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Sigma-1 receptor (S1R) is a multimodal chaperone protein located chiefly at the
mitochondrion-associated endoplasmic reticulum (ER) membrane (MAM) at rest. SIR
can translocate to various regions of the cell such as plasma membrane (PM) or ER-PM
junction, under cellular stress or the application of its ligands. It has been implicated in
a diverse array of pathophysiological conditions including drug addiction, Parkinson’s
disease, Alzheimer’s disease and amyotrophic lateral sclerosis (ALS). One of the well-
known disease associated mutants of S1R, called ALS-linked E102Q mutation, is
reported to cause ER stress-mediated defects in protein homeostasis and dysregulation
of RNA-binding proteins, eventually leading to the occurrence of ALS. The crystal
structure analysis of human S1R revealed that S1R has only one transmembrane domain
(TM) with a short N-terminal (N-ter) on the luminal side and a bulky C-terminal (C-ter)
including a B-barrel structure on the cytosolic side. The site of the E102Q mutation
locates on the C-ter of S1R. It has been reported that SIR directly interacts with various
proteins such as NMDAR, STIM1, BiP, IP3R, voltage-gated K" and Na" channels. It was
also reported that S1R colocalizes with muscarinic acetylcholine receptor M2 (M2R) on
the soma of motoneurons. M2R is one of the Gi/o coupled receptors expressed on PM
of such as cardiac muscle cells and neurons, and it plays key roles in wide-ranged
physiological responses. Despite of the knowledge of the colocalization of M2R and
S1R, there is no information about the functional regulation of M2R by S1R so far.
The aim of the first part of this study is to clarify whether and how SI1R could
interact with M2R, and I obtained the results as follows: (1) By patch-clamp recordings
of HEK293T cells coexpressing G-protein coupled inward rectifier potassium channel
(GIRK) as an effector, it was observed that SIR inhibits the function of only M2R
among other types of Gi, coupled receptors. But the SIR disease mutant E102Q does
not inhibit the function of M2R. (2) By immunohistochemical staining and confocal
imaging, it was observed that the expression level of M2R on PM is not clearly down

regulated by S1R in HEK293T cells, and that of M2R on PM is slightly decreased by



SIR in Hela cells. In both HEK293T and Hela cells, SIR localizes close to M2R,
suggesting an interaction with M2R at the ER-PM junction. (3) By co-
immunoprecipitation, the interaction of M2R and S1R was confirmed. (4) By analyzing
various chimeras and mutants between M2R and M4R, it was identified that Glul72 and
Glul75 of M2R on the extracellular loop 2 region, as well as transmembrane domain 6
(TM6), are critical for the inhibition by SIR. The data demonstrate that S1R, not only
decreases the expression level on the PM, but also inhibits the function of M2R, via the
extracellular loop 2 and TM6.

Based on the preceding pharmacological studies, S1R is presumed to exist in various
forms from monomer to octamer, and the functional forms of SIR are monomer and
dimer. Agonist bound S1R favors monomeric or dimeric forms, while antagonist bound
S1R favors tetrameric form which loses its function. BD1047 dihydrobromide (BD1047)
is one of the representative antagonists of S1R. I have tried to inhibit the function of
S1R using BD1047 in the patch-clamp study, and unexpectedly observed that BD1047
directly inhibits the GIRK1/2 current even without the expression of SIR.

In the second part, I aimed to clarify the effect of BD1047 on GIRK channels as
well as the structural determinants. I performed two-electrode voltage clamp
experiments using Xenopus oocytes as in vitro expression system and observed the
following results: (1) BD1047 directly inhibits the current of GIRK channels. (2)
BD1047 has a weak inhibition effect on GIRK2 channel and a remarkable inhibition
effect on GIRK4 channel. (3) A GIRK4-GIRK2 chimera which contains only the
cytoplasmic N-ter of GIRK4 showed a strong inhibition effect by BD1047. Leu77 on
the N-ter of GIRK4 is essential for the inhibition effect. (4) Molecular docking analysis
indicated the importance of the Leu77 for the docking. The data demonstrate that
BD1047 directly inhibit the current of GIRK channels and GIRK4 Lue77 is essential
for the inhibition effect by BD1047.

To summarize all the data, it is concluded that SIR partly decreases the expression
of M2R on PM and also inhibits its function via its extracellular loop 2 and TM6, and
that the antagonist of S1R, BD1047, directly binds to GIRK4 channel and inhibits the

current at Leu77 in the N-ter cytoplasmic region.
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