl-

propyl) dodecan-1-amine (4-NPPC12) (Fig. 3B, ix) (Chu
et al., 2013) into His154 was similarly dependent on the
electron-withdrawing properties of 4-NPPC12. Further,
[125I]-iodoazidofenpropimorph ([125I]-IAF) labeled both the
SBLD I and the SBLD II regions (Pal et al., 2007). When the
radioiodinated phenyl azide was repositioned to provide
greater probe flexibility and to identify additional binding
regions such as with [125I]-N-IACoc andN-propyl-N-(4-azido-
3-iodophenylethyl)-3-(4-fluorophenyl) propylamine ([125I]-
IAC44), the covalent derivatization expanded to include TM1
(Fontanilla et al., 2008).
The involvement of SBLD II in the ligand binding site as

indicated by covalent derivatizations of the purified guinea pig
S1R with the cocaine and fenpropimorph derived photoprobes
is of interest. The juxtaposition of SBLD I and SBLD II as
predicted by use of the reversible photocrosslinker [125I]-IABM
(S-[[4-(4-amino-3-[125I] iodobenzoyl phenyl] methyl] ester)
(Pal et al., 2008) is of further interest because SBLD
II residues were not implicated in the specific binding of
[3H]-(1)-pentazocine as assessed by mutagenesis in S1Rs overex-
pressed in quail cells (Brune et al., 2014). Because the S1R has
been shown both in vitro and in vivo to exist in various
oligomeric forms (Gromek et al., 2014; Mishra et al., 2015) it is
not clear, at present, which forms are binding to (1)-pentaz-
ocine and which forms are binding to the photoprobes. Subtle
structural changes in the ligand-binding regions in the various
forms could underwrite the differences observed between the
[3H]-(1)-pentazocine binding (Brune et al., 2014) and the
results from [125I]-IABM (Pal et al., 2008) photolabeling.
Interestingly, when the final 15 residues of the C termi-

nus were removed, specific photolabeling of the S1R by the
S1R ligand [125I]-IACoc could not be achieved (Chen et al.,
2007). These data have been further supported, as previously
mentioned, by demonstration of a complete loss of specific [3H]-
(1)-pentazocine binding after removal of 7 (YLFGQDP), 15, or
23 residues from the C terminus (Brune et al., 2014). These
data, collectively, indicate an important role for the C terminus
of the S1R for support of ligand binding.

S1R Interactions with Lipids
Although the S1R interacts with an impressive array of

xenobiotic compounds, there are very few endogenous small

molecules that show high-affinity binding to the receptor. It
was noted that synthetic long-chain N-alkyl amines interact
with the S1R. Based on this observation it was discovered that
endogenous long-chain sphingoid bases such as D-erythro
sphingosine, which conform to the S1R pharmacophore motif
of a long N-alkyl chain with a nitrogen atom containing
unshared electrons, interact with the S1R (Ramachandran
et al., 2009; Chu et al., 2011, 2013). The endogenous long-chain
sphingoid bases D-erythro-sphingosine, L-threo-sphingosine,
dihydrosphingosine (sphinganine), and N,Nʹ-dimethyl sphin-
gosine inhibited [3H]-(1)-pentazocine binding to the purified
S1R with Kd values in the 100 nM range. The Kd values for
inhibition were lower by an order of magnitude for the pure S1R
as compared with guinea pig liver membranes (Ramachandran
et al., 2009). The major long-chain base D-erythro-
sphingosine (and to a lesser extent D-erythro-sphingosine-1-
phosphate) was detected in S1R immunoprecipitates from
receptor-overexpressing humanembryonic kidney 293 (HEK293)
cells, further confirming that such an interaction between
sphingosine and the S1R occurs in vivo (Ruoho et al., 2012).

D-Erythro sphingosine and its derivatives are important
endogenous lipid mediators variously involved in multiple
signal transduction pathways (Hannun and Obeid, 2008).
Sphingosine can be phosphorylated to sphingosine-1 phos-
phate by the enzyme sphingosine kinase (Spiegel and Mil-
stien, 2007). However, compared with sphingosine and N,N-
dimethylsphingosine, sphingosine-1 phosphate was not as
efficient in inhibiting [3H]-(1)-pentazocine binding to the
S1R (Ramachandran et al., 2009). Ceramide and ceramide-1
phosphate, the acylated derivatives of sphingosine, also failed
to inhibit [3H]-(1)-pentazocine binding to the S1R. High-
affinity sphingosine binding to the S1R raises the possibility
that sphingosine andN-methylated derivatives of sphingosine
may be endogenous regulators of the S1R. Tsai et al. (2015)
have also implicated myristic acid as a S1R agonist that, when
bound to the receptor, mitigates aberrant tau phosphorylation
via cdk5 to allow for proper axon extension in mouse brain.
Sigma receptors have been previously reported to be

associated with lipid-containing microdomains. The S1R was
found to be present in cholesterol-enriched, detergent-
insoluble lipid rafts of the ER in NG108 neuroblastoma cells
where they were shown to be important for the compartmen-
talization of ER synthesized lipids (Hayashi and Su, 2003). In
ER lipid droplets, the S1R colocalized with caveolin-2, a
cholesterol-binding protein. Treatment with the S1R ligand
(1)-pentazocine resulted in translocation of S1Rs from the ER
lipid microdomains to cytoplasmic domains (Hayashi and Su,
2003). Furthermore, treatment of Chinese hamster ovary K1
cells with sigma ligands enhanced the appearance of the S1R
in focal adhesions (Mavlyutov and Ruoho, 2007). In rat
primary hippocampal cultures, S1Rs were shown to form
galactoceramide-enriched lipid rafts and to promote differen-
tiation of oligodendrocytes (Hayashi and Su, 2004).
It has been suggested that the S1R plays an important role

in modulating the stability of the glycosphingolipid biosyn-
thetic enzyme ceramide galactosyl synthase. This enzyme is
expressed predominantly at the endoplasmic reticulum of
oligodendrocytes and is responsible for synthesizing galacto-
sylceramides that play important roles in regulation of axon
conductance. Knockdown of the S1R increased the lifetime
and enzymatic activity of ceramide galactosylsynthase in a
D6P2T Schwann cell line (Hayashi et al., 2012). In light of
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these findings in cell culture studies, it would be of interest to
determine whether the S1R knockout mice show aberrant
myelination of axons and exhibit differences in neuronal
conduction.
When the purified S1R was exchanged from Triton X-100

into lauryl dimethylamine N-oxide (LDAO), a detergent often
preferred for the crystallization of membrane proteins, a
complete loss of specific S1R [3H]-(1)-pentazocine binding
was observed. It was subsequently noted that LDAO is a
specific inhibitor of [3H]-(1)-pentazocine binding to the S1R in
guinea pig liver membranes as well as to the pure S1R protein
with Ki values of 5.4 nM and 72.1 nM, respectively
(Ramachandran, 2008). The high-affinity binding of this deter-
gent to the S1Rmay afford an opportunity for S1R crystallization
trials using LDAO specifically bound to the S1R ligand-binding
site at concentrations below its critical micelle concentration.
In addition to LDAO, molecules that share a common long

alkyl chain that extend from a secondary or tertiary nitrogen
atom and bind to the S1R include tridemorph and (2R-trans)-
2-butyl-5-heptylpyrrolidine, a compound isolated from the
culture broth of Streptomyces longispororuber (Kumagai
et al., 2000). Finally, the S1R has been shown to bind
cholesterol (Palmer et al., 2007). Using cholesteryl beads,
Palmer et al. (2007) were able to demonstrate that purified
myc-tagged S1R peptides containing residues 161–180 and
191–210 bound to cholesterol (Fig. 3A).

Functions of the S1R May Be Based on Its
Oligomerization States

As initially demonstrated by use of the radioiodinated
photoaffinity label [125I]-iodoazidofenpropimorph ([125I]-IAF),
the S1R in rat liver membranes exists in oligomeric forms
(Pal et al., 2007). This observation was further supported
by in vitro experiments demonstrating the separation of
the purified S1R and the maltose-binding protein–S1R
fusion protein into monomers, tetramers, and hexamer/
octamers using size exclusion chromatography (Ramachandran
et al., 2007; Gromek et al., 2014). The tetramer and
hexamer/octamer forms bound specifically to the S1R agonist
[3H]-(1)-pentazocine but not to the monomer form. By calcu-
lation, the tetramer form of the maltose binding protein–S1R
fusion bound the S1R antagonist BD-1047 (Nʹ-[2-(3,4-dichloro-
phenyl)ethyl]-N,N,Nʹ-trimethylethane-1,2-diamine), with a
stoichiometry of 1:2 (1 BD-1047:2 S1R monomers).
The presence of a S1R ligand-binding dimer form, shown

both in vitro and in vivo, has been further supported by use of
the photoprobeN-3-(4-nitrophenylpropyl) dodecan-1-amine (4
NPPC12) (Fig. 3B, ix) (Chu et al., 2013) and by in situ
oxidative crosslinking of a C94A, M170C guinea pig S1R
construct. Further, when the S1R was coexpressed in COS-7
cells as C-terminal fluorescent protein (GFP2 and CYP) fusion
constructs and analyzed by Forster resonance energy transfer
(spectral FRET) (Mishra et al., 2015), the S1R was shown to
exist constitutively in monomeric and oligomeric forms.
Compared with non-drug-treated controls, dimer and mono-
mer forms were favored in the presence of the agonist (1)-
pentazocine, whereas higher order oligomers were favored in
the presence of the S1R antagonist haloperidol.
The presence of oligomeric forms of the S1R in vivo that are

modified in their ratios by S1R ligands offers the likelihood

that constitutively active forms of the S1R exist in vivo and
that the populations of these forms are regulated by agonists
and antagonist (or inverse agonists). Because the C-terminal
tail by itself (amino acids approximately 110–223) has been
clearly shown to possess chaperone functions (Hayashi and
Su, 2007; Wu and Bowen, 2008) and interactions with the
cochaperone BiP (Ortega-Roldan et al., 2013), the role of S1R
agonists may be to dissociate or “expose”C-terminal regions of
the S1R in the dimer and/or monomer forms. In the tetramer
and higher oligomeric forms, the C terminusmay be stabilized
by “cryptic” intramolecular interactions by antagonists (or as
inverse agonists, as discussed later) and thus be functionally
unavailable.

Do Antagonists of the S1R Function as Inverse
Agonists?

A consideration of inverse agonists for receptors has many
components (Milligan, 2003), but its basic tenants are 1) that a
receptor can exist in functionally active constitutive forms in
vivo, 2) that defined alternative structural forms of a receptor
occur that can be stabilized by compounds that reduce the
constitutive activity of the receptor, and 3) that endogenous
agonists do not account for the observed “constitutive” re-
ceptor activity. Several examples of constitutive activity of the
S1R have been reported. When washed neuronal membranes
prepared from mouse brain were treated with the putative
S1R antagonists BD-1047 or haloperidol, GPCRs such as the
m-opioid receptor and the muscarinic acetylcholine receptor
showed enhanced potency for their respective agonists as
measured by increased GTPg35S binding (Kim et al., 2010).
The investigators concluded that the S1R in the neuronal
membrane preparations was constitutively active and that
inhibition of the S1R “released” the suppressed signaling
efficiency of the GPCR agonists. Overexpression of the S1R in
MCF7 cells was shown to result in enhanced bradykinin-
induced calcium release in the absence of exogenously added
agonist (Wu and Bowen, 2008). Because this constitutive
response was inhibited by the S1R ligand, BD-1063 [N-[2-
(3,4-dichlorophenyl) ethyl]-4-methylpiperazine dihydrochlor-
ide], Wu and Bowen (2008) concluded that the S1R was
constitutively active in these experiments and that BD-1063
behaved as an S1R inverse agonist.
Aydar et al. (2002) have demonstrated that expression of the

S1R in Xenopus oocytes in the absence of agonist resulted in
regulation of voltage-gated 1.4 and 1.5 potassium channels,
indicating constitutive activity of the S1R. It is therefore
reasonable to consider the following scenario: monomer,
dimer, tetramer, hexamer/octamer states of the S1R may
have important consequences regarding the chaperone func-
tions of the S1R. As previously described when COS cells
containing the S1R were incubated with the S1R agonist (1)-
pentazocine, the relative ratio of dimer and monomers in-
creased (Mishra et al., 2015) whereas treatment of the cells
with the S1R inhibitor haloperidol increased higher oligo-
meric forms. It is tempting to speculate that higher oligomeric
forms of the S1R are functionally inactive. In this way, S1R
functional inhibitors such as haloperidol, BD-1047, and BD-
1063may bemore accurately considered to be inverse agonists
rather than neutral antagonists (see Fig. 4 for a proposed
model of the chaperone mechanism (s) of S1R).
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This situation is not unlike that of the b2-adrenergic
receptor (and other GPCRs) in which an Ro state, which is
structurally differentiated from the R basal or constitutive
states (Rʹ, Rʹʹ, Rʹʹ, R*), is functionally associated with inverse
agonists (Gether and Kobilka, 1998; Manglik and Kobilka,
2014). Because many states (or functional forms) of the S1R
may occur in situ, the function of inhibitors such as haloper-
idol, BD-1047, and BD-1063 may be more accurately consid-
ered as inverse S1R agonists rather than neutral antagonists.

Proposed Dependence of S1R Oligomeric
Equilibria for Chaperone Functions: Is the S1R a
Member of the Small Heat Shock Protein Family?
Themultitasking chaperone nature of the S1Rhas beenwell

established (Su et al., 2010). As previously described in this
review, in vitro and in vivo the S1R exists in oligomeric forms
that appear to be modulated by (1)-pentazocine and by
haloperidol (Gromek et al., 2014; Mishra et al., 2015). Based
on current knowledge in the field, the S1R does not bind ATP,
in contrast to many large mammalian chaperone-like heat
shock proteins such as GRP78/BiP Hsp 70, and Hsp 90
(Hayashi and Su, 2007). Families of small heat shock proteins
(sHSPs) consisting of monomer sizes ranging from 12 to 42
kDa that do not bind ATP have been identified in prokaryotes,
plants, andmammals (reviewed in Carver et al., 2003; Poulain
et al., 2010; Basha et al., 2012). Humans have 10 paralogous
sHSPs, HspB1 to HspB10 (Basha et al., 2012). These sHSPs
are both soluble proteins and lipid-mediated membrane-
bound proteins that localize to lipid rafts especially under
cellular stress conditions (Horvath et al., 2008). The function
of these sHSPs is to temporarily stabilize proteins that are
partially disordered under cellular stress to prevent complete
aggregation and denaturation. The sHSPs-protected proteins
are then handed off to larger HSPs (such as HSP70) where the
energy of ATP is used to complete the folding process. The

sHSPs therefore provide initial “paramedic” life support for a
failing protein in preparation for a final ATP-dependent
“physician” rescue. In this regard it is noteworthy that Mori
et al. (2013) have demonstrated that temporary stabilization
of the cellular stress protein IRE1-a by S1R is necessary to
allow appropriate phosphorylation of IRE1-a and thus escape
from ubiqitination and proteosomal destruction.
As previously discussed, a direct interaction of the S1Rwith

the ATP chaperone GRP78 (BiP) has been well documented
(Hayashi and Su, 2007) and further elaborated by the Schnell
laboratory (Ortega-Roldan et al., 2013) to involve the S1R C
terminus interaction with the nucleotide-binding domain (not
the “substrate” domain of BiP). This observation is in total
agreement with the interaction regions of sHSPs with their
ATP-dependent chaperone partners such as Hsp70 (Poulain
et al., 2010). Additionally, although the S1R functions mainly
as an intracellular chaperone protein, an extracellular pres-
ence of the S1R secreted from NG108 neuroblastoma glioma
hybrid cells has been reported (Hayashi and Su, 2003)
although a chaperoning target has not been unequivocally
identified. A similar extracellular presence has been observed
for Clusterin (Poon et al., 2000; Wilson and Easterbrook-
Smith, 2000; Hatters et al., 2002; Carver et al., 2003), a
glycosylated sHSP that presumably chaperones extracellular
client proteins that require stabilization. Finally, the subunit-
subunit interfaces of sHSPs appear to vary in some oligomeric
complexes (Van Montfort et al., 2001; McHaourab et al., 2009;
Basha et al., 2012) providing for potential pleiotropic molec-
ular interactions. Can these properties also extend to the S1R
to account partially for the wide range of small molecules that
bind to and regulate S1R functions?
The sHSPs are further defined by a C-terminal domain of

approximately 90–100 amino acids known as the alpha
crystallins domain that contains seven or eight antiparallel
beta strands (for a review, see Basha et al., 2012) and a L/V/I X
L/V/I sequence near the C terminus that is important for
stabilizing dimer formation (Poulain et al., 2010). A striking

Fig. 4. Proposed mechanistic model of the sigma-1 receptor
chaperone function in vivo. In vivo (and in vitro) evidence
suggests that the sigma-1 receptor exists as dimers, tetra-
mers, and hexamers/octamers (and perhaps even higher
order oligomers). In vivo, the sigma-1 receptor is proposed
to bind agonists as a dimer and/or monomer (or the agonists
create functionally active dimers and/or monomers from
higher order oligomers) while putative antagonists (or in-
verse agonists) shift the sigma-1 receptor to the tetramer/
oligomer forms. As such, dimer and monomer forms may
represent the functional chaperone states while higher
oligomers of the sigma-1 receptor may serve as a reservoir
for the active forms. The monomer form has been shown to
bind to protein partners at the plasma membrane as a
functional unit, which may suggest a secondary function
independent of the chaperone activity of the sigma-1
receptor.
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feature of many of the sHSPs (especially those in mammals)
that function as dimers is that the interaction of two specific
antiparallel beta strand sequences that are stabilized by the
L/V/I X L/V/I sequence (Poulain et al., 2010) further promote
the subsequent formation of oligomers from the preformed
dimers (Basha et al., 2012).
It has been suggested that the higher oligomeric forms of

some sHSPs may subsequently serve as reservoirs for the
active dimer forms. The mammalian S1R shares many of the
features described here for the sHSPs, including the presence
of C-terminal beta strands (Ortega-Roldan et al., 2015) and a
C-terminal LELQL sequence that may be involved in sta-
bilizing dimerization of the S1R. One additional feature
regarding attainment of maximum steady-state–specific bind-
ing of (3H)-(1)-pentazocine to S1R in membrane preparations
or in cells is that incubation is usually required for at least 90
minutes at 32–37°C. This may be time needed to “trap” an
active (1)-pentazocine binding form of the S1R, perhaps a
dimer, which has been generated fromhigher oligomeric forms
(Gromek et al., 2014; Mishra et al., 2015). The data are
therefore consistent with the occurrence of a dynamic equilib-
rium between octamer/hexamer/tetramer/dimer and monomer
states of the S1R that may presage the functional mechanisms
of the S1R. Similar to sHSPs, the hexamer/octamer/tetramer
forms are likely to serve as storage forms of the S1R that
equilibrate and are stabilized in active states by agonists such
as (1)-pentazocine to eventually generate the dimer and mon-
omer forms that constitute the chaperoning structures.
Inhibitory tetramers and higher order forms may be sta-

bilized by inverse agonists such as haloperidol and BD-1047
(see Fig. 4). In agreement with these general ideas, using
atomic force microscopy, Balasuriya et al. (2012) have shown
that the monomer form of the S1R (or possibly a monomer
form generated from the dimer) has been identified as directly
bound to the voltage-gated Nav1.5 sodium channel with 4-fold
symmetry, to the human ether-à-go-go (hERG) voltage-gated
potassium channel (Balasuriya et al., 2014) with 4-fold
symmetry, to the acid-sensing ion channel-1a with 3-fold
symmetry (Carnally et al., 2010), and with selectivity to the
GLuN1 subunit of the GluN1/GluN2a N-methyl-D-apartate
receptor (Balasuriya et al., 2013) (see Table 3 for further
examples of client proteins that have been shown to interact
with the S1R).
Beyond the chaperone functions of the S1R that involve its

first-responder–like sHSP functions to client proteins, the
S1R is speculated to provide permanent regulatory support for
their signal transduction roles—for example, interactions
with the aforementioned ion channels at the plasma mem-
brane. However, because the S1R has been demonstrated to
bind to the nonglycosylated form of the hERG channel at the
plasma membrane (Balasuriya et al., 2014), questions remain
as to whether the S1R binds to the semiunfolded state or
the native form of these protein substrates as a functional
subunit.
In sum, despite these apparent similarities with the sHSPs,

the S1R have evolved in mammalian cells such that the
various “states” of the S1R (including perhaps also the 18–
21 kDa sigma-2 receptor) (Bowen et al., 1989; Hellewell and
Bowen, 1990) require regulation by small molecules (both
endogenous and synthetic). However, important and unique
differences differentiate the S1R from the sHSPs: 1) the
sHSPs are only variously tethered to the membrane but do

not possess transmembrane regions as is the case for the S1R,
and 2) the sHSPs have not been reported to regulate ion
channels or other receptors (such as GPCRs) on plasma
membranes.

Conclusions and Summary
The S1R is a uniquemultitasking lipidmicrodomainER and

plasmamembrane localized chaperone protein that is likely to
be an important therapeutic target for treatment of many
forms of neurodegenerative conditions in humans. As a
molecular chaperone the S1R responds to various cellular
stresses to stabilize and/or support the stability of proteins
involved in signal transduction pathways that involve calcium
homeostasis of the cytoplasm, ER, and mitochondria. Cell-
signaling protein partners such as voltage-gated ion channels
and G-protein coupled receptors appear to be constitutively
regulated by direct interaction with the S1R. Direct and
indirect actions of S1Rs that involve alterations in enzyme
activities that can regulate signaling pathways—for example,
Rac-1 GTPase and cdk5 control maturation of neuronal
dendrites and axon elongation.
S1Rs reduce stress-related protein aggregations associated

with neurodegenerative diseases. The S1R exists in ligand-
regulatedmonomeric and oligomeric forms in vitro and in vivo
that likely underwrite itsmultitasking functions. In vitro, S1R
dimers and tetramers may bind to regulatory small molecules
at monomer/monomer interfaces (2:1 ligand/monomer ratio).
Higher oligomeric forms of the S1R are proposed to be sta-
bilized by inhibitors in a manner consistent with inverse
agonist actions. The molecular features of the membrane-
bound S1R that show pharmacologic regulation via endoge-
nous and synthetic small molecules place it in a unique niche
of the superfamily of small heat shock protein chaperones.
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TABLE 3
Client proteins that bind to the sigma-1 receptor
List of client proteins that have been shown to directly bind to the sigma-1 receptor
as demonstrated by coimmunoprecipitation or by Forster resonance energy transfer
(FRET; readers are directed to the references listed to review the data).

Client Proteins References

Voltage-gated channels
Kv1.2 (Kourrich et al., 2013)
Kv1.3 (Kinoshita et al., 2012)
Kv1.4 (Aydar et al., 2002)
Nav1.5 (Balasuriya et al., 2012)
L-type Ca2+ (Tchedre et al., 2008)
hERG (Balasuriya et al., 2014)

Other channels
Acid-sensing ion

channels (ASICs)
(Carnally et al., 2010)

Volume-regulated
chloride channel (VRCC)

(Renaudo et al., 2007)

Inositol triphosphate
receptor (IP3R)

(Hayashi and Su, 2007)

N-methyl-D-aspartate
(NMDA) (GluN1) GPCRs

(Balasuriya et al., 2013)

Dopamine D1 (Navarro et al., 2010)
m Opioid and muscarinic receptors (Kim et al., 2010)
Others

Ankyrin (Hayashi and Su, 2001)
BiP (Hayashi and Su, 2007)

Biochemical Pharmacology of the Sigma-1 Receptor 151

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Authorship Contributions

Wrote or contributed to the writing of the entire manuscript: Chu,
Ruoho.

References

Al-Saif A, Al-Mohanna F, and Bohlega S (2011) A mutation in sigma-1 receptor
causes juvenile amyotrophic lateral sclerosis. Ann Neurol 70:913–919.

Albuquerque EX, Pereira EF, Alkondon M, and Rogers SW (2009) Mammalian nic-
otinic acetylcholine receptors: from structure to function. Physiol Rev 89:73–120.

Aydar E, Palmer CP, Klyachko VA, and Jackson MB (2002) The sigma receptor as a
ligand-regulated auxiliary potassium channel subunit. Neuron 34:399–410.

Balasuriya D, D’Sa L, Talker R, Dupuis E, Maurin F, Martin P, Borgese F, Soriani O,
and Edwardson JM (2014) A direct interaction between the sigma-1 receptor and
the hERG voltage-gated K1 channel revealed by atomic force microscopy and ho-
mogeneous time-resolved fluorescence (HTRF®). J Biol Chem 289:32353–32363.

Balasuriya D, Stewart AP, Crottès D, Borgese F, Soriani O, and Edwardson JM
(2012) The sigma-1 receptor binds to the Nav1.5 voltage-gated Na1 channel with 4-
fold symmetry. J Biol Chem 287:37021–37029.

Balasuriya D, Stewart AP, and Edwardson JM (2013) The s-1 receptor interacts
directly with GluN1 but not GluN2A in the GluN1/GluN2A NMDA receptor. J
Neurosci 33:18219–18224.

Basha E, O’Neill H, and Vierling E (2012) Small heat shock proteins and a-crystal-
lins: dynamic proteins with flexible functions. Trends Biochem Sci 37:106–117.

Bowen WD, Hellewell SB, and McGarry KA (1989) Evidence for a multi-site model of
the rat brain sigma receptor. Eur J Pharmacol 163:309–318.

Brune S, Pricl S, and Wünsch B (2013) Structure of the s1 receptor and its ligand
binding site. J Med Chem 56:9809–9819.

Brune S, Schepmann D, Klempnauer KH, Marson D, Dal Col V, Laurini E, Fermeglia
M, Wünsch B, and Pricl S (2014) The sigma enigma: in vitro/in silico site-directed
mutagenesis studies unveil s1 receptor ligand binding. Biochemistry 53:2993–3003.

Bucolo C, Drago F, Lin LR, and Reddy VN (2006) Sigma receptor ligands protect
human retinal cells against oxidative stress. Neuroreport 17:287–291.

Carnally SM, Johannessen M, Henderson RM, Jackson MB, and Edwardson JM
(2010) Demonstration of a direct interaction between sigma-1 receptors and acid-
sensing ion channels. Biophys J 98:1182–1191.

Carver JA, Rekas A, Thorn DC, and Wilson MR (2003) Small heat-shock proteins and
clusterin: intra- and extracellular molecular chaperones with a common mecha-
nism of action and function? IUBMB Life 55:661–668.

Chen Y, Hajipour AR, Sievert MK, Arbabian M, and Ruoho AE (2007) Character-
ization of the cocaine binding site on the sigma-1 receptor. Biochemistry 46:
3532–3542.

Chu UB, Hajipour AR, Ramachandran S, and Ruoho AE (2011) Characterization of
interactions of 4-nitrophenylpropyl-N-alkylamine with § receptors. Biochemistry
50:7568–7578.

Chu UB, Ramachandran S, Hajipour AR, and Ruoho AE (2013) Photoaffinity labeling
of the sigma-1 receptor with N-[3-(4-nitrophenyl)propyl]-N-dodecylamine: evidence
of receptor dimers. Biochemistry 52:859–868.

de Costa BR, Bowen WD, Hellewell SB, Walker JM, Thurkauf A, Jacobson AE,
and Rice KC (1989) Synthesis and evaluation of optically pure [3H]-(1)-pentazo-
cine, a highly potent and selective radioligand for sigma receptors. FEBS Lett 251:
53–58.

Fehér Á, Juhász A, László A, Kálmán J, Jr, Pákáski M, Kálmán J, and Janka Z (2012)
Association between a variant of the sigma-1 receptor gene and Alzheimer’s dis-
ease. Neurosci Lett 517:136–139.

Fontanilla D, Hajipour AR, Pal A, Chu UB, Arbabian M, and Ruoho AE (2008)
Probing the steroid binding domain-like I (SBDLI) of the sigma-1 receptor binding
site using N-substituted photoaffinity labels. Biochemistry 47:7205–7217.

Fontanilla D, Johannessen M, Hajipour AR, Cozzi NV, Jackson MB, and Ruoho AE
(2009) The hallucinogenN,N-dimethyltryptamine (DMT) is an endogenous sigma-1
receptor regulator. Science 323:934–937.

Fukunaga K, Shinoda Y, and Tagashira H (2015) The role of SIGMAR1 gene mu-
tation and mitochondrial dysfunction in amyotrophic lateral sclerosis. J Pharmacol
Sci 127:36–41.

Ganapathy ME, Prasad PD, Huang W, Seth P, Leibach FH, and Ganapathy V (1999)
Molecular and ligand-binding characterization of the sigma-receptor in the Jurkat
human T lymphocyte cell line. J Pharmacol Exp Ther 289:251–260.

Garner E, Romero P, Dunker AK, Brown C, and Obradovic Z (1999) Predicting
binding regions within disordered proteins. Genome Inform Ser Workshop Genome
Inform 10:41–50.

Gether U and Kobilka BK (1998) G protein-coupled receptors. II. Mechanism of ag-
onist activation. J Biol Chem 273:17979–17982.

Glennon RA (2005) Pharmacophore identification for sigma-1 (sigma1) receptor
binding: application of the “deconstruction-reconstruction-elaboration” approach.
Mini Rev Med Chem 5:927–940.

Gromek KA, Meddaugh HR, Wrobel RL, Suchy FP, Bingman CA, Primm JG, and Fox
BG (2013) Improved expression and purification of sigma 1 receptor fused to
maltose binding protein by alteration of linker sequence. Protein Expr Purif 89:
203–209.

Gromek KA, Suchy FP, Meddaugh HR, Wrobel RL, LaPointe LM, Chu UB, Primm
JG, Ruoho AE, Senes A, and Fox BG (2014) The oligomeric states of the purified
sigma-1 receptor are stabilized by ligands. J Biol Chem 289:20333–20344.

Hanner M, Moebius FF, Flandorfer A, Knaus HG, Striessnig J, Kempner E,
and Glossmann H (1996) Purification, molecular cloning, and expression of the
mammalian sigma1-binding site. Proc Natl Acad Sci USA 93:8072–8077.

Hannun YA and Obeid LM (2008) Principles of bioactive lipid signalling: lessons from
sphingolipids. Nat Rev Mol Cell Biol 9:139–150.

Hatters DM, Wilson MR, Easterbrook-Smith SB, and Howlett GJ (2002) Suppression
of apolipoprotein C-II amyloid formation by the extracellular chaperone, clusterin.
Eur J Biochem 269:2789–2794.

Hayashi T, Hayashi E, Fujimoto M, Sprong H, and Su TP (2012) The lifetime of UDP-
galactose:ceramide galactosyltransferase is controlled by a distinct endoplasmic
reticulum-associated degradation (ERAD) regulated by sigma-1 receptor chaper-
ones. J Biol Chem 287:43156–43169.

Hayashi T and Su TP (2001) Regulating ankyrin dynamics: roles of sigma-1 recep-
tors. Proc Natl Acad Sci USA 98:491–496.

Hayashi T and Su TP (2003) Sigma-1 receptors (sigma(1) binding sites) form raft-like
microdomains and target lipid droplets on the endoplasmic reticulum: roles in
endoplasmic reticulum lipid compartmentalization and export. J Pharmacol Exp
Ther 306:718–725.

Hayashi T and Su TP (2004) Sigma-1 receptors at galactosylceramide-enriched lipid
microdomains regulate oligodendrocyte differentiation. Proc Natl Acad Sci USA
101:14949–14954.

Hayashi T and Su TP (2007) Sigma-1 receptor chaperones at the ER-mitochondrion
interface regulate Ca(21) signaling and cell survival. Cell 131:596–610.

Hellewell SB and Bowen WD (1990) A sigma-like binding site in rat pheochromo-
cytoma (PC12) cells: decreased affinity for (1)-benzomorphans and lower molecular
weight suggest a different sigma receptor form from that of guinea pig brain. Brain
Res 527:244–253.

Hofmann K and Stoffel E (1993) TMBase: a dataset of membrane spanning
proteins segments (Abstract). Biol Chem Hoppe-Seyler 374:166 DOI: 10.1515/
bchm3.1993.374.1-6.143.

Horváth I, Multhoff G, Sonnleitner A, and Vígh L (2008) Membrane-associated stress
proteins: more than simply chaperones. Biochim Biophys Acta 1778:1653–1664.

Itzhak Y (1987) [3H]PCP-3-OH and (1)[3H]SKF 10047 binding sites in rat brain
membranes: evidence of multiplicity. Eur J Pharmacol 136:231–234.

Kahoun JR and Ruoho AE (1992) (125I)iodoazidococaine, a photoaffinity label for the
haloperidol-sensitive sigma receptor. Proc Natl Acad Sci USA 89:1393–1397.

Kavanaugh MP, Parker J, Bobker DH, Keana JF, and Weber E (1989) Solubilization
and characterization of sigma-receptors from guinea pig brain membranes. J
Neurochem 53:1575–1580.

Kim FJ, Kovalyshyn I, Burgman M, Neilan C, Chien CC, and Pasternak GW (2010)
Sigma 1 receptor modulation of G-protein-coupled receptor signaling: potentiation
of opioid transduction independent from receptor binding. Mol Pharmacol 77:
695–703.

Kinoshita M, Matsuoka Y, Suzuki T, Mirrielees J, and Yang J (2012) Sigma-1 re-
ceptor alters the kinetics of Kv1.3 voltage gated potassium channels but not the
sensitivity to receptor ligands. Brain Res 1452:1–9.

Kourrich S, Hayashi T, Chuang JY, Tsai SY, Su TP, and Bonci A (2013) Dynamic
interaction between sigma-1 receptor and Kv1.2 shapes neuronal and behavioral
responses to cocaine. Cell 152:236–247.

Kumagai K, Shono K, Nakayama H, Ohno Y, and Saji I (2000) (2R-trans)-2-butyl-5-
heptylpyrrolidine as a potent sigma receptor ligand produced by Streptomyces
longispororuber. J Antibiot (Tokyo) 53:467–473.

Largent BL, Gundlach AL, and Snyder SH (1984) Psychotomimetic opiate receptors
labeled and visualized with (1)-[3H]3-(3-hydroxyphenyl)-N-(1-propyl)piperidine.
Proc Natl Acad Sci USA 81:4983–4987.

Largent BL, Gundlach AL, and Snyder SH (1986) Pharmacological and autoradio-
graphic discrimination of sigma and phencyclidine receptor binding sites in brain
with (1)-[3H]SKF 10,047, (1)-[3H]-3-[3-hydroxyphenyl]-N-(1-propyl)piperidine
and [3H]-1-[1-(2-thienyl)cyclohexyl]piperidine. J Pharmacol Exp Ther 238:
739–748.

Largent BL, Wikström H, Gundlach AL, and Snyder SH (1987) Structural determi-
nants of sigma receptor affinity. Mol Pharmacol 32:772–784.

Li X, Romero P, Rani M, Dunker AK, and Obradovic Z (1999) Predicting protein
disorder for N-, C-, and internal regions. Genome Inform Ser Workshop Genome
Inform 10:30–40.

Luty AA, Kwok JB, Dobson-Stone C, Loy CT, Coupland KG, Karlström H, Sobow T,
Tchorzewska J, Maruszak A, and Barcikowska M et al. (2010) Sigma nonopioid
intracellular receptor 1 mutations cause frontotemporal lobar degeneration-motor
neuron disease. Ann Neurol 68:639–649.

Maeda DY, Williams W, Kim WE, Thatcher LN, Bowen WD, and Coop A (2002) N-
arylalkylpiperidines as high-affinity sigma-1 and sigma-2 receptor ligands: phe-
nylpropylamines as potential leads for selective sigma-2 agents. Bioorg Med Chem
Lett 12:497–500.

Mancuso R, Oliván S, Rando A, Casas C, Osta R, and Navarro X (2012) Sigma-1R
agonist improves motor function and motoneuron survival in ALS mice. Neuro-
therapeutics 9:814–826.

Manglik A and Kobilka B (2014) The role of protein dynamics in GPCR function:
insights from the b2AR and rhodopsin. Curr Opin Cell Biol 27:136–143.

Martin WR (1983) Pharmacology of opioids. Pharmacol Rev 35:283–323.
Martin WR, Eades CG, Thompson JA, Huppler RE, and Gilbert PE (1976) The effects
of morphine- and nalorphine- like drugs in the nondependent and morphine-
dependent chronic spinal dog. J Pharmacol Exp Ther 197:517–532.

Mavlyutov TA, Epstein ML, Andersen KA, Ziskind-Conhaim L, and Ruoho AE (2010)
The sigma-1 receptor is enriched in postsynaptic sites of C-terminals in mouse
motoneurons. An anatomical and behavioral study. Neuroscience 167:247–255.

Mavlyutov TA, Epstein ML, Liu P, Verbny YI, Ziskind-Conhaim L, and Ruoho AE
(2012) Development of the sigma-1 receptor in C-terminals of motoneurons and
colocalization with theN,N9-dimethyltryptamine forming enzyme, indole-N-methyl
transferase. Neuroscience 206:60–68.

Mavlyutov TA, Epstein ML, Verbny YI, Huerta MS, Zaitoun I, Ziskind-Conhaim L,
and Ruoho AE (2013) Lack of sigma-1 receptor exacerbates ALS progression in
mice. Neuroscience 240:129–134.

Mavlyutov TA, Guo LW, Epstein ML, and Ruoho AE (2015) Role of the sigma-1
receptor in amyotrophic lateral sclerosis (ALS). J Pharmacol Sci 127:10–16.

Mavlyutov TA, Nickells RW, and Guo LW (2011) Accelerated retinal ganglion cell
death in mice deficient in the sigma-1 receptor. Mol Vis 17:1034–1043.

Mavlyutov TA and Ruoho AE (2007a) Ligand-dependent localization and in-
tracellular stability of sigma-1 receptors in CHO-K1 cells. J Mol Signal 2:8.

152 Chu and Ruoho

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


McHaourab HS, Godar JA, and Stewart PL (2009) Structure and mechanism of
protein stability sensors: chaperone activity of small heat shock proteins. Bio-
chemistry 48:3828–3837.

McLean S and Weber E (1988) Autoradiographic visualization of haloperidol-
sensitive sigma receptors in guinea-pig brain. Neuroscience 25:259–269.

Milligan G (2003) Constitutive activity and inverse agonists of G protein-coupled
receptors: a current perspective. Mol Pharmacol 64:1271–1276.

Mishina M, Ishiwata K, Ishii K, Kitamura S, Kimura Y, Kawamura K, Oda K, Sasaki
T, Sakayori O, and Hamamoto M et al. (2005) Function of sigma1 receptors in
Parkinson’s disease. Acta Neurol Scand 112:103–107.

Mishra AK, Mavlyutov T, Singh DR, Biener G, Yang J, Oliver JA, Ruoho A, and Raicu
V (2015) The sigma-1 receptors are present in monomeric and oligomeric forms in
living cells in the presence and absence of ligands. Biochem J 466:263–271.

Moebius FF, Bermoser K, Reiter RJ, Hanner M, and Glossmann H (1996) Yeast
sterol C8-C7 isomerase: identification and characterization of a high-affinity
binding site for enzyme inhibitors. Biochemistry 35:16871–16878.

Moebius FF, Burrows GG, Hanner M, Schmid E, Striessnig J, and Glossmann H
(1993) Identification of a 27-kDa high affinity phenylalkylamine-binding poly-
peptide as the sigma 1 binding site by photoaffinity labeling and ligand-directed
antibodies. Mol Pharmacol 44:966–971.

Moebius FF, Reiter RJ, Hanner M, and Glossmann H (1997) High affinity of sigma 1-
binding sites for sterol isomerization inhibitors: evidence for a pharmacological
relationship with the yeast sterol C8-C7 isomerase. Br J Pharmacol 121:1–6.

Monnet FP, Debonnel G, Junien JL, and De Montigny C (1990) N-methyl-D-
aspartate-induced neuronal activation is selectively modulated by sigma receptors.
Eur J Pharmacol 179:441–445.

Mori T, Hayashi T, Hayashi E, and Su TP (2013) Sigma-1 receptor chaperone at the
ER-mitochondrion interface mediates the mitochondrion-ER-nucleus signaling for
cellular survival. PLoS One 8:e76941.

Mori T, Hayashi T, and Su TP (2012) Compromising s-1 receptors at the endoplasmic
reticulum render cytotoxicity to physiologically relevant concentrations of dopa-
mine in a nuclear factor-kB/Bcl-2-dependent mechanism: potential relevance to
Parkinson’s disease. J Pharmacol Exp Ther 341:663–671.

Natsvlishvili N, Goguadze N, Zhuravliova E, and Mikeladze D (2015) Sigma-1 receptor
directly interacts with Rac1-GTPase in the brain mitochondria. BMC Biochem 16:11.

Navarro G, Moreno E, Aymerich M, Marcellino D, McCormick PJ, Mallol J, Cortés A,
Casadó V, Canela EI, and Ortiz J et al. (2010) Direct involvement of sigma-1
receptors in the dopamine D1 receptor-mediated effects of cocaine. Proc Natl Acad
Sci USA 107:18676–18681.

Nguyen L, Lucke-Wold BP, Mookerjee SA, Cavendish JZ, Robson MJ, Scandinaro AL,
and Matsumoto RR (2015) Role of sigma-1 receptors in neurodegenerative diseases.
J Pharmacol Sci 127:17–29.

Ortega-Roldan JL, Ossa F, Amin NT, and Schnell JR (2015) Solution NMR studies
reveal the location of the second transmembrane domain of the human sigma-1
receptor. FEBS Lett 589:659–665.

Ortega-Roldan JL, Ossa F, and Schnell JR (2013) Characterization of the human
sigma-1 receptor chaperone domain structure and binding immunoglobulin protein
(BiP) interactions. J Biol Chem 288:21448–21457.

Overton MC, Chinault SL, and Blumer KJ (2003) Oligomerization, biogenesis, and
signaling is promoted by a glycophorin A-like dimerization motif in trans-
membrane domain 1 of a yeast G protein-coupled receptor. J Biol Chem 278:
49369–49377.

Pabba M, Wong AY, Ahlskog N, Hristova E, Biscaro D, Nassrallah W, Ngsee JK,
Snyder M, Beique JC, and Bergeron R (2014) NMDA receptors are upregulated and
trafficked to the plasma membrane after sigma-1 receptor activation in the rat
hippocampus. J Neurosci 34:11325–11338.

Pal A, Chu UB, Ramachandran S, Grawoig D, Guo LW, Hajipour AR, and Ruoho AE
(2008) Juxtaposition of the steroid binding domain-like I and II regions constitutes
a ligand binding site in the sigma-1 receptor. J Biol Chem 283:19646–19656.

Pal A, Fontanilla D, Gopalakrishnan A, Chae YK, Markley JL, and Ruoho AE (2012)
The sigma-1 receptor protects against cellular oxidative stress and activates an-
tioxidant response elements. Eur J Pharmacol 682:12–20.

Pal A, Hajipour AR, Fontanilla D, Ramachandran S, Chu UB, Mavlyutov T,
and Ruoho AE (2007) Identification of regions of the sigma-1 receptor ligand
binding site using a novel photoprobe. Mol Pharmacol 72:921–933.

Palmer CP, Mahen R, Schnell E, Djamgoz MB, and Aydar E (2007) Sigma-1 receptors
bind cholesterol and remodel lipid rafts in breast cancer cell lines. Cancer Res 67:
11166–11175.

Poon S, Easterbrook-Smith SB, Rybchyn MS, Carver JA, and Wilson MR (2000)
Clusterin is an ATP-independent chaperone with very broad substrate specificity
that stabilizes stressed proteins in a folding-competent state. Biochemistry 39:
15953–15960.

Poulain P, Gelly JC, and Flatters D (2010) Detection and architecture of small heat
shock protein monomers. PLoS One 5:e9990.

Prause J, Goswami A, Katona I, Roos A, Schnizler M, Bushuven E, Dreier A,
Buchkremer S, Johann S, and Beyer C et al. (2013) Altered localization, abnormal
modification and loss of function of Sigma receptor-1 in amyotrophic lateral scle-
rosis. Hum Mol Genet 22:1581–1600.

Ramachandran S (2008) Biochemical Studies on the Sigma-1 Receptor: A Multidrug
Binding Protein of Enigmatic Function. Doctoral dissertation, University of Wis-
consin–Madison.

Ramachandran S, Chu UB, Mavlyutov TA, Pal A, Pyne S, and Ruoho AE (2009) The
sigma1 receptor interacts with N-alkyl amines and endogenous sphingolipids. Eur
J Pharmacol 609:19–26.

Ramachandran S, Lu H, Prabhu U, and Ruoho AE (2007) Purification and charac-
terization of the guinea pig sigma-1 receptor functionally expressed in Escherichia
coli. Protein Expr Purif 51:283–292.

Renaudo A, L’Hoste S, Guizouarn H, Borgèse F, and Soriani O (2007) Cancer cell
cycle modulated by a functional coupling between sigma-1 receptors and Cl2

channels. J Biol Chem 282:2259–2267.

Ruoho AE, Chu UB, Ramachandran S, Fontanilla D, Mavlyutov T, and Hajipour AR
(2012) The ligand binding region of the sigma-1 receptor: studies utilizing photo-
affinity probes, sphingosine and N-alkylamines. Curr Pharm Des 18:920–929.

Seth P, Ganapathy ME, Conway SJ, Bridges CD, Smith SB, Casellas P,
and Ganapathy V (2001) Expression pattern of the type 1 sigma receptor in the
brain and identity of critical anionic amino acid residues in the ligand-binding
domain of the receptor. Biochim Biophys Acta 1540:59–67.

Sharkey J, Glen KA, Wolfe S, and Kuhar MJ (1988) Cocaine binding at sigma re-
ceptors. Eur J Pharmacol 149:171–174.

Shimazawa M, Sugitani S, Inoue Y, Tsuruma K, and Hara H (2015) Effect of a sigma-
1 receptor agonist, cutamesine dihydrochloride (SA4503), on photoreceptor cell
death against light-induced damage. Exp Eye Res 132:64–72.

Sigel E and Steinmann ME (2012) Structure, function, and modulation of GABA(A)
receptors. J Biol Chem 287:40224–40231.

Sircar R, Nichtenhauser R, Ieni JR, and Zukin SR (1986a) Characterization and
autoradiographic visualization of (1)-[3H]SKF10,047 binding in rat and mouse
brain: further evidence for phencyclidine/“sigma opiate” receptor commonality. J
Pharmacol Exp Ther 237:681–688.

Sircar R, Samaan H, Nichtenhauser R, Snell LD, Johnson KM, Rivier J, Vale W,
Zukin RS, and Zukin SR (1986b) Modulation of brain NMDA receptors: common
mechanism of sigma/PCP receptors and their exogenous and endogenous ligands.
NIDA Res Monogr 75:157–160.

Smith SB, Duplantier J, Dun Y, Mysona B, Roon P, Martin PM, and Ganapathy V
(2008) In vivo protection against retinal neurodegeneration by sigma receptor 1
ligand (1)-pentazocine. Invest Ophthalmol Vis Sci 49:4154–4161.

Spiegel S and Milstien S (2007) Functions of the multifaceted family of sphingosine
kinases and some close relatives. J Biol Chem 282:2125–2129.

Su T-P (1981) Psychotomimetic opioid binding: specific binding of [3H]SKF-10047 to
etorphine-inaccessible sites in guinea-pig brain. Eur J Pharmacol 75:81–82.

Su TP and Hayashi T (2003) Understanding the molecular mechanism of sigma-1
receptors: towards a hypothesis that sigma-1 receptors are intracellular amplifiers
for signal transduction. Curr Med Chem 10:2073–2080.

Su TP, Hayashi T, Maurice T, Buch S, and Ruoho AE (2010) The sigma-1 receptor
chaperone as an inter-organelle signaling modulator. Trends Pharmacol Sci 31:
557–566.

Su TP, London ED, and Jaffe JH (1988) Steroid binding at sigma receptors suggests a
link between endocrine, nervous, and immune systems. Science 240:219–221.

Tam SW (1983) Naloxone-inaccessible sigma receptor in rat central nervous system.
Proc Natl Acad Sci USA 80:6703–6707.

Tam SW and Cook L (1984) Sigma opiates and certain antipsychotic drugs mutually
inhibit (1)-[3H] SKF 10,047 and [3H]haloperidol binding in guinea pig brain
membranes. Proc Natl Acad Sci USA 81:5618–5621.

Tchedre KT, Huang RQ, Dibas A, Krishnamoorthy RR, Dillon GH, and Yorio T (2008)
Sigma-1 receptor regulation of voltage-gated calcium channels involves a direct
interaction. Invest Ophthalmol Vis Sci 49:4993–5002.

Tsai SY, Hayashi T, Harvey BK, Wang Y, Wu WW, Shen RF, Zhang Y, Becker KG,
Hoffer BJ, and Su TP (2009) Sigma-1 receptors regulate hippocampal dendritic
spine formation via a free radical-sensitive mechanism involving Rac1xGTP
pathway. Proc Natl Acad Sci USA 106:22468–22473.

Tsai SY, Pokrass MJ, Klauer NR, De Credico NE, and Su TP (2014) Sigma-1 receptor
chaperones in neurodegenerative and psychiatric disorders. Expert Opin Ther
Targets 18:1461–1476.

Tsai SY, Pokrass MJ, Klauer NR, Nohara H, and Su TP (2015) Sigma-1 receptor
regulates Tau phosphorylation and axon extension by shaping p35 turnover via
myristic acid. Proc Natl Acad Sci USA 112:6742–6747.

Tuerxun T, Numakawa T, Adachi N, Kumamaru E, Kitazawa H, Kudo M,
and Kunugi H (2010) SA4503, a sigma-1 receptor agonist, prevents cultured cor-
tical neurons from oxidative stress-induced cell death via suppression of MAPK
pathway activation and glutamate receptor expression. Neurosci Lett 469:303–308.

Van Montfort R, Slingsby C, and Vierling E (2001) Structure and function of the
small heat shock protein/alpha-crystallin family of molecular chaperones. Adv
Protein Chem 59:105–156.

Vaupel DB (1983) Naltrexone fails to antagonize the sigma effects of PCP and SKF
10,047 in the dog. Eur J Pharmacol 92:269–274.

Weber E, Sonders M, Quarum M, McLean S, Pou S, and Keana JF (1986) 1,3-Di(2-[5-
3H]tolyl)guanidine: a selective ligand that labels sigma-type receptors for psy-
chotomimetic opiates and antipsychotic drugs. Proc Natl Acad Sci USA 83:
8784–8788.

Wilson MR and Easterbrook-Smith SB (2000) Clusterin is a secreted mammalian
chaperone. Trends Biochem Sci 25:95–98.

Wu Z and Bowen WD (2008) Role of sigma-1 receptor C-terminal segment in inositol
1,4,5-trisphosphate receptor activation: constitutive enhancement of calcium sig-
naling in MCF-7 tumor cells. J Biol Chem 283:28198–28215.

Yamamoto H, Miura R, Yamamoto T, Shinohara K, Watanabe M, Okuyama S,
Nakazato A, and Nukada T (1999) Amino acid residues in the transmembrane
domain of the type 1 sigma receptor critical for ligand binding. FEBS Lett 445:
19–22.

Yin J, Sha S, Chen T, Wang C, Hong J, Jie P, Zhou R, Li L, Sokabe M, and Chen L
(2015) Sigma-1 (s₁) receptor deficiency reduces b-amyloid(25-35)-induced hippo-
campal neuronal cell death and cognitive deficits through suppressing phosphor-
ylation of the NMDA receptor NR2B. Neuropharmacology 89:215–224.

Zhang H and Cuevas J (2002) Sigma receptors inhibit high-voltage-activated calcium
channels in rat sympathetic and parasympathetic neurons. J Neurophysiol 87:
2867–2879.

Address correspondence to: Dr. Arnold E. Ruoho, Department of Neuro-
science, University of Wisconsin School of Medicine and Public Health, 1300
University Avenue, Madison, WI 53706. E-mail: aeruoho@wisc.edu

Biochemical Pharmacology of the Sigma-1 Receptor 153

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

mailto:aeruoho@wisc.edu
http://molpharm.aspetjournals.org/

