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Abstract

The sigma-1 receptor is an enigmatic ER-resident transmembrane protein 
linked to a variety of human diseases. Although the receptor was first 
cloned 20 years ago, the molecular structure of the protein and the mecha-
nistic basis for its interaction with drug-like small molecules have remained 
unclear until recently. The determination of the first crystal structure of 
human sigma-1 offered the first detailed views of the sigma-1 architecture, 
and revealed an unusual overall fold with a single transmembrane helix in 
each protomer. The structure shows an overall trimeric receptor arrange-
ment, and each protomer binds a single ligand molecule at the center of its 
carboxy-terminal domain. These results offer detailed molecular views of 
receptor structure, oligomerization, and ligand recognition, providing a 
framework for the next era of sigma-1 research.
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2.1	 �Introduction

The sigma-1 receptor is an unusual transmem-
brane protein implicated in a broad range of cel-
lular functions and with possible roles in both 
normal and disease states in humans [1]. Since its 
discovery decades ago, the sigma-1 receptor has 
been implicated in a diverse array of pathophysi-
ological conditions ranging from neurodegenera-
tive disease [2] to cancer [3], and it has been 
reported to interact with numerous proteins 
including chaperones [4], ion channels [5, 6], and 
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GPCRs [7]. Like the true opioid receptors, 
sigma-1 shows high affinity for benzomorphan 
compounds and on this basis it was originally 
classified as a member of this family [8]. 
However, subsequent studies with enantiomeri-
cally pure probe compounds showed that sigma-1 
exhibits a preference for (+) benzomorphans, 
while true opioid receptors bind with high affin-
ity only to the (−) enantiomer [9]. The endoge-
nous ligand of sigma-1, if any, remains unclear. 
Although the hallucinogen N,N-dimethyl trypt-
amine (DMT) has been reported as a possible 
ligand [10], a subsequent study has cast doubt on 
this idea [11].

Although the pharmacology and cell biology of 
sigma-1 has been extensively studied for decades, 
it was not until 1996 that the first information 
regarding the molecular architecture of the protein 
became available when the receptor was cloned. 
Sigma-1 was first cloned from guinea pig [12], 
using classical biochemical techniques to isolate 
the receptor by tracking binding activity and then 
using degenerate oligonucleotide probes to clone 
the receptor for a cDNA library. The receptor was 
subsequently cloned from a human placental 
choriocarcinoma cDNA library [13], as well as 
from mouse [14] and rat [15] tissues.

The amino acid sequence of the receptor 
showed no similarity to any other mammalian 
protein, although it resembled that of the fungal 
sterol isomerase Erg2p. Hydrophobicity analysis 
of the sequence showed a highly hydrophobic 
segment at the receptor amino terminus, pre-
dicted to be a transmembrane domain. Initially it 
was proposed that this was the sole transmem-
brane helix in the receptor [12], although later a 
two-pass transmembrane model came to be more 
widely embraced. The latter model was sup-
ported primarily by a report of immunostaining 
experiments with antibodies to green fluorescent 
protein (GFP) fused to either the amino- or 
carboxy-terminus of the receptor [16]. An impor-
tant caveat, however, is the fact that GFP is often 
poorly secreted, and the fusion protein may have 
exhibited aberrant membrane insertion proper-
ties. Nonetheless, the two-pass transmembrane 
model was widely embraced, and served as the 
basis for molecular modeling studies [17] and 

efforts to map the putative second transmem-
brane helix [18]. As discussed below, however, 
the crystal structure of the receptor shows only a 
single transmembrane domain, consistent with 
the earliest structural models rather than those 
that followed.

2.2	 �Approach to Structure 
Determination

Recent advances in membrane protein structural 
biology have revolutionized structure determina-
tion for human membrane proteins [19], particu-
larly G protein-coupled receptors (GPCRs). Key 
advances include the widespread use of lipid-
based crystallization methods [20] and concomi-
tant improvements in X-ray diffraction methods 
for microcrystals [21]. Taken together, these 
techniques allow crystallization of membrane 
proteins in a lipid bilayer system similar to their 
biological milieu, improving the stability of the 
proteins and allowing examination of their struc-
tural interactions with lipids. Other important 
advances including the use of new detergents 
[22] have also had a major impact on membrane 
protein biochemistry, allowing straightforward 
manipulation of otherwise intractable receptors.

In approaching structural analysis of the 
sigma-1 receptor, a GPCR-inspired approach was 
used. While previous methods for sigma-1 bio-
chemistry involved bacterial expression [23] and 
the use of harsh detergents like Triton X-100, our 
crystallization effort focused instead on expres-
sion in eukaryotic cells and purification in milder 
maltoside detergents. In brief, this entailed use of 
Sf9 insect cells and baculovirus transduction to 
produce receptor at high levels, followed by 
extraction in detergent and purification by anti-
body affinity chromatography [24]. This 
approach yielded pure and almost monodisperse 
receptor with minimal modifications to the recep-
tor sequence. Following proteolitic removal of 
the amino-terminal FLAG epitope tag, the result-
ing crystallization sample contained only a four 
amino amino acid modification, “GPGS”, at the 
receptor’s amino terminus, with all other parts 
matching the wildtype human sigma-1 sequence.

A. Alon et al.



7

Following purification, crystallization of the 
receptor was straightforward using the lipidic 
cubic phase technique, and with optimization 
crystallographic datasets were obtained for 
sigma-1 bound to PD144418, a high affinity 
antagonist [25], and the compound 4-IBP, which 
has an incompletely understood efficacy profile 
[26]. Structure determination was hindered by 
the lack of related structures for phase calcula-
tion, but after an extensive screening campaign a 
suitable dataset was obtained by soaking with 
tantalum bromide clusters [27], allowing SIRAS 
phase calculation [24].

2.3	 �Overall Structure of Sigma-1

The crystal structures of the human sigma-1 
receptor revealed an unusual fold, unique among 
known protein structures, and confirmed a single-
pass transmembrane topology, in contrast to most 
previous models [24]. The protein crystallizes as 
an intimately associated triangular trimer with a 
transmembrane domain at each corner (Fig. 2.1). 
Residues 6–31 comprise the single transmem-
brane helix, with residues 32–223 forming a 
carboxy-terminal/cytosolic domain consisting of 
a β-barrel (residues 81–176) and flanking 
α-helices. This β-barrel constitutes both the 
ligand-binding site and the oligomerization inter-
face. An unusual and striking feature of the struc-
ture is the presence of two α-helices (residues 
177–223), which cover the membrane-proximal 
opening of the β-barrel. These helices have 
hydrophobic amino acids pointing toward the 
membrane surface, suggesting that the 
membrane-adjacent face of the trimer may be 
embedded within the lipid bilayer (Fig. 2.2). In 
addition, three arginine residues on the outer 
helix of each protomer are positioned in a way 
that would allow their positively charged side 
chains to interact with the negatively charged 
phospholipid head groups present in the cell 
membrane. In the crystal, these residues interact 
with sulfate ions in the crystallization buffer. 
Ordered monoolein lipids are also resolved, 
defining the boundary of the membrane plane. 
Thus, the crystal structure suggests that while the 

sigma-1 receptor only has one transmembrane 
domain, the membrane-proximal region of the 
protein formed by these two helices is partially 
embedded in the cytosolic side of the ER mem-
brane, allowing this surface to dock against the 
lipid bilayer.

Despite the unusual structure of the sigma-1 
receptor as a whole, the β-barrel region bears 

Fig. 2.1  The overall structure of the human sigma-1 
receptor. From the side, the receptor is observed to sit 
with the membrane-proximal surface partially embedded 
in the membrane, which is depicted in grey. The mem-
brane boundary was determined using the PPM prediction 
server [42]. Viewing the receptor normal to the membrane 
from the ER surface shows the trimeric arrangement and 
overall architecture of the sigma-1 receptor

2  Structural Perspectives on Sigma-1 Receptor Function
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significant structural similarity to cupin family 
proteins, with a root mean square deviation of 
2.4–3.0 Å for most cupin domains [24], most of 
which are bacterial enzymes that also exhibit 
oligomerization. While there is no evidence of 
direct functional similarities between these pro-
teins and sigma-1 receptor, the ligand-binding 
site of sigma-1 appears to be analogous to the 
active site of these proteins, which may suggest 
that the sigma-1 receptor descended from an 
enzyme that was evolutionarily repurposed. 
Indeed, the sigma-1 receptor’s closest homolog 
of well described function is the yeast sterol 
isomerase Erg2p [12].

Conservation analysis provides clues to the 
functional importance of the different regions of 
the sigma-1 receptor. The transmembrane helix is 
rather poorly conserved, with a relatively high 
degree of variation in the sequence among 
sigma-1 homologs (Fig. 2.3). The only sequence 
constraint on this helix appears to be the need for 
hydrophobicity, which suggests that the trans-

membrane helix is primarily an anchor to the 
membrane with little other function. In contrast, 
the β-barrel region, which includes the ligand-
binding site and oligomerization interface, is 
almost perfectly conserved (Fig. 2.3). This sug-
gests that both the ligand-binding site and the 
oligomerization interface are integral to sigma-1 
receptor function.

2.4	 �Oligomerization

In the crystal structure, sigma-1 is arranged as a 
triangular trimer with a ligand binding site in 
each protomer. Each interface between protomers 
buries roughly 9300 Å [2] of surface area, and the 
homotrimer interface is highly conserved across 
different species suggesting trimerization is 
physiologically relevant and not merely due to 
crystal packing (Fig. 2.4). The interface com-
prises a mix of polar and hydrophobic contacts. 
In particular, GxxxG motif (G87–G91), which 
was proposed to be part of a putative second 

Fig. 2.3  Conservation of the sigma-1 receptor pro-
tomer. The receptor is shown with highly conserved 
regions colored in green and poorly conserved regions 
colored in red. Conservation analysis was performed 
using the ConSurf web server [43], using the most similar 
300 sequences to the human sigma-1 receptor. The con-
servation map shows that the β-barrel region including the 
ligand-binding site and oligomerization interface is highly 
conserved, while the transmembrane domain is relatively 
poorly conserved

Fig. 2.2  The membrane-proximal region of the 
sigma-1 receptor. A close-up view of a single protomer 
shows lipids observed in the crystal structure (depicted as 
yellow sticks; most of the lipid tails are disordered and not 
resolved). Shading indicates the location of the mem-
brane. Arginine residues (orange) are well positioned to 
interact with phospholipid headgroups in the membrane, 
and many of the hydrophobic residues in the membrane-
proximal helices (grey) are positioned in such a way as to 
be embedded in the hydrophobic membrane interior

A. Alon et al.
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transmembrane domain [16, 18], actually forms a 
beta-hairpin structure in the cytosolic domain 
buried deeply inside the center of interface and 
required for oligomerization and ligand binding 
[28]. From structural view, the distance between 
Cα atoms of G88 in each protomer is about 6 Å, 
consequently mutation of glycine to a large side 
chain residue would introduce a clash inside the 
interface, accounting for the observation that the 
G88L mutation favors the monomeric state over 
higher oligomeric states. Interestingly, the G88L 
mutant also exhibited a significant decrease in 
ligand binding, suggesting that the GxxxG-
mediated oligomerization is likely important in 
either binding or protein folding, since G88 is 
distant from ligand binding site [28]. The correla-
tion between oligomerization and ligand binding 
was also supported by the observation that oligo-
meric sigma-1 retained ligand binding while 
monomeric forms lost binding ability [28].

However, despite the availability of the crystal 
structure of sigma-1 in a trimeric form, its oligo-
merization state in vivo remains uncertain. 
Detergent solubilized human sigma-1 in the pres-
ence of antagonist showed a broad range of 
oligomerization states as revealed by size-
exclusion chromatography with multi-angle light 
scattering (SEC-MALS) as well as Native PAGE 
analysis [24]. In addition, several high molecular 

weight bands corresponding to tetramer and pen-
tamer were identified using sigma-1  in rat liver 
membrane photoaffinity labeled by a radioiodin-
ated ligand [29]. Taken together, these data sug-
gest the sigma-1 trimer observed 
crystallographically may represent only one of 
many diverse oligomerization states existing in 
vivo which is prone to crystallization.

A related and important question regards the 
relationship between oligomerization and recep-
tor activation. How do agonists and antagonists 
induce distinct cellular effects through the 
sigma-1 receptor? A cell-based study using 
FRET approaches revealed that in the absence of 
ligand, sigma-1 existed as a combination of dif-
ferent oligomeric states, while antagonist stabi-
lized higher order oligomer, agonist instead 
favored small oligomers [30]. However, little dif-
ference in oligomerization was observed among 
ligand-free, agonist and antagonist bound 
sigma-1 when solubilized in detergent [24]. 
However, detergents do not perfectly mimic 
native membrane environments, thus these condi-
tions may not reflect the actual state in vivo. A 
full understanding of sigma-1 oligomerization 
will require further biophysical and structural 
studies, including techniques like cryo-electron 
microscopy and NMR using sigma-1 reconsti-
tuted in lipid bilayers.

Fig. 2.4  Oligomerization interface. (a) One protomer is 
shown as a surface and colored by sequence conservation, 
with residues more than 98  % and 80  % conservation 
highlighted in red and magenta, respectively. (b) A 

detailed view of interface with residues shown as sticks. 
The dashed lines indicate hydrogen bond and salt bridge 
interactions

2  Structural Perspectives on Sigma-1 Receptor Function
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2.5	 �Ligand Recognition

The sigma-1 receptor has been shown to bind with 
high affinity and specificity to a variety of structur-
ally diverse compounds [8]. Numerous structure-
activity relationship (SAR) studies have been 
performed in an attempt to develop a common 
pharmacophore model, but the only common fea-
tures shared by virtually all high-affinity sigma-1 
ligands are a cationic amine and at least one aro-
matic ring, typically with three intervening methy-
lenes [31]. Both sigma-1 crystal structures include 
bound ligands, offering a structural view of the 
sigma-1 receptor’s unique pharmacology.

The binding pocket of sigma-1 receptor is 
located in the center of a cone-shaped β-barrel that 
is gated at its wider side by two hydrophobic, mem-
brane-parallel helices as discussed above (Fig. 2.1). 
In the crystal structure, the binding pocket is com-
pletely occluded from the solvent, and it remains 
unclear how ligands access the active site. The two 
possible pathways are either from the membrane 
through the two gating membrane-adjacent helices, 
or from the cytoplasm, through the narrow polar 
opening obstructed primarily by Gln135.

The sigma-1 receptor binding site is a wide and 
oblong cavity in the heart of the cytoplasmic 

domain. The binding pocket is lined with aromatic 
and hydrophobic residues, mirroring the hydro-
phobic nature of typical sigma-1 ligands. The only 
exceptions to the general hydrophobic character 
are the acidic residues Glu172 and Asp126. The 
former is highly conserved, and mutations in this 
position completely abrogate ligand binding as it 
serves to coordinate the positive charge of the 
ligand’s cationic amine [32]. Asp126, probably in 
a protonated form, and Tyr103 are positioned to 
stabilize and fix the orientation of Glu172. The 
relative scarcity of polar residues in the binding 
site and the many flexible hydrophobic residues 
such as leucine and methionine likely contribute to 
the pharmacological promiscuity of the receptor.

Two structures of sigma-1 receptor were 
solved, one of the receptor bound to PD144418, a 
sigma-1 antagonist [25], and another with the 
receptor bound to 4-IBP, a high-affinity ligand 
with a poorly characterized efficacy profile [26, 
33]. These two compounds are chemically diver-
gent, sharing only an elongated shape and a cen-
tral cationic amine. Despite this, they bind to 
sigma-1 in a very similar manner (Fig. 2.5). The 
binding mode of these molecules is in agreement 
with phamacophore models of sigma-1 that pre-
dicted two hydrophobic sites on both sides of the 

Fig. 2.5  Ligand recognition by sigma-1. The structures 
of sigma-1 bound to PD144418 (left) and 4-IBP (right) 
are shown. The interactions with the ligand in each case 
are predominantly hydrophobic in character, with the 

exception of a salt bridge interaction between the ligand 
amine and receptor Glu172. The two compounds bind 
with very similar overall poses, despite only modest 
chemical similarity

A. Alon et al.
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cationic amine [31, 34], a primary site 6–10  Å 
from the cationic amine and a secondary site at a 
distance of 2.5–4  Å. The binding pocket also 
contains two tryptophan residues (Trp89 and 
Trp164), offering an explanation for the observed 
attenuation in binding upon exposure of sigma-1 
to UV radiation [35].

2.6	 �Disease-Associated 
Mutations

A number of mutations in sigma-1 have been 
linked to neurodegenerative disease in humans. 
Some of these occur in untranslated regions and 
may affect protein abundance [36, 37], while 

other mutations occur in the protein coding 
sequence [38–40]. For the latter class, the avail-
ability of structural information now offers new 
insight into the molecular mechanisms of sigma-1 
dysfunction (Fig. 2.6).

One mutation, E102Q, was identified in a con-
sanguineous family in Saudi Arabia and causes a 
juvenile-onset ALS-like neurodegenerative dis-
ease [39]. This mutation was subsequently shown 
to alter sigma-1 localization and mobility in cells 
[41]. Glu102 is highly conserved residue, and the 
crystal structure reveals an unusual role as a dou-
ble hydrogen bond acceptor to Val36 and Phe37 
backbone amines (Fig. 2.6a, b). Mutation of this 
to glutamine would disrupt one of these interac-
tions, resulting in an unfavorable apposition of 

Fig. 2.6  Disease-associated mutations in sigma-1. (a) 
Overall view of the receptor with sites for human disease-
associated point mutations in labeled boxes. (b) E102Q 
mutation associated with ALS likely disrupts hydrogen 
bond network. (c) E138Q mutation similarly prevents for-

mation of salt bridge and hydrogen bond network with 
R117, which links receptor protomers together. (d) The 
surface-exposed E150K mutation is more enigmatic, with 
no clear reason for structural disruption upon mutation

2  Structural Perspectives on Sigma-1 Receptor Function



12

two hydrogen bond donors. A second mutation, 
E138Q, shows a similar hydrogen bonding 
network (Fig. 2.6c), and likewise is associated 
with autosomal-recessive distal hereditary motor 
neuropathy [40].

A third mutation in the coding sequence, 
E150K, is associated with a similar hereditary 
motor dysfunction [40]. Unlike E102Q and 
E138Q however, the molecular basis for the 
effect of this mutation remains unclear. Glu150 is 
a surface-exposed residue interacting largely 
with solvent, and mutation to lysine is unlikely to 
significantly alter receptor folding (Fig. 2.6d). 
Instead, this residue may play a role in sigma-1 
interaction with effector proteins, or in some 
other as yet uncharacterized process.

2.7	 �Outlook

With the availability of high quality structural 
information, our understanding of sigma-1 func-
tion is poised for transformation. The detailed 
views of the ligand binding site will allow ratio-
nal design of new sigma-1 ligands, with poten-
tially unexpected properties, and the overall 
structure will enable rational design of engi-
neered receptor constructs. However, many other 
important questions remain. The molecular dis-
tinction between agonists and antagonists, as 
well as the mechanisms of receptor activation are 
likely to be particularly important areas for 
understanding the molecular basis of sigma-1 
function in years to come. In addition, a full 
understanding of sigma-1 activity will require 
studies of the receptor in complex with effector 
proteins, as well as further investigation of the 
role of oligomerization and its potential regula-
tion by small molecule compounds.
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