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The Sigma-1 receptor (S1R) is a transmembrane protein with
important roles in cellular homeostasis in normal physiology
and in disease. Especially in neurodegenerative diseases, SIR
activation has been shown to provide neuroprotection by
modulating calcium signaling, mitochondrial function and
reducing endoplasmic reticulum (ER) stress. SIR missense
mutations are one of the causes of the neurodegenerative
Amyotrophic Lateral Sclerosis and distal hereditary motor
neuronopathies. Although the SIR has been studied inten-
sively, basic aspects remain controversial, such as SIR topology
and whether it reaches the plasma membrane. To address these
questions, we have undertaken several approaches. C-terminal
tagging with a small biotin-acceptor peptide and BirA bio-
tinylation in cells suggested a type II membrane orientation
(cytosolic N-terminus). However, N-terminal tagging gave an
equal probability for both possible orientations. This might
explain conflicting reports in the literature, as tags may affect
the protein topology. Therefore, we studied untagged SIR us-
ing a protease protection assay and a glycosylation mapping
approach, introducing N-glycosylation sites. Both methods
provided unambiguous results showing that the S1R is a type II
membrane protein with a short cytosolic N-terminal tail. As-
sessments of glycan processing, surface fluorescence-activated
cell sorting, and cell surface biotinylation indicated ER reten-
tion, with insignificant exit to the plasma membrane, in the
absence or presence of SIR agonists or of ER stress. These
findings may have important implications for SIR-based ther-
apeutic approaches.

The Sigma-1 receptor (SIR) is a small transmembrane
protein (25 KDa), which is localized predominantly in the
endoplasmic reticulum (ER), preferentially at the
mitochondrion-associated membranes (MAM) (1-5). The
S1R is expressed in many tissues and has important roles in
modulating calcium signaling and mitochondrial function,
with special importance in the central nervous system.
Decreased levels of SIR or of its activity have been found
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associated with neurodegenerative diseases (6—11), and S1R
activation by agonists is neuroprotective in several of these
diseases (12—15). However, the basic topology of this protein
remains controversial. Initial studies suggested the existence
of two transmembrane domains (TMDs) (4). The determi-
nation of the crystal structure of the S1R points to only one
TMD near the N-terminus of the protein, but still leaves
open the possibility of two possible orientations in the
membrane. There is no cleaved signal peptide, but the C-
terminal bulk of the protein could be in the lumen of the ER
(type II membrane protein) or in the cytosol (type III
membrane protein).

Another important issue is to what extent the SIR reaches
the cell surface. The SIR appears to be mainly localized at an
ER subdomain that contacts mitochondria, the MAM (4).
However, it has also been reported to be present on the plasma
membrane (16) where it might be translocated upon activation
with agonists (17). However, on closer inspection, the location
seems to be not at the plasma membrane but at close sub-
surface areas (17, 18), perhaps at ER domains adjacent to the
plasma membrane (19).

Given the biological and pharmacological importance of the
SIR, a clear understanding of its topology relative to the
membrane and of its presence or absence at the cell surface is
essential. Prediction algorithms of SIR membrane topology
give a wide array of possibilities, whereas the conflicting
studies use tags that might affect SIR topology. Here we
analyzed SIR topology using different approaches, some of
them with untagged S1R. In one such approach, we introduced
N-glycosylation sites at key residues and tested their glyco-
sylation. These constructs also allowed us to follow their sugar
chain processing as an indicator of ER exit.

Results
In vivo biotinylation of BAP-tagged S1R

The crystal structure of the human sigma-1 receptor indi-
cated the existence of only one TMD near the N-terminus of
the protein (20). Previous reports had suggested one or two
TMDs (4, 21-23). Furthermore, analyses of the SIR protein
sequence (Fig. 1A) by different topology prediction methods
estimate a surprisingly wide range of topologies, with one to
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Figure 1. C-terminal BAP-tagging of the S1R suggests a type Il membrane topology and mixed topology by N-terminal tagging. A, sequence of
human S1R. Underlined are hydrophobic stretches, in bold a region with a high probability prediction for a TMD and not bold for additional lower
probability TMDs. B, a scheme of BAP-tagged S1R constructs STR-BAP and BAP-S1R adopting type Il or type Il orientations, and their biotinylation in
each case by cytosolic BirA or luminal sec-BirA. For comparison, BAP-tagged constructs of H2a, which has a known type Il topology. Each construct has
an SV5 tag adjacent to the BAP tag, except for BAP-H2a, which has a BAP tag at the N-terminus and a myc tag at the C-terminus. C, STR-BAP or BAP-
S1R was expressed in HEK293 cells together with BirA or sec-BirA as indicated, and cells were incubated with biotin. Cell lysates were subjected to
immunoblot with anti-V5, showing total expression or Strep-HRP to detect biotinylated species. On the /eft, the migration of MW markers in kDa.
D, similar to (B) but with cells expressing H2a-BAP (upper panels) or BAP-H2a (lower panels). Additional controls show expression of only BirA or
sec-BirA. E, relative biotinylation was calculated by dividing the Strep-HRP signal obtained for each sample by the total protein signal, the results
attained for each protein with BirA + sec-BirA were then considered 100% for comparison purposes. The graph represents an average of four in-

dependent experiments for S1R constructs and three for H2a £SD, p values ** =0.007, *** <0.0002, NS: nonsignificant >0.05. Student’s t test (paired,
two-tailed).
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three TMDs, and both possible orientations of the N-terminus,
toward the ER lumen or toward the cytosol (Fig. S1).

If indeed the SIR has a single TMD, given the lack of a
signal peptide, it could adopt either a type II orientation
(C-terminus in the ER lumen) or a type III orientation
(N-terminus in the ER lumen). Moreover, both the prediction
published with the 3D structure (20) and the combined pre-
diction of the CCTOP server (24) (Fig. S1) suggest a type III
orientation. To further inspect the SIR orientation, we first
used a system that allows in vivo labeling in cells and sensitive
detection of protein epitopes in the ER lumen or in the cytosol.
This system uses a specific biotinylation reaction by the
Escherichia coli-derived biotin-ligase BirA (25) on a 15 aa long
biotin acceptor peptide (BAP), which is linked to the protein of
interest. BirA can be expressed in the cytosol in mammalian
cells, reacting only with BAP exposed to the cytosol (26). In
contrast, a luminally expressed BirA (sec-BirA) labels BAP
when exposed to the ER lumen. We have made constructs
expressing BAP-tagged SIR, with the tag on the N-terminus
(BAP-SIR) or C-terminus (S1R-BAP). If the protein has a type
II orientation, SIR-BAP should be biotinylated by sec-BirA
and not by BirA and vice versa for BAP-S1R. Conversely, if
it has a type III orientation, SIR-BAP should be biotinylated by
BirA and not by sec-BirA and vice versa for BAP-SIR (Fig. 1B).
An SV5 tag was added next to the BAP tag, to detect the
protein independently of biotinylation. The tagged proteins
were expressed in HEK293 cells together with BirA or sec-
BirA, and the cells were incubated with biotin. Cell lysates
(prepared in the presence of N-ethylmaleimide to prevent
postlysis biotinylation) were immunoblotted with anti-V5 to
detect total levels of the proteins, or with Streptavidin linked to
HRP (Strep-HRP) to detect only biotinylated molecules. The
results show biotinylation of SIR-BAP by sec-BirA and only to
a minor extent (~25% of total) by BirA, suggesting a mostly
type II orientation (Fig. 1, C and E). This was similar to the
results obtained with a BAP-tagged construct made with a
protein known to have a type II orientation, asialoglycoprotein
receptor H2a (27) (Fig. 1, D and E). The small amount of la-
beling by BirA probably reflects molecules that have under-
gone retrotranslocation toward ERAD ((26, 28) and our
unpublished results). In contrast to SIR-BAP, BAP-S1R was
biotinylated to a similar extent by both BirA and sec-BirA
(Fig. 1, C and E). This result was surprising and might be
due to the N-terminal tag affecting the membrane orientation
of the protein, giving equal probability for insertion in the two
opposite orientations. This effect of the tag might explain the
conflicting results in other studies that used SIR with other
tags (4, 21, 29, 30). The orientation of H2a with a BAP-tag in
the N-terminus (BAP-H2a) was affected to some degree, but
still showed a predominant type II orientation (63% of total
BAP-H2a) (Fig. 1, D and E).

We analyzed whether the tags affect the oligomerization of
the SIR. For this, we separated Triton-insoluble species
(higher order oligomers (31)) and kept the lysates at 4 °C
before SDS-PAGE, which prevents dissociation of SIR dimers
(32). To avoid the formation of mixed oligomers, we per-
formed these experiments by expressing the constructs in
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HEK293 cells where SIR was deleted using CRISPR/Cas9
technology (SIR-/-) (15). Whereas C-terminal BAP tagging
caused a small increase in dimerization and did not affect
association into higher-order oligomers, N-terminal tagging
reduced significantly the presence of dimers (Fig. 2, A and C)
and Triton-insoluble species (Fig. 2, B and C) compared with
WT untagged S1R.

A protease protection assay and the introduction of N-
glycosylation sites in untagged S1R reveal a type Il orientation

Given the confounding effect of N-terminal tagging, we
decided to determine the topology of untagged SIR. We
applied a classical protease protection assay on microsomes
prepared from S1R-/- HEK293 cells transfected with WT S1R
and compared with SIR-BAP and H2a-BAP. The microsomes
were treated with proteinase K after treatment or not with 1%
SDS. All three proteins were completely digested in the pres-
ence of SDS and were protected from the protease in the
absence of SDS (Fig. 3A). Both SIR and S1R-BAP showed a
small shift, using anti-S1R or anti-V5 antibodies for the latter,
indicating a cleavage by proteinase K of a peptide of ~1.3 kD,
which is consistent with digestion of the small cytosolic tail in
a type II orientation (Fig. 3B). H2a-BAP showed a larger
cleavage of ~6 kD, which is the size of its cytosolic tail. As
controls, a luminal protein, BiP-RFP showed complete pro-
tection in the absence of SDS and calnexin (CNX), a type I
membrane protein, was no longer recognized by an anti-C
terminal antibody, in the absence or presence of SDS (Fig. 3A).

To discard any changes that might take place during the
manipulation needed for the preparation of microsomes, we
used another approach to reveal the topology of untagged SIR
in intact cells. SIR is a nonglycosylated protein. To analyze the
orientation of untagged SIR, we made different constructs
where individual N-glycosylation sites were introduced and
expressed them in SIR-/- HEK293 cells. As N-glycosylation
takes place only in the ER lumen, these constructs should
reveal the orientation of the protein. N-glycosylation does not
affect the normal topology of the protein as the N-glycans are
added only after translocation into the ER lumen of a given
segment containing an N-glycosylation sequon. N-glycosyla-
tion sites were introduced at exposed hydrophilic regions and
with minimal effects on polarity (Fig. 44). A viability assay was
used to test if the constructs expressed functional SIR, which
would protect cells from ER stress-induced cytotoxicity caused
by long-term incubation with thapsigargin (TG). SIR func-
tionality would reflect a native conformation. All constructs
protected the cells to a similar or slightly higher extent than
WT SI1R, except for SIR L214N, which showed a lower,
although still significant protection (Fig. 4B). Constructs with
N-glycosylation sites near the N-terminus, SIR A4N and S1R
T32N, resulted in proteins with no change in migration in
SDS-PAGE compared with WT SIR, suggesting no glycosyl-
ation at these sites (Fig. 4C). In contrast, a construct with a
more C-terminal N-glycosylation site, SIR Q44N, and one
near the C-terminus, SIR L214N, resulted in a slower migra-
tion in SDS-PAGE compared with WT SIR, consistent with
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Figure 2. N-terminal tagging affects S1R oligomerization. A and B, Triton-soluble (A) and Triton-insoluble (B) protein samples, from untransfected
S1R—/— HEK293 cells or expressing WT-S1R, STR-BAP, or BAP-S1R were incubated with sample buffer on ice and run on 10% SDS-PAGE. Immunoblots were
detected using anti-S1R antibody. C, STR monomers and dimers were quantified from (A) and high-order oligomers from the sum of all S1R signals in (B).
The graph shows the % of total (sum of S1R signals in both (A) and (B)) for each species and is an average of three independent experiments £SD. BAP-S1R
showed significantly less dimers and high-order oligomers. p values * =0.02, *** <0.0006. Student's t test (paired, two-tailed).

N-glycosylation at these sites. We observed the same differ-
ences between these proteins when expressed in S1IR+/+ or
SIR1-/- cells (Fig. 4C). Only a minority of SIR Q44N (14%)
and SIR L214N molecules (18%) were not glycosylated,
measured in SIR1-/- cells. These results suggest that most of
the protein, including its C-terminus, is in the ER lumen. The
T32N site is in the lumen, but too close to the TMD (residues
10-31) to be glycosylated, as a stretch of a minimum of 12
residues C-terminal to a membrane span is needed for
N-glycosylation to take place (33) (Fig. 4D). An opposite
orientation, with the N-terminus in the ER lumen would have
resulted in no glycosylation for any of the constructs, as the
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SIR A4N is also too close to the membrane span. The results
suggest a type II transmembrane protein topology.

Neither ST1R agonists nor ER stress changes the topology or
the ER exit of STR constructs

To test whether the topology or orientation of the SIR
constructs was affected by an SIR agonist, we incubated
SIR-/- HEK293 cells expressing WT SIR or the constructs
with added N-glycosylation sites with the SIR agonist Pre-084
(34). There was no change in the migration in SDS-PAGE for
any of the constructs with or without Pre-084 incubation

SASBMB
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Figure 3. Protease protection assay suggests a type Il membrane topology. A, microsomes prepared by Dounce homogenization of HEK293 cells
expressing either STR-WT, STR-BAP, or H2a-BAP were incubated as described in Experimental procedures, with or without proteinase K, before or after
treatment with 1% SDS at 100 °C as indicated. Samples were then subjected to immunoblot with the antibodies indicated on the right. STR and CNX were
detected using antibodies recognizing epitopes toward the C-terminus. STR-BAP and H2a-BAP were detected with antibodies against the SV5 tag at the
C-terminus and the luminal control, BiP-RFP, was detected with anti-RFP. Microsomes treated with proteinase K without prior treatment with SDS protect
the luminal and transmembrane regions of the proteins. For S1R, S1R-BAP, and H2a-BAP, a shift in migration due to cleavage by proteinase K of the cytosolic
tails is indicated. Results are shown for a representative experiment of four independent repeat experiments. B, scheme of the results, which show type Il
membrane topology for S1R, STR-BAP, and H2a-BAP (control for a type Il membrane protein). The luminal control, BiP-RFP, was completely protected in the
absence of SDS and CNX (control for a type | membrane protein) was digested in the absence or presence of SDS and no longer recognized by an anti-C

terminal antibody.

(Fig. 5A). Similar results were obtained with the SIR agonist
pridopidine (35, 36) (Fig. 5B).

We then analyzed the extent of ER exit of the proteins by
measuring their resistance to endo-B-N-glycosaminidase
H (endo H), which cleaves high-mannose type N-glycans.
N-glycans are processed in the Golgi to complex-type sugar
chains, acquiring resistance to endo H. Endo H treatment
caused no change in the migration of WT, SIR A4N, and S1R
T32N, as they are not glycosylated. In contrast, endo H
treatment of SIR Q44N and SIR L214N changed their
migration to a position similar to the WT S1R (Fig. 6A). There
were few if any SIR Q44N and S1R L214N molecules that were
resistant to endo H. To discard the possibility that even though
they exit to the Golgi, these proteins carry high mannose
N-glycans that are not converted to complex-type, cells were
treated with brefeldin A (BFA). BFA causes ER-Golgi fusion

SASBMB

and therefore delivers Golgi enzymes to the ER. When cells
expressing S1R L214N were treated with BFA, the glycoprotein
became partially (34 %) endo H resistant (Fig. 6A4, rightmost
lane). This result indicates that the SIR L214N N-glycan is
capable of undergoing processing by Golgi enzymes to an endo
H-resistant form, but is normally totally endo H-sensitive,
suggesting complete ER retention.

As SIR agonists were reported to translocate the protein to
or near the plasma membrane (17), we tested whether they
cause any change in the endo H sensitivity. Neither Pre-084
nor pridopidine changed the endo H sensitivity of SIR
Q44N or SIR L214N (Fig. 6, B and C). We also tested whether
ER stress causes any changes, because the SIR is activated by
ER stress (37). Incubation of cells with TG for 16 h did not
change the endo H sensitivity of the glycosylated SIR con-
structs (Fig. 6D).
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Figure 4. An approach introducing N-glycosylation sites into untagged S1R indicates a type Il membrane topology. A, 3D structure of the human S1R
(left) and of the same structure showing potential N-glycans (MangGIcNAc,) (shown as sticks) (right), at glycosylation sites introduced into four different
constructs. The protein is shown as a yellow ribbon, with the positions targeted for mutations (4, 6, 32, 44, 46, and 214) shown as magenta spheres and
labeled. The transmembrane domain a-helix (TMD) is colored in gray. The N-terminus of the protein is on the top. B, STR—/— HEK293 cells, transfected with
WT S1R or with the N-glycosylation site constructs, mutations in parenthesis: A4N (A4N and G6S), T32N (T32N), Q44N (Q44N and A46S), and L214N (L214N)
or mock transfected were treated with 2 pg/ml TG for 24 h and cell viability was tested compared with the treated untransfected cells using a RealTime-Glo
MT cell viability assay. The graph represents the mean of three independent experiments +SEM, p values (compared with treated untransfected cells)
** <0.01, *** =0.00015. Student’s t test (paired, two-tailed). C, STR+/+ (top) or S1R—/— (bottom) HEK293 cells were transfected with WT S1R or with the
N-glycosylation site constructs or left untransfected and subjected to immunoblotting with an anti-S1R antibody. D, scheme of the results of the experiment
in (C). The N(44)LS and N(214)TT sites were glycosylated, while the other two introduced sites, N(4)VS and N(32)QS, were not, suggesting a type Il membrane
protein topology. Charges in amino acids in the juxtamembrane region are shown.

Although the results suggest that no S1R exits the ER, we
wanted to test whether any molecules reach the cell surface.
With this aim we first used fluorescence activated cell sorting
(FACS) on nonpermeabilized S1R-/- cells expressing S1R or
endogenous S1R in HEK293 cells. As a positive control, we
measured the surface expression of an unassembled receptor
subunit, asialoglycoprotein receptor H1, which can exit the
ER and reach the cell surface but only to a modest extent

A WT A4N T32N Q44N L214N
Pre-084 - ¥ - % - + - + - +
——— -
25 it ——
20
B WT A4N T32N Q44N L214N
Pridopidine - + - + - + = * - +

25---.----”-
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Figure 5. S1R topology does not change in the presence or absence of
S1R agonists. A, STR—/— HEK293 cells expressing WT S1R or the N-glyco-
sylation site constructs were treated with 100 nM Pre-084 for 16 h or left
untreated. Cell lysates were immunoblotted with anti-S1R. No change is
observed in the glycosylation patterns. B, similar to (A) but using 3 pM
pridopidine instead of Pre-084.
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(27). A very minor cell surface signal, although statistically
significant, was observed for both transfected and endoge-
nous SIR using anti-SIR antibodies (which recognize an
epitope that should be exposed if SIR reaches the cell surface
(Fig. 7A and Fig. S2)). In contrast, H1 showed strong surface
fluorescence. When analyzing permeabilized cells, the signals
obtained for SIR and H1 were of similar magnitude (Fig. 7B).
The ratio of cell surface (nonpermeabilized cells) to total
(permeabilized cells) was ~30% for H1 and only ~4% for
S1R. Cell incubation with Pre-084 caused only a small in-
crease in this ratio. We also analyzed the cell surface
expression of BAP-SIR, reasoning that the altered topology
caused by an N-terminal tag might affect the ER retention,
but it also gave a very minor cell surface signal in the absence
or presence of the agonist (Fig. S2). Therefore, only a minor
fraction of SIR, if any, appears to reach the cell surface
(Fig. 7C).

We then used another approach and applied a sensitive and
specific surface biotinylation approach, using the membrane-
impermeant  reagent  sulfosuccinimidyl-6-(biotinamido)
hexanoate (sulfo-NHS-LC-Biotin). Biotinylated cell surface
proteins from SIR-/- cells expressing WT SIR or SIR L214N
were precipitated from cell lysates using streptavidin-agarose
beads and immunoblotted with anti-SIR compared with to-
tal SIR. A weak signal of biotinylated SIR could be observed
only upon overexposure of the blot and accounted for 2.2% of
total WT S1R and 2.8% of total SIR L214N (Fig. 8, A and D

SASBMB
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Figure 6. S1R is ER-retained in the presence or absence of ER stress or of S1R agonists. A, lysates of STR—/— HEK293 cells expressing WT S1R or the
N-glycosylation site constructs were treated with or without endo H and immunoblotted with anti-S1R. The indicated samples were treated with 5 pg/ml
BFA for 16 h before lysis, causing partial endo H resistance (two right lanes). B, similar to (A), but with cells treated with 100 nM Pre-084 for 16 h prior to lysis
or left untreated. No change is caused by Pre-084 in the glycosylation patterns. C, similar to (B), but with cells treated with 3 uM pridopidine or left un-
treated. D, similar to (B), but with cells treated with 2 ug/ml TG for 16 h or left untreated.

and Fig. S3). There was no change when cells were treated with  expression in SIR+/+ cells, where it showed similar levels of
Pre-084. H1, when expressed in SIR-/- cells showed 12.7% of cell surface biotinylated protein. To evaluate the significance of
cell surface expression (Fig. 8, B and D). We also analyzed H1  the low percent of surface S1R, we immunoblotted the same
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Figure 7. FACS. A, cell surface STR WT expressed in STR—/— HEK293 cells or endogenous S1R in STR+/+ HEK293 were analyzed in nonpermeabilized cells,
incubated with anti-S1R at 4 °C followed by FACS, as described in Experimental procedures. Cells were pretreated or not with 100 nM Pre-084 for 16 h, as
indicated. In parallel, as a positive control for cell surface expression, FACS was performed with S1R—/— HEK293 cells expressing asialoglycoprotein receptor
H1, which is known to be partially exported to the cell surface. B, similar to (A) but performed on cells fixed and permeabilized with methanol. The graphs
represent means of three independent experiments with samples in duplicates + SEM, p values: Nonpermeabilized, compared with untransfected
S1R—/— cells: STR WT ***=7E-5, endogenous S1R * =0.05, H1 * =0.02. STR WT + pre084 *=0.04. Permeabilized, S1R *** =1E-5, H1 *** =0.001. Student's t test
(paired, two-tailed). C, scheme illustrating the similar expression of S1R and H1 on the ER membrane, whereas only H1 is expressed to a meaningful extent
at the cell surface.

SASBMB J. Biol. Chem. (2021) 297(5) 101299 7



Sigma-1 receptor is a type 2 ER membrane protein

A cell surface S1R total S1IR B cell surface H1 total H1
S1R-/- S1R+/+ S1R-/- S1R+/+
STIRWT S1RL214N S1RWT S1R L214N cells cells cells cells
pre-084 -  + - * - * - + pre-084 . + . + -+ -+
—— e 48 — — e S . 3
25 e — -~ - -. — f —— T - — =
20 —| 35 -
overexposed
D * *%*
- — 1 .
25 — — 15} °
20 £
9°
o= .
o 810 ®
o8 ®
O
[Lxe) ®
C cell surface CNX total CNX 5= ] :
S1IRWT S1RL214N S1RWT S1RL214N ?3 S °.
..
pre-084 : + - + = ok =k 0 @ m
135 pre-084 -+ - ¢ - + - % - A *
1f7J<SJ— — — — — — immunoblot anti-S1R anti-H1 anti-CNX
transfection S1RWT S1R L214N HA1 S1IRWT S1RL214N
cells S1R-/- S1R+/+ S1R-/-

Figure 8. Surface biotinylation shows that little if any S1R reaches the cell surface, similar to an ER chaperone. A, S1R—/— HEK293 cells expressing
WT S1R or the L214N construct were treated with or without 100 nM Pre-084 for 16 h, followed by cell surface biotinylation with sulfo-NHS-LC-Biotin. Ten
precentage of the cell lysates were immunoblotted with anti-S1R (total S1R). The rest of the lysates were precipitated using streptavidin-agarose beads
before immunoblotting (cell surface S1R). The lower panel is an overexposure of the blot from the upper panel. B, similar to (A) but with STR—/— or STR+/+
HEK293 cells expressing H1. C, the immunoblot in (A) was reacted with anti-CNX antibodies, showing an expected very low percent of surface expression of
the ER chaperone. D, quantitation of cell surface protein as a percent of total protein for S1R, H1, and CNX, from the experiments in A-C. The graph
represents an average of three independent experiments + SD, p values * =0.015, ** =0.01. Student’s t test (paired, two-tailed).

biotinylated samples with anti-CNX antibodies, as this is an
ER-retained chaperone. Cell surface-biotinylated molecules of
CNX were 1.7% of the total CNX in WT S1R expressing cells
and 3.2% in SIR L214N expressing cells, not significantly
different than the cell surface labeling obtained for the SIR
(Fig. 8, C and D). Altogether, these results suggest that the SIR
is an ER resident protein, not exiting the ER to any meaningful
extent.

Discussion

Previous studies of the SIR suggested a wide variety of
topologies, including two TMDs, with both N- and C- termini
facing the cytosol (21) or with both N- and C- termini facing
the lumen (4). Studies of S1R truncation mutants suggest that
the second hydrophobic segment, toward the C-terminus,
may be peripherally attached, not being a TMD (22, 23). The
recent determination of the crystal structure of the SIR in-
dicates the existence of only one transmembrane span near
the N-terminus. The probability that other hydrophobic seg-
ments would cross the membrane, as suggested by some of
the bioinformatic predictions and by other studies, is
extremely low.

Regarding the orientation of the SIR in the membrane, the
studies also conflict. The crystal structure indicated one TMD;
therefore the N- and C- termini of the protein must be on
opposite sides of the membrane. However, the C-terminus was
suggested to be in the cytosol in that study, from bioinformatic
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prediction (20). A recent study, based on BRET and ligand
binding, confirmed that the N- and C- termini are on opposite
sides, but was inconclusive as to the orientation (30). Our
results with the BAP-tagged S1R, compared with those ob-
tained with the untagged protein, suggest that at least N-ter-
minal tagging can affect the orientation of the protein in the
membrane. This is likely due to the short N-terminal tail, and
thus the proximity of the tag to the TMD. N-terminal tagging
was also reported to affect S1R oligomerization (32), which we
confirmed with BAP-S1IR. A study using an ascorbate peroxi-
dase 2 (APEX2) tagging approach indicated a type II orienta-
tion, thus in this case the tagging did not seem to affect the
orientation of the protein (29). Our study suggests that un-
tagged S1R is in a type II orientation, with a short 9 amino acid
N-terminal cytosolic tail, a TMD of 22 residues (10-31), and a
C-terminal portion, amino acids 32—-223 in the lumen of the
ER (Figs. 3 and 4). The classical protease protection assay in-
dicates this clearly (Fig. 3).

The N-glycosylation mapping approach also yielded clear-
cut results, with the site near the amino-terminus not being
glycosylated, whereas the sites carboxy-terminal to the TMD
are glycosylated, except for SIR T32N, which is too close to
the membrane. This indicates that the SIR is a transmembrane
protein with a signal anchor and a type II orientation, which is
consistent with the positive-inside rule (38), as there are more
positive residues in the amino-terminal, cytosolic side of the
TMD (Fig. 4D). Only the TMHMM method gave this pre-
diction (Fig. S1). The glycosylation results would also be
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compatible with Prodiv, but this would need 3 TMDs, which as
mentioned above, is very improbable and is not in line with the
crystal structure.

The minor cell surface biotinylation obtained for CNX
(Fig. 8) could be due to a technical limitation of the experiment
or to real cell surface expression of a small population of
molecules of the ER chaperone, as has been reported previ-
ously in some cell types (39). Therefore, the similar minor
biotinylation of the SIR suggests either no cell surface
expression or only to a very minor extent (~2%), comparable
to that of an ER chaperone. Although this might be influenced
by the fact that there is only one lysine in the SIR exposed
domain that could be biotinylated, the FACS experiment
confirms the finding. The results of the FACS experiment also
yielded very low cell surface expression (~4%). This suggests
that the SIR cannot exit the ER to a significant extent by itself,
although we cannot exclude that in some cell types it might
exit the ER in complex with other protein(s).

The ER localization and type II orientation are consistent
with SIR association with the ER luminal chaperone BiP and
S1R activation upon dissociation from BiP (4). It is also in
line with the main S1R function, modulation of the activity of
the ER-localized inositol 1,4,5-triphosphate receptor (IP3R)
(4, 40, 41).

S1R activation could hypothetically affect its topology, and it
has been reported to translocate to the plasma membrane
upon activation with agonists (17). However, our results
indicate that neither the widely used SIR agonist Pre-084
(13, 34, 42) nor the high-affinity SIR ligand pridopidine
(35, 36) affect the topology or ER exit of the SIR (Figs. 5-8).
Likewise, ER stress, which also activates the SIR (4), did not
alter its ER retention (Fig. 6). It is possible that the report of
plasma membrane location might have been due to technical
shortcomings, and it might have been rather in internal
membranes close to the plasma membrane, as mentioned
above, likely at ER domains adjacent to the plasma membrane,
as has also been described (19).

In conclusion, our results suggest that the SIR is an ER
resident protein, not reaching the plasma membrane. The
bulk of the S1R protein, spanning the C-terminal portion, is
located in the ER lumen. This outcome concerning the S1IR
transmembrane orientation is the opposite of that predicted
by some web-based algorithms and by the report on the
crystal structure of the SIR (20). The fact that the SIR ligand-
binding domain is thus inside the ER lumen predicts the
properties that are shared by SIR ligands, such as hydro-
phobicity. Given the notable protective activity of the SI1R in
diseases, especially neurodegenerative diseases (12—14), our
results could have important consequences in informing
target-based therapies.

Experimental procedures
Materials

Streptavidin-agarose-beads, Brefeldin A (BFA), Biotin, sulfo-
NHS-LC-Biotin, and thapsigargin were from Sigma. Pridopi-
dine was a kind gift of Michal Geva at Prilenia Ltd. Pre-084
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was from Tocris Bioscience. Endo H, HindlIIl, Notl, BamHI,
and EcoRI restriction enzymes were from New England Bio-
labs (NEB).

Plasmids and constructs

WT and the mutants of the SIR (A4N, T32N, Q44N and
L214N) were produced by DNA synthesis and cloned (using
EcoRI and BamHI restriction enzymes) into a pTwist EF1 alfa
puro mammalian expression vector by Twist Biosciences. BAP-
SV5 tag was added to the SIR plasmid, N-terminal tagged SIR
(BAP-S1R) was cloned using the restriction enzymes BamHI
and HindIIl, C-terminal tagged SIR (S1R-BAP) was cloned
using BamHI and Notl restriction enzymes. BirA and Sec-BirA
plasmids were a kind gift from Gianlucca Petris and Oscar
Burrone (ICGEB) (26). H2a-BAP was cloned in pcDNA3.1
using restriction enzymes EcoR1 and Xbal for H2a(G78R)
followed by a C-terminal BAP-SV5 tag using restriction
enzyme Xbal. BAP-H2a was cloned by introducing the BAP tag
with restriction enzymes BamHI and EcoRI on the N-Terminus
of H2a(G78R)-Myc-His in pcDNA3.1. H1 is cloned in pcDNA1
using HindIII and EcoRI restriction enzymes.

Cell culture, media, and transfections

HEK293 S1R(-/-) cells (created using CRISPR/Cas9) and
HEK293 cells were grown in DMEM supplemented with 10%
bovine calf serum at 37 °C under 5% CO,. Transfections were
carried out using the calcium phosphate method.

BAP construct transfection and probing

BAP-tagged constructs of SIR and H2a were transfected,
using the calcium phosphate method, in HEK293 cells with an
equal amount of plasmids carrying either BirA (cytosolic biotin
ligase) or Sec-BirA (ER luminal biotin ligase). Biotin (100 uM)
was added 24 h post transfection for 1 h. The cells were then
washed in PBS and lysed in Buffer A (1% Triton X-100, 0.5%
NaDOC, and 1X protease inhibitors in PBS), containing
10 mM N-ethylmaleimide, to block BirA/Sec-BirA postlysis
activity. The probing of biotinylated proteins on blots was
performed using Strep-HRP in PBS-TWEEN (0.5%), followed
with detection by enhanced chemiluminescence.

Antibodies

Mouse monoclonal anti-SIR was from Santa Cruz
Biotechnology. Mouse monoclonal anti-V5 was from Gen-
Script, mouse anti-RFP, mouse anti-actin, and rabbit anti-
calnexin were from Sigma. Strep-HRP, goat anti-mouse IgG-
HRP, goat anti-rabbit IgG-HRP, goat anti-mouse Dylight 649,
and goat anti-rabbit Dylight 488 were from Jackson-Immuno-
Research Labs. Antibodies specific for peptides corresponding
to the carboxyl termini of H1 were the ones used in a previous
study (27).

Treatments and immunoblotting

Pre-084 (100 nM for 16 h). Biotin (100 uM for 1 h). Pri-
dopidine (3 uM for 16 h). Brefeldin A (BFA) (5 pg/ml for 16 h).
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TG (2 pg/ml for 16 h). Cell lysis was done in Buffer A. SDS-
PAGE (12% except where indicated) and detection by
enhanced chemiluminescence were done as previously
described (43).

Endo H treatment

Endo H treatment was carried out on the cell lysates ac-
cording to New England Biolabs’ (NEB) protocol. 10% of each
lysate was denatured at 100 °C for 10 min, followed by incu-
bation with Endo H for 1 h at 37 °C, in the appropriate buffers.

Protease protection assay

HEK?293 cells were transfected with BiP-RFP in combination
with H2a-BAP, SIR-BAP, or SIR-WT plasmids. Transfected
cells were collected 24 h post transfection and resuspended in
Homogenization buffer (0.25 M Sucrose; 10 mM HEPES
pH7.4) with protease inhibitors and subjected to homogeni-
zation using a Dounce homogenizer. Postnuclear supernatants
(microsomes) from each sample were subjected to three
different treatments: 1% SDS at 100 °C for 5 min, followed by
incubation with or without 0.5 mg/ml proteinase K at 4 °C for
30 min. In the third treatment, microsomes were incubated
with proteinase K at 4 °C for 30 min but omitting the prior
boiling with SDS. The reactions were stopped with 12% TCA,
TCA-precipitated pellets were boiled with sample buffer for
10 min at 100 °C and run on SDS-PAGE and subjected to
immunoblotting.

FACS analysis

HEK293 S1R (-/-) cells were transfected or not with SIR
WT or H1 containing plasmids. Pre-084 (100 nM) was added
to some samples 4 h posttransfection and incubated overnight.
Twenty-four hours posttransfection, cells were collected,
centrifuged, and resuspended in complete DMEM +0.1%
NaNs3 (to inhibit protein internalization). In total, 0.25-0.5 x
10° cells were used per sample. After centrifugation, primary
antibodies (mouse anti-S1R and rabbit anti-H1) were added
directly to cell pellets for 45 min. After rinsing with
DMEM +0.1% NaN3, secondary antibodies (1:50) were added
to each tube for 45 min (Goat anti-mouse Dylight 649 or Goat
anti-rabbit Dylight 488). Cells were rinsed and resuspended in
PBS+0.1% NaNj and kept in the dark until FACS analysis. The
whole procedure was performed at 4 °C to prevent protein
internalization.

A similar procedure was performed for permeabilized cells
except that after collecting they were fixed and permeabilized
with 100% methanol for 20 min at —20 °C.

Cell surface biotinylation and streptavidin-precipitation

Pre-084 (1 uM) was added to the cells 4 h posttransfection
and incubated overnight. Twenty-four hours posttransfection,
cells were washed with PBS and incubated (rocking) with
sulfo-NHS-LC-Biotin (0.5 mg/ml) for 45 min at 4 °C. Bio-
tinylation was stopped using NH,CI (50 mM) for 10 min at 4
°C, and the cells were washed with PBS. Cell lysis was per-
formed in Buffer A for 30 min on ice. After centrifugation at
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25,000g in 4 °C for 30 min, 10% of total lysate was saved, the
rest of the lysate was incubated with streptavidin-agarose
beads overnight. After washing three times with Buffer D
(0.5% Triton X-100, 0.25% NaDOC, and 0.5% SDS in PBS),
bound proteins were eluted with sample buffer at 100 °C for
5 min and immunoblotted.

Cell viability assay

The cell viability assay was performed on transfected
HEK293 S1R (-/-) cells, using the protocol for endpoint assay
format of the RealTime-GloTM MT Cell Viability Assay
(Promega). A final cell density, within the linear range, of 3000
cells per sample was chosen. Duplicates of samples seeded into
opaque-walled assay plates 24 h posttransfection were treated
with TG for 24 h. MT Cell Viability Substrate and NanoLuc
Enzyme were diluted in the cell culture medium (2x) and
added to the samples and incubated for 10 min at 37 °C.
Luminescence from samples was measured using a plate-
reading luminometer, Synergy H1 Hybrid Micro Reader
(Biotek), with an integration time of 0.25-1 s per well.

Determination of S1R oligomerization

S1R-/- HEK293 cells were transfected with either SIR-WT
plasmid, N-terminal tagged SIR (BAP-S1R), or C-terminal
tagged S1R (S1R-BAP) using the calcium phosphate method.
The cells were collected 24 h posttransfection and lysed in
Buffer A. After centrifugation at 25,000g in 4 °C for 30 min, the
supernatants (Triton-soluble proteins) were transferred to a
fresh tube leaving the pellet (Triton-insoluble proteins).
Sample Buffer (0.05 M Tris-HCI pH 6.8, 0.1 M DTT, 2% SDS,
50% Glycerol, 0.1% bromophenol blue) was added to Triton-
soluble and insoluble fractions and incubated on ice for
5 min. Samples were subjected to 10% SDS-PAGE immuno-
blotted and detected using anti-S1R antibody.

Bioinformatic predictions and S1R structure model

The topology predictions were performed using the Con-
strained Consensus TOPology prediction server (CCTOP)
(24). The structure of the human SIR monomer was taken
from the Protein Data Bank (PDB ID 5hk2, chain A), and
missing atoms were added using WHAT-IF (44). The residues
at positions 4, 6, 32, 44, 46, and 214 were then mutated to Asn,
and hydrogen atoms were added to the structure using Mol-
Probity (45). A ManyGIcNAc, glycan chain was added to po-
sitions 4, 32, 44, and 214, using the Glycan Reader module (46)
of the CHARMM GUI web server (47). The glycan at N214
extends toward the TMD. However, a hinge motion around
the region linking the TMD to the C-terminal region of the
protein may allow rotation away from the membrane and its
exposure to the ER lumen.

Statistical analysis

The results are expressed as average + SD or mean + SEM as
indicated. Student’s ¢ test (two-tailed) was used to compare the
averages of two groups. Statistical significance was determined
at p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).

SASBMB



Data availability

This study includes no data deposited in external
repositories.

Supporting article  contains

information.

information—This supporting

Acknowledgments—We would like to thank G. Petris and O. Bur-
rone for BirA system reagents.

Author contributions—G. Z. L. conceptualization; N. S., C. P., and
M. S. investigation; A. K. and N. B.-T. methodology; G. Z. L. su-
pervision; G. Z. L. writing—original draft; G. Z. L., N. S, C. P, M. S,,
A. K, N. B.-T. writing-review and editing.

Funding and additional information—Work was supported by the
Israel Science Foundation Legacy Heritage Fund (2394/17)
(G. Z. L.).

Conflict of interest—The authors declare that they have no conflict
of interest with the content of this article.

Abbreviations—The abbreviations used are: BAP, biotin acceptor
peptide; CNX, calnexin; ER, endoplasmic reticulum; MAM, mito-
chondrion-associated membranes; SIR, Sigma-1 receptor; Strep,
streptavidin;  sulfo-NHS-LC-Biotin,  sulfosuccinimidyl-6-(bio-
tinamido)hexanoate; TG, thapsigargin; TMD, transmembrane
domain.

References

1. Fujimoto, M., and Hayashi, T. (2011) New insights into the role of
mitochondria-associated endoplasmic reticulum membrane. Int. Rev. Cell
Mol. Biol. 292, 73-117

2. Hanner, M., Moebius, F. F., Flandorfer, A., Knaus, H. G., Striessnig, .,
Kempner, E., and Glossmann, H. (1996) Purification, molecular cloning,
and expression of the mammalian sigmal-binding site. Proc. Natl. Acad.
Sci. U. S. A. 93, 8072-8077

3. Hayashi, T, Rizzuto, R., Hajnoczky, G., and Su, T. P. (2009) MAM: More
than just a housekeeper. Trends Cell Biol. 19, 81-88

4. Hayashi, T., and Su, T. P. (2007) Sigma-1 receptor chaperones at the ER-
mitochondrion interface regulate Ca(2+) signaling and cell survival. Cell
131, 596-610

5. Kourrich, S., Su, T. P., Fujimoto, M., and Bonci, A. (2012) The sigma-1
receptor: Roles in neuronal plasticity and disease. Trends Neurosci. 35,
762-771

6. 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

7. Gregianin, E., Pallafacchina, G., Zanin, S., Crippa, V., Rusmini, P., Poletti,
A, Fang, M., Li, Z., Diano, L., Petrucci, A., Lispi, L., Cavallaro, T., Fabrizi,
G. M., Muglia, M., Boaretto, F., et al. (2016) Loss-of-function mutations
in the SIGMARI gene cause distal hereditary motor neuropathy by
impairing ER-mitochondria tethering and Ca2+ signalling. Hum. Mol.
Genet. 25, 3741-3753

8. Izumi, Y., Morino, H., Miyamoto, R., Matsuda, Y., Ohsawa, R., Kurashige,
T., Shimatani, Y., Kaji, R., and Kawakami, H. (2018) Compound hetero-
zygote mutations in the SIGMARI gene in an oldest-old patient with
amyotrophic lateral sclerosis. Geriatr. Gerontol. Int. 18, 1519-1520

9. Li, X, Hu, Z, Liu, L, Xie, Y., Zhan, Y., Zi, X., Wang, ], Wu, L., Xia, K,

Tang, B., and Zhang, R. (2015) A SIGMAR1 splice-site mutation causes

distal hereditary motor neuropathy. Neurology 84, 2430-2437

Watanabe, S., Ilieva, H., Tamada, H., Nomura, H., Komine, O., Endo, F.,

Jin, S., Mancias, P., Kiyama, H., and Yamanaka, K. (2016) Mitochondria-

10.

SASBMB

Sigma-1 receptor is a type 2 ER membrane protein

associated membrane collapse is a common pathomechanism in SIG-
MARI- and SOD1-linked ALS. EMBO Mol. Med. 8, 1421-1437
Nguyen, L., Lucke-Wold, B. P., Mookerjee, S. A., Cavendish, J. Z., Rob-
son, M. ], Scandinaro, A. L., and Matsumoto, R. R. (2015) Role of sigma-1
receptors in neurodegenerative diseases. /. Pharmacol. Sci. 127, 17-29
Bol'shakova, A. V., Kraskovskaya, N. A., Gainullina, A. N., Kukanova, E.
0., Vlasova, O. L., and Bezprozvanny, L. B. (2017) Neuroprotective effect
of sigmal-receptors on the cell model of Huntington’s disease. Bull. Exp.
Biol. Med. 164, 252—258

Hyrskyluoto, A., Pulli, I, Tornqvist, K, Ho, T. H., Korhonen, L., and
Lindholm, D. (2013) Sigma-1 receptor agonist PRE084 is protective
against mutant huntingtin-induced cell degeneration: Involvement of
calpastatin and the NF-kappaB pathway. Cell Death Dis. 4, e646
Nguyen, L., Lucke-Wold, B. P., Mookerjee, S., Kaushal, N., and Matsu-
moto, R. R. (2017) Sigma-1 receptors and neurodegenerative diseases:
Towards a hypothesis of sigma-1 receptors as amplifiers of neuro-
degeneration and neuroprotection. Adv. Exp. Med. Biol. 964, 133—152
Shenkman, M., Geva, M., Gershoni-Emek, N., Hayden, M. R., and
Lederkremer, G. Z. (2021) Pridopidine reduces mutant huntingtin-
induced endoplasmic reticulum stress by modulation of the Sigma-1 re-
ceptor. J. Neurochem. 158, 467-481

Alonso, G., Phan, V., Guillemain, I, Saunier, M., Legrand, A., Anoal, M.,
and Maurice, T. (2000) Immunocytochemical localization of the sigma(1)
receptor in the adult rat central nervous system. Neuroscience 97, 155—
170

Morin-Surun, M. P., Collin, T., Denavit-Saubie, M., Baulieu, E. E., and
Monnet, F. P. (1999) Intracellular sigmal receptor modulates phospho-
lipase C and protein kinase C activities in the brainstem. Proc. Natl. Acad.
Sci. U. S. A. 96, 8196—-8199

Aydar, E., Onganer, P, Perrett, R, Djamgoz, M. B., and Palmer, C. P.
(2006) The expression and functional characterization of sigma (sigma) 1
receptors in breast cancer cell lines. Cancer Lett. 242, 245-257
Mavlyutov, T. A., Epstein, M. L., Andersen, K. A., Ziskind-Conhaim, L.,
and Ruoho, A. E. (2010) The sigma-1 receptor is enriched in postsynaptic
sites of C-terminals in mouse motoneurons. An anatomical and behav-
ioral study. Neuroscience 167, 247-255

Schmidt, H. R., Zheng, S., Gurpinar, E., Koehl, A., Manglik, A., and
Kruse, A. C. (2016) Crystal structure of the human sigmal receptor.
Nature 532, 527-530

Aydar, E., Palmer, C. P, Klyachko, V. A., and Jackson, M. B. (2002) The
sigma receptor as a ligand-regulated auxiliary potassium channel subunit.
Neuron 34, 399-410

Ortega-Roldan, J. L., Ossa, F., Amin, N. T., and Schnell, J. R. (2015) So-
lution NMR studies reveal the location of the second transmembrane
domain of the human sigma-1 receptor. FEBS Lett. 589, 659—665

Wu, Z., and Bowen, W. D. (2008) Role of sigma-1 receptor C-terminal
segment in inositol 1,4,5-trisphosphate receptor activation: Constitutive
enhancement of calcium signaling in MCF-7 tumor cells. /. Biol. Chem.
283, 28198-28215

Dobson, L., Reményi, I, and Tusnady, G. E. (2015) Cctop: A Consensus
Constrained TOPology prediction web server. Nucleic Acids Res. 43,
W408-W412

Barker, D. F., and Campbell, A. M. (1981) The birA gene of Escherichia
coli encodes a biotin holoenzyme synthetase. J. Mol. Biol. 146, 451-467
Petris, G., Vecchi, L., Bestagno, M., and Burrone, O. R. (2011) Efficient
detection of proteins retro-translocated from the ER to the cytosol by
in vivo biotinylation. PLoS One 6, 23712

Tolchinsky, S., Yuk, M. H., Ayalon, M., Lodish, H. F., and Lederkremer,
G. Z. (1996) Membrane-bound versus secreted forms of human asialo-
glycoprotein receptor subunits - role of a juxtamembrane pentapeptide. /.
Biol. Chem. 271, 14496-14503

Sasset, L., Petris, G., Cesaratto, F., and Burrone, O. R. (2015) The VCP/
p97 and YOD1 proteins have different substrate-dependent activities in
endoplasmic reticulum-associated degradation (ERAD). J. Biol. Chem.
290, 28175-28188

Mavylutov, T., Chen, X., Guo, L., and Yang, J. (2017) APEX2- tagging of
Sigma 1-receptor indicates subcellular protein topology with cytosolic N-
terminus and ER luminal C-terminus. Protein Cell 9, 733-737

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

J. Biol. Chem. (2021) 297(5) 101299 11


http://refhub.elsevier.com/S0021-9258(21)01105-4/sref1
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref1
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref1
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref2
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref2
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref2
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref2
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref3
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref3
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref4
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref4
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref4
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref5
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref5
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref5
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref6
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref6
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref6
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref7
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref7
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref7
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref7
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref7
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref7
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref8
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref8
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref8
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref8
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref9
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref9
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref9
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref10
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref10
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref10
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref10
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref11
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref11
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref11
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref12
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref12
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref12
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref12
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref13
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref13
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref13
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref13
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref14
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref14
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref14
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref14
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref15
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref15
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref15
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref15
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref16
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref16
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref16
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref16
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref17
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref17
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref17
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref17
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref18
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref18
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref18
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref19
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref19
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref19
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref19
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref20
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref20
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref20
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref21
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref21
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref21
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref22
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref22
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref22
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref23
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref23
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref23
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref23
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref24
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref24
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref24
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref25
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref25
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref26
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref26
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref26
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref27
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref27
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref27
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref27
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref28
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref28
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref28
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref28
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref29
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref29
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref29

Sigma-1 receptor is a type 2 ER membrane protein
30.
31.
32.
33.
34.
35.

36.

37.

38.

Yano, H., Bonifazi, A., Xu, M., Guthrie, D. A., Schneck, S. N., Abramyan,
A. M., Fant, A. D., Hong, W. C., Newman, A. H.,, and Shi, L. (2018)
Pharmacological profiling of sigma 1 receptor ligands by novel receptor
homomer assays. Neuropharmacology 133, 264—275

Hayashi, T., and Fujimoto, M. (2010) Detergent-resistant microdomains
determine the localization of sigma-1 receptors to the endoplasmic
reticulum-mitochondria junction. Mol. Pharmacol. 77, 517-528

Yano, H., Liu, L., Naing, S., and Shi, L. (2019) The effects of terminal
tagging on homomeric interactions of the sigma 1 receptor. Front. Neu-
rosci. 13, 1356

Nilsson, I. M., and von Heijne, G. (1993) Determination of the distance
between the oligosaccharyltransferase active site and the endoplasmic
reticulum membrane. . Biol. Chem. 268, 5798—5801

Mancuso, R., Olivan, S., Rando, A., Casas, C., Osta, R,, and Navarro, X.
(2012) Sigma-1R agonist improves motor function and motoneuron
survival in ALS mice. Neurotherapeutics. 9, 814—826

Eddings, C. R., Arbez, N., Akimov, S., Geva, M., Hayden, M. R, and Ross,
C. A. (2019) Pridopidine protects neurons from mutant-huntingtin
toxicity via the sigma-1 receptor. Neurobiol. Dis. 129, 118—-129
Sahlholm, K., Sijbesma, J. W., Maas, B., Kwizera, C., Marcellino, D.,
Ramakrishnan, N. K., Dierckx, R. A., Elsinga, P. H., and van Waarde, A.
(2015) Pridopidine selectively occupies sigma-1 rather than dopamine D2
receptors at behaviorally active doses. Psychopharmacology 232, 3443—
3453

Mitsuda, T., Omi, T., Tanimukai, H., Sakagami, Y., Tagami, S., Okochi,
M., Kudo, T., and Takeda, M. (2011) Sigma-1Rs are upregulated via
PERK/elF2alpha/ATF4 pathway and execute protective function in ER
stress. Biochem. Biophys. Res. Commun. 415, 519-525

Nilsson, J., Persson, B., and von Heijne, G. (2005) Comparative analysis of
amino acid distributions in integral membrane proteins from 107 ge-
nomes. Proteins 60, 606—-616

12 J Biol Chem. (2021) 297(5) 101299

39.

40.

41.

42.

43.

45.

46.

47.

Okazaki, Y., Ohno, H., Takase, K., Ochiai, T., and Saito, T. (2000) Cell
surface expression of calnexin, a molecular chaperone in the endoplasmic
reticulum. /. Biol. Chem. 275, 35751-35758

Bernard-Marissal, N., Medard, J. J., Azzedine, H., and Chrast, R. (2015)
Dysfunction in endoplasmic reticulum-mitochondria crosstalk underlies
SIGMARTI loss of function mediated motor neuron degeneration. Brain.
138, 875-890

Hayashi, T. (2015) Sigma-1 receptor: The novel intracellular target of
neuropsychotherapeutic drugs. /. Pharmacol. Sci. 127, 2-5

Su, T. P, Wu, X. Z., Cone, E. J., Shukla, K., Gund, T. M., Dodge, A. L., and
Parish, D. W. (1991) Sigma compounds derived from phencyclidine:
Identification of PRE-084, a new, selective sigma ligand. J. Pharmacol.
Exp. Ther. 259, 543-550

Groisman, B., Shenkman, M., Ron, E., and Lederkremer, G. Z. (2011)
Mannose trimming is required for delivery of a glycoprotein from
EDEMI1 to XTP3-B and to late endoplasmic reticulum-associated
degradation steps. /. Biol. Chem. 286, 1292—1300

. Vriend, G. (1990) WHAT IF: A molecular modeling and drug design

program. J. Mol. Graph 8, 52-56, 29

Chen, V. B., Arendall, W. B, 3rd, Headd, J. J., Keedy, D. A., Immor-
mino, R. M., Kapral, G. J., Murray, L. W., Richardson, J. S., and
Richardson, D. C. (2010) MolProbity: All-atom structure validation for
macromolecular crystallography. Acta Crystallogr. D Biol. Crystallogr.
66, 12-21

Jo, S., Song, K. C., Desaire, H., MacKerell, A. D., Jr., and Im, W. (2011)
Glycan reader: Automated sugar identification and simulation prepara-
tion for carbohydrates and glycoproteins. . Comput. Chem. 32, 3135—
3141

Jo, S., Kim, T, Iyer, V. G., and Im, W. (2008) CHARMM-GUI: A web-
based graphical user interface for CHARMM. J. Comput. Chem. 29,
1859-1865

SASBMB


http://refhub.elsevier.com/S0021-9258(21)01105-4/sref30
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref30
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref30
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref30
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref31
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref31
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref31
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref32
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref32
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref32
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref33
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref33
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref33
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref34
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref34
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref34
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref35
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref35
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref35
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref36
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref36
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref36
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref36
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref36
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref37
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref37
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref37
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref37
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref38
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref38
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref38
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref39
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref39
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref39
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref40
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref40
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref40
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref40
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref41
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref41
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref42
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref42
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref42
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref42
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref43
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref43
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref43
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref43
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref44
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref44
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref45
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref45
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref45
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref45
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref45
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref46
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref46
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref46
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref46
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref47
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref47
http://refhub.elsevier.com/S0021-9258(21)01105-4/sref47

	The Sigma-1 receptor is an ER-localized type II membrane protein
	Results
	In vivo biotinylation of BAP-tagged S1R
	A protease protection assay and the introduction of N-glycosylation sites in untagged S1R reveal a type II orientation
	Neither S1R agonists nor ER stress changes the topology or the ER exit of S1R constructs

	Discussion
	Experimental procedures
	Materials
	Plasmids and constructs
	Cell culture, media, and transfections
	BAP construct transfection and probing
	Antibodies
	Treatments and immunoblotting
	Endo H treatment
	Protease protection assay
	FACS analysis
	Cell surface biotinylation and streptavidin-precipitation
	Cell viability assay
	Determination of S1R oligomerization
	Bioinformatic predictions and S1R structure model

	Statistical analysis
	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References


