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The mitochondrial calcium uniporter engages UCP1
to form a thermoporter that promotes
thermogenesis
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MCU-EMRE and UCP1 form a complex in brown adipocytes
upon adrenergic stimulation

The complex acts as a “thermoporter” that enhances proton
supply to promote thermogenesis

Enhanced thermoporter assembly ameliorates diet-induced
obesity and metabolic dysfunction
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In brief

Xue et al. identify an MCU-EMRE-UCP1
complex, named thermoporter, in adap-
tive thermogenesis. Adrenergic-stimu-
lated thermoporter assembly enhances
mitochondrial calcium uptake and proton
supply, which promotes thermogenesis.
The deletion of Mcu or Emre in brown
adipocytes impairs thermogenesis and
exacerbates obesity and metabolic
dysfunction, whereas enhanced thermo-
porter assembly results in the opposite
phenotypes.
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SUMMARY

Uncoupling protein 1 (UCP1)-mediated adaptive thermogenesis protects mammals against hypothermia and
metabolic dysregulation. Whether and how mitochondrial calcium regulates this process remains unclear.
Here, we show that mitochondrial calcium uniporter (MCU) recruits UCP1 through essential MCU regulator
(EMRE) to form an MCU-EMRE-UCP1 complex upon adrenergic stimulation. This complex formation in-
creases mitochondrial calcium uptake to accelerate the tricarboxylic acid cycle and supply more protons
that promote uncoupled respiration, functioning as a thermogenic uniporter. Mitochondrial calcium uptake
1 (MICU1) negatively regulates thermogenesis probably through inhibiting thermogenic uniporter formation.
Accordingly, the deletion of Mcu or Emre in brown adipocytes markedly impairs thermogenesis and exacer-
bates obesity and metabolic dysfunction. Remarkably, the enhanced assembly of the thermogenic uniporter
via Micu1 knockout or expressing linked EMRE-UCP1 results in opposite phenotypes. Thus, we have uncov-
ered a “thermoporter” that provides a driving force for the UCP1 operation in thermogenesis, which could be

leveraged to combat obesity and associated metabolic disorders.

INTRODUCTION

Obesity and overweight have been globally prevalent in children
and adults (Ng et al., 2014). The prevention and treatment of
obesity are of great importance since it is closely linked to
many major chronic diseases such as cardiovascular diseases,
type 2 diabetes, and certain types of cancers (Cao, 2010;
Heymsfield and Wadden, 2017). At the organismal level, two
fundamental ways can be exploited to combat obesity: to
decrease energy/food intake or to increase energy expenditure.
Most strategies targeting energy/food intake were to prove un-
successful as they gave rise to cardiovascular or even psychiat-
ric side effects (Dietrich and Horvath, 2012). Thus, tremendous
efforts have been focused on finding ways to increase energy
expenditure through adaptive thermogenesis in BAT, where un-
coupling protein 1 (UCP1) plays a central role (Cannon and
Nedergaard, 2004; Harms and Seale, 2013). UCP1 mediates
adaptive thermogenesis by uncoupling oxidative phosphoryla-
tion from ATP synthesis and thereby dissipating energy as
heat, which protects animals against hypothermia, obesity,
and its associated metabolic disorders (Chouchani et al., 2019;
Lowell and Spiegelman, 2000). Previous studies have intensively
explored the direct regulation of UCP1’s activity, revealing that
long-chain fatty acids bind on UCP1 to drive proton leak via a
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fatty acid/proton symport mechanism, which dissipates electro-
chemical energy stored in the proton gradient across the inner
mitochondrial membrane. By contrast, purine nucleotides bind
on UCP1 to block this uncoupling process, which can be over-
come by the elevated concentration of long-chain fatty acids
(Bertholet and Kirichok, 2017; Chouchani et al., 2019; Fedorenko
et al., 2012). On the other hand, the cysteine oxidation of UCP1,
particularly sulfenylation of UCP1 on Cys253, which is triggered
by an increase in mitochondrial reactive oxygen species (ROS)
elicited by fatty acid oxidation upon adrenergic stimulation,
has been shown to be essential for acute cold-induced un-
coupled respiration (Chouchani et al., 2016; Shi et al., 2021).
Moreover, the lysine succinylation of UCP1 reduces its activity
and stability (Wang et al., 2019).

Cytosolic calcium has been shown to directly stimulate ad-
enylyl cyclase activity upon adrenergic stimulation in brown adi-
pocytes, which increases cAMP production and PKA activation
to induce lipolysis and thermogenesis (Chen et al., 2017; Maus
et al., 2017). As a negative feedback, KCNK3-mediated potas-
sium efflux dampens this adrenergic stimulation-induced calcium
influx and its subsequent thermogenic events (Chen et al., 2017).
Interestingly, beige adipocytes are equipped with an ATP-depen-
dent and UCP1-independent calcium cycling machinery to dissi-
pate energy as heat, which is composed of two endoplasmic
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Figure 1. MCU is required for BAT thermogenesis
(A and B) Protein levels (A) and relative mRNA expression (B) of the MCU complex components and UCP1 in the BAT of WT mice housed at 30°C for 4 weeks or
4°C for 1 week.

(legend continued on next page)
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reticulum-located calcium channels, sarco/endoplasmic reticu-
lum Ca?*-ATPase 2b (SERCA2b) and ryanodine receptor 2
(RyR2) (Ikeda et al., 2017). These studies demonstrate the pivotal
roles of intracellular calcium in the regulation of adaptive thermo-
genesis. The mitochondrion is another important calcium store in
the cell. However, whether and how mitochondrial calcium con-
tributes to UCP1-dependent thermogenesis are largely unknown.
As the only identified calcium uniporter and a key regulator of
mitochondrial calcium homeostasis, the mitochondrial calcium
uniporter (MCU) complex exists as a multi-subunit Ca?* channel,
consisting of a pore-forming subunit (MCU) and several regulato-
ry subunits including essential MCU regulator (EMRE), mito-
chondrial calcium uptake 1 (MICU1), MICU2, and MCUb (De Ste-
fani et al., 2016). MCU-mediated mitochondrial Ca%* uptake
plays an essential role in aerobic metabolism by triggering the
tricarboxylic acid (TCA) cycle, electron transfer, and the resultant
accumulation of the proton gradient across the inner mitochon-
drial membrane (i.e., proton motive force) for ATP synthesis
(Gherardi et al., 2020). A previous study reported that Mcu™'~
mice exhibited a marked defect upon a peak demand for power
output by skeletal muscle (Pan et al., 2013). The activity of MCU
varies greatly among tissues, and the direct patch-clamp
recording of MCU current density has shown that BAT and skel-
etal muscle have higher MCU activity compared with other meta-
bolic tissues like the heart, liver, and kidney, suggesting that the
MCU may exert physiological functions in BAT (Fieni et al., 2012).
In principle, the MCU-mediated calcium uptake may trigger aer-
obic respiration to supply protons for uncoupled respiration by
UCP1. However, how these two processes are coordinated is un-
known. Here, we report that MCU recruits UCP1 through EMRE to
form a thermogenic uniporter, named “thermoporter.” The adren-
ergic stimulation-induced thermoporter possesses high calcium
channel activity, which enhances calcium influx to accelerate
the TCA cycle, NADH production, and proton supply that pro-
motes UCP1-mediated uncoupled respiration. MICU1 acts as a
negative regulator of thermogenesis probably through inhibiting
thermoporter formation. Accordingly, BAT-specific genetic ma-
nipulations of thermopoter assembly, via the deletion of Mcu or
Micu1 or expressing linked EMRE-UCP1, markedly regulate ther-
mogenesis and diet-induced obesity and metabolic dysfunction.
Our findings uncover a thermoporter that acts as an upstream
component of UCP1 operation by controlling its proton flux as a
driving force and reveal a physiological role of MCU in BAT.

RESULTS

BAT thermogenesis requires mitochondrial calcium
uniporter

To investigate the role of MCU in the regulation of uncoupled
respiration, we first profiled the expression levels of three MCU
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complex components in BAT. We found that EMRE was mark-
edly upregulated at both protein and mRNA levels upon
cold exposure when compared with thermoneutral acclimation.
This upregulation was positively correlated with the increased
expression of thermogenic genes like UCP1 and PGCila
(Figures 1A and 1B). To determine the requirement of MCU for
BAT thermogenesis, we deleted Mcu specifically in brown adi-
pocytes by crossing Mcu™ with Ucp 1" mice (hereafter referred
to as Mcu""Ucp1°7®) (Figure S1A). EMRE is required for the uni-
porter activity and mediates the interaction between MCU and
MICU1 in mammalian cells (Sancak et al., 2013). We thus
knocked out Emre in brown adipocytes through the local injec-
tion of AAV-gRNA into BAT of Rosa26-LSL-Cas9;Adipog®™
mice (Emre-BKO) (Figure S1B). We observed that the absence
of MCU did not affect BAT UCP1 content or BAT tissue weight,
suggesting that MCU does not regulate BAT development
(Figures S1C and S1D). We next examined the cold tolerance
of Mcu”Ucp1°"® and Emre-BKO mice by monitoring their core
body temperatures under the fasting-cold condition (Schreiber
et al., 2017; Shin et al., 2017). Compared with Mcu” controls,
Mcu”Ucp1°® mice became hypothermic after a 6-h fasting-
cold challenge (Figures 1C and S1E-S1G), and similarly, Emre-
BKO mice could not maintain their core body temperatures
during the challenge (Figures 1D and S1H-S1J). After a 3-week
thermoneutral acclimation to 30°C, the core body temperatures
of Mcu™Ucp 1™ mice were lower than those of Mcu™ controls
upon acute cold exposure to 4°C (Figure S1K). Infrared thermog-
raphy analysis showed that the surface temperatures on the in-
terscapular BAT regions of Mcu"Ucp1° and Emre-BKO mice
were quantifiably lower than those of respective controls upon
the fasting-cold challenge (Figures 1F and 1G). This is consistent
with the lower BAT temperatures of Mcu”Ucp1® mice as
measured by implanted temperature probes (Figure 1E).

To address whether the cold intolerance of Mcu™Ucp1°™ and
Emre-BKO mice was due to impaired BAT thermogenesis rather
than shivering thermogenesis of skeletal muscle, we exclusively
examined the thermogenic capacity of BAT in Mcu”Ucp 1™ and
Emre-BKO mice, which was represented by oxygen consump-
tion (VO,) induced by the local injection of norepinephrine (NE)
into the BAT of anesthetized mice. We found that the NE-induced
increase in oxygen consumption was largely blunted in Mcu™
"Ucp1©® and Emre-BKO mice compared with the respective
controls (Figures 1H and 1J). When anesthetized, NE-induced
thermogenesis is fueled by fatty acid oxidation in BAT mitochon-
dria (Cannon and Nedergaard, 2004), and consistently, we found
that Mcu”Ucp1©™® and Emre-BKO mice had decreased fat
oxidation after NE administration (Figures 1l and 1K). In addition,
Mcu™Uecp1°™ mice exhibited similar thermogenic defects as NE
stimulation when treated with CL-316,243, a 3-adrenoceptor-
specific agonist (Figures S1L and S1M). Together, these results

(C and D) Mcu™ and Mcu™Ucp 1€ mice (C) and Emre-BKO and control mice (D). Core body temperatures during the fasting-cold challenge (n=6inCandn=>5in

D per group).

(E) BAT temperatures of Mcu™ and Mcu™Ucp 1™ mice during the fasting-cold challenge (n = 6 per genotype).

(F and G) Mcu™ and Mcu™Ucp 1€ mice (F) and Emre-BKO and control mice (G). Infrared thermography after 6-h fasting-cold challenge (n = 6in F and n =5 in G).
(H-K) NE-induced VO, (H and J) and fat oxidation (I and K) of anesthetized mice at 32°C (n = 5 per group).

(L and M) Mcu™ and Mcu™Ucp1°" mice (L) and Emre-BKO and control mice (M). OCR of BAT mitochondria (n = 6 in L and n = 5 in M).

Data are presented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001. Two-tailed Student’s t test (A, B, F, G, L, and M) or two-way ANOVA

followed by Bonferroni post-tests (C-E and H-K). See also Figure S1.
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demonstrate that MCU or EMRE deficiency in brown adipocytes
specifically impairs non-shivering adaptive thermogenesis.

The impaired thermogenic metabolism of Mcu”Ucp1°® mice
was also reflected in the hematoxylin and eosin staining of the
BAT after the fasting-cold challenge: Mcu”" BAT exhausted
nearly all lipid droplets stored in brown adipocytes, whereas
Mcu™Ucp1©™ BAT remained with many unutilized ones due to
decreased fatty acid oxidation (Figure ST1N). To further explore
how the absence of calcium uniporter influences thermogenic
metabolism, we examined the uncoupled respiration of BAT
mitochondria through the experimental inhibition of UCP1 by
guanosine diphosphate (GDP) (Heaton and Nicholls, 1977).
Interestingly, we found that the elimination of mitochondrial
calcium uptake decreased UCP1-dependent respiration both
in Mcu”Ucp1©® BAT and Emre-BKO BAT, which was rescued
by EMRE expression in Emre-BKO BAT (Figures 1L, 1M, and
S10). Collectively, these data demonstrate that MCU is required
for UCP1-mediated BAT thermogenesis.

MCU-EMRE and UCP1 form a complex in brown
adipocytes

To determine how MCU regulates uncoupled respiration, we pu-
rified the MCU complex from wild-type (WT) BAT overexpressing
Strep-tagged MCU followed by mass spectrometry (MS) and
found that UCP1 associated with the MCU complex (Figure 2A;
Table S1). Through ex vivo co-immunoprecipitation (colP) exper-
iments, we verified the MCU interaction with UCP1 but not ANT1,
another member of the SLC25a family that UCP1 belongs to
(Taylor, 2017) (Figure 2B). In addition, blue native PAGE analysis
after FLAG-Strep tandem affinity purification showed that
MCU-EMRE migrated in 480-650 kDa complexes, and UCP1
co-migrated with MCU complex in the upper fraction at 550-
650 kDa. However, the MCU complex migrated faster at 480-
550 kDa in the blue native gel when UCP1 was deleted, indi-
cating that UCP1 was incorporated into the native MCU complex
in BAT mitochondria (Figure 2C). Besides, immunogold labeling
showed that both MCU and UCP1 located on the cristae mem-
brane of BAT mitochondria (Figures S2A and S2B). The knockout
of Emre but not Micu1 abrogated MCU association with UCP1,
indicating that UCP1 binds MCU in a genetically EMRE-depen-
dent manner (Figures 2D and 2E). To examine whether UCP1
directly binds EMRE, we first generated an Mcu/Emre double
knockout HEK 293T cell line (Figure S2C) and then put back
MCU and/or EMRE to examine their interactions with UCP1.
UCP1 could not pull down the MCU in the absence of EMRE,
whereas it interacted with EMRE in the absence of MCU (lines
4 and 5) (Figure 2F). UCP1 could associate with the MCU only
in the presence of WT EMRE but not the EMRE (S85W) mutant,
which could not interact with the MCU (lines 7 and 8) (Figure 2F)
(Tsai et al., 2016), further indicating that EMRE mediates
the UCP1-MCU interaction. In addition, UCP1 could not bind
MICU1 (line 6) (Figure 2F). To identify specific residues on
EMRE or UCP1 for the interaction, we first examined the role
of EMRE’s only transmembrane helix (TMH) in EMRE-UCP1
interaction. We replaced the TMH with an artificial transmem-
brane “WALP” helix (GWWLALALALALALALWWA), which
does not alter EMRE’s mitochondrial location (Killian et al.,
1996; Tsai et al., 2016). The EMRE’s TMH was reported to be
required for the interaction of EMRE-MCU and hence supports
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calcium permeation. Interestingly, this TMH is also required for
the EMRE-UCP1 interaction (Figure 2G). EMRE’s G81 and S85
are crucial for EMRE-MCU complex formation (Tsai et al.,
2016), we thus asked whether their opposite residues 175 and
L83 were responsible for EMRE-UCP1 interaction. We mutated
these two residues to tryptophan (W), which might disrupt
the helical packing of EMRE and hence its interaction with
UCP1, just like EMRE S85W lost its binding capacity with
MCU. However, the results showed no difference among
EMRE-WT, I75W, and L83W mutants (Figure S2D). We next per-
formed tryptophan scanning mutagenesis to cover all the amino
acids with a small side chain (175 to A90) but failed to identify a
single amino acid whose mutation could disrupt EMRE-UCP1
interaction (Figure S2E). We speculate that we might have to
mutate several amino acids simultaneously for the disruption of
the interaction. Another possibility is that cardiolipin in the inner
mitochondrial membrane may contribute to EMRE-UCP1 inter-
action as in silico and structural analysis showed that both
EMRE and UCP1 bind cardiolipin (Jing et al., 2018; Zhuo
et al., 2021).

Adrenergic stimulation induces the assembly of the
MCU-EMRE-UCP1 complex
Cold exposure significantly increased MCU-UCP1 interaction
and decreased MCU-MICU1 interaction (Figures 3A and 3B),
suggesting the MCU-UCP1 interaction may contribute to
the requirement of MCU in cold-induced BAT thermogen-
esis (Figures 1C-1G). In addition, the NE or CL-316,243 treat-
ment increased MCU-EMRE-UCP1 complex formation while it
decreased the MCU-EMRE-MICU1 interaction, indicating that
adrenergic stimulation can tilt the binding of EMRE by UCP1
over MICU1 (Figures 3C and 3D), and the increased EMRE-
UCP1 interaction was partially due to increased EMRE expres-
sion upon NE/CL-316,343 treatment (Figures S3A-S3C). This
point was further corroborated by the blue native PAGE analysis
showing that NE/CL-316,243 treatments considerably promoted
the MCU-EMRE-UCP1 complex formation (Figure 3E). Consis-
tently, we found that MICU1 gradually decreased while UCP1
gradually increased their association with the EMRE-MCU com-
plex upon NE/CL stimulation (Figures 3E-3G). Combining the
BN-PAGE and colP results, we can tell that most of the MCU
are in a complex with UCP1 upon adrenergic stimulation while
only a small proportion (0.86%) of UCP1 associates with MCU
(Figures 2GC, 3E, 3H, 3I, and S3D). This is rational as a remarkable
feature of UCP1 is its abundance in brown adipocytes where it
comprises ~8% of the inner mitochondrial membrane proteins
(Heaton et al., 1978). Besides, the mRNA expression of UCP1
is 385- or 16-fold higher than MCU and EMRE in brown adipose
tissue (Figure 3J) (Meng et al., 2020). Taken together, these find-
ings reveal that adrenergic activation including cold exposure
and NE/CL-316,243 treatments can increase MCU-EMRE-
UCP1 complex assembly. This point was further supported by
impaired MCU-EMRE-UCP1 formation during enhanced MCU-
EMRE-MICU1 interaction in ob/ob BAT, which has been recently
demonstrated to possess reduced sympathetic innervation
compared with WT BAT (Wang et al., 2020) (Figures 3K and 3L).
To investigate how the MCU-EMRE-UCP1 complex formation
is regulated by adrenergic stimulation, we first examined
whether PKA activation, a common downstream of acute
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Figure 2. MCU-EMRE and UCP1 form a complex in brown adipocytes
(A) The workflow for MCU complex purification from BAT mitochondria (left). The silver staining of purified MCU-Strep and SDHB-Strep complex from the BAT

mitochondria of mice infected with AAV-ADP-MCU-Strep or AAV-ADP-SDHB-Strep (right).
(B) ColP analysis of UCP1-HA and endogenous MCU in BAT mitochondria. Non-infected and ANT1-HA controls were included. The expression levels of UCP1-

HA and endogenous UCP1 were detected with the UCP1 antibody and shown in the input.
(C) BN-PAGE analysis of MCU, EMRE, and UCP1 in a large complex purified with MCU-FLAG-Strep from WT and Ucp7-KO BAT mitochondria via FLAG-Strep

tandem affinity purification.
(D) ColP analysis of UCP1-HA and endogenous MCU using BAT mitochondria from non-infected negative control, WT, Emre-BKO, or Micu1-BKO mice.

(E) Quantification and statistical analysis of immunoprecipitated endogenous MCU normalized to immunoprecipitated UCP1-HA (left) from experiments as illus-

trated in (D). The quantification of EMRE expression normalized to MCU (right) as illustrated in the input of (D).

(F) ColP experiments showing the interaction between UCP1-HA and FLAG-tagged MCU complex components expressed in ME-DKO 293T cell line.

(G) ColP experiments showing the interaction between UCP1-HA and EMRE-FLAG or EMRE(WALP)-FLAG expressed in ME-DKO 293T cell line.

Data are presented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001. One-way ANOVA followed by Bonferroni post-tests (E). See also

Figure S2.

adrenergic stimulation like cold exposure, NE, and CL treat- to a similar extent as what the 6-h NE treatment did, whereas
ments, is required and sufficient for the complex formation. For- the NE-induced interaction was significantly impaired once
skolin-induced PKA activation promoted MCU-UCP1 interaction = NE-induced PKA activation was blocked by the H89 compound
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(Figures 3M and 3N). We next determined whether PKA activa-
tion-elicited lipolysis plays a role in the complex formation.
Unexpectedly, lipolysis blockade did not affect the MCU-UCP1
interaction, indicating others downstream of PKA signaling are
responsible for the induced interaction (Figures S3E and S3F).
Since all the used adrenergic stimuli increase mitochondrial
ROS, which support UCP1-operated respiration through modifi-
cation of protein thiols, we thus investigate whether ROS regu-
late this complex formation. However, diamide (a thiol oxidant)
did not alter MCU-UCP1 interaction, and the NE-induced inter-
action was not affected by an inhibition of NE-induced and
ROS-mediated modifications of protein thiols by NAC (an antiox-
idant/thiol reducing agent) (Figures S3G and S3H). These find-
ings indicate that PKA activation is sufficient to induce an acute
assembly of the thermoporter and is required for adrenergic
stimulation-induced complex formation, independent of lipolysis
and ROS-mediated modifications.

MCU-EMRE-UCP1 complex functions as a
“thermoporter”

To reveal how the MCU-EMRE-UCP1 complex regulates BAT
thermogenesis, we first examined whether calcium uniporter
function is required for the complex formation. We performed
ex vivo colP experiments in Mcu”Ucp1°® BAT rescued with
WT MCU or E263Q mutant (unable to conduct Ca®*) (Nguyen
et al., 2018) and found that they could interact with UCP1 at
a similar level (Figure 4A). However, the obstruction of mito-
chondrial calcium uptake decreased UCP1-dependent respira-
tion, similar to what we observed in Mcu”Ucp1°® BAT and
Emre-BKO BAT (Figures 1L, 1M, 4B, and 4C), further support-
ing that mitochondrial calcium uptake is required for BAT ther-
mogenesis. We next asked whether the inducible interaction
between MCU-EMRE and UCP1 affects calcium uptake. NE
can induce mitochondrial calcium uptake in brown adipocytes
from WT but not Mcu”Ucp1® BAT or Emre-BKO mice
(Figures S4A and S4B), indicating that NE-induced mitochon-

¢ CellP’ress

drial calcium uptake is mediated by MCU. The basal and NE/
isoproterenol (iso)-induced mitochondrial calcium uptake of
mature brown adipocytes were increased in the BAT of mice
post chronic adrenergic stimulation including cold exposure
and NE/CL-316,243 administrations (Figures 4D, 4G, and
S4C), accompanied by a faster decline of cytosolic Ca®*
(Figures 4E, 4F, 4H, and 4l). The higher iso-induced mitochon-
drial calcium uptake in chronic NE/CL-316,243-administrated
BAT was not due to their potential effects on mitochondrial
structure and function because the expression of related pro-
tein and mRNA had almost no change including MCU,
MICU1, respiratory complexes components, TCA cycle en-
zymes, and other membrane transporters (Figures S3A-S3C).
CL-316,243 administration promoted the highest MCU activity
and fastest buffering rate for cytosolic Ca®*, which is congruent
with the strongest MCU-UCP1 interaction induced by CL-
316,243 (Figures 3C-3E). PDH is a rate-limiting enzyme for
the TCA cycle by converting pyruvate into acetyl-CoA and
thus controls mitochondrial NADH production. Calcium-sensi-
tive PDP1 (pyruvate dehydrogenase phosphatase 1) dephos-
phorylates the PDHE1a subunit at S293 to increase PDH
enzymatic activity (Karpova et al., 2003). The enhanced
mitochondrial calcium uptake upon cold exposure significantly
promoted the dephosphorylation of PDHE1a at S293,
further supporting that MCU-mediated calcium uptake is
involved in the mitochondrial thermogenic metabolism
(Figures S4D-S4F).

To investigate whether the formation of the MCU-EMRE-
UCP1 complex promotes MCU activity, we constructed an
AAV vector that expressed linked EMRE-UCP1 driven by an adi-
ponectin promoter (Figure 4J). The endogenous MCU could
interact with overexpressed EMRE-UCP1 in BAT mitochondria
as expected but not EMRE(S85W)-UCP1 control since the
EMRE(S85W) mutant could not interact with MCU (Tsai
et al, 2016) (Figure S4G). Immunofluorescence staining
showed a remarkable mitochondrial colocalization of MCU and

Figure 3. Adrenergic stimulation induces the assembly of the MCU-EMRE-UCP1 complex
(A) ColP analysis of MCU-FLAG and endogenous UCP1 using BAT mitochondria from mice housed at RT or post 1-week cold exposure.
(B) Quantification and statistical analysis of immunoprecipitated UCP1, EMRE, or MICU1 normalized to immunoprecipitated SDHB-FLAG or MCU-FLAG from

experiments as illustrated in (A).

(C) ColP analysis of MCU-FLAG and endogenous UCP1 using BAT mitochondria from mice with saline, NE, or CL-316,243 administration (7 doses of daily

injection, 1 mg/kg body weight).

(D) Quantification and statistical analysis of immunoprecipitated UCP1, EMRE, or MICU1 normalized to immunoprecipitated MCU-FLAG from experiments as

illustrated in (C).

(E) Blue native PAGE analysis of MCU, EMRE, and UCP1 in MCU complex purified via FLAG-Strep tandem affinity purification from BAT mitochondria of mice
injected with AAV-ADP-MCU-FLAG-Strep and administrated with saline, NE, or CL-316,243 (7 doses of daily injection, 1 mg/kg body weight).
(F) Blue native PAGE analysis of MICU1 in BAT mitochondrial protein lysis from mice administrated with saline, NE, or CL-316,243 (7 doses of daily injection,

1 mg/kg body weight).

(G) Quantitative and statistical analysis of MICU1 in MCU complex normalized to total MICU1 in (F).
(H) FLAG-IP analysis of MCU-FLAG and endogenous UCP1 using BAT mitochondria from Mcu”Ucp 1 mice rescued with MCU-FLAG. The mice were chal-

lenged with 1-week cold exposure. The experiments were repeated three times.

(I) Quantification and statistical analysis for a portion of UCP1 interacted with MCU.

(J) mRNA expression of Mcu, Emre, and Ucp1 in brown adipose tissue, via analyzing their RNA-seq data deposited in a public databank (GEO: GSE90755).
(K) ColP analysis of MCU-FLAG and endogenous UCP1 using BAT mitochondria from WT or ob/ob mice.

(L) Quantification and statistical analysis of immunoprecipitated UCP1, EMRE, or MICU1 normalized to immunoprecipitated MCU-FLAG as illustrated in (K).
(M) ColP experiments showing the interaction between MCU-HA and endogenous UCP1 upon NE, “NE+H89,” or forskolin treatments in mature brown adi-
pocytes differentiated from BAT SVF. For “NE+H89,” brown adipocytes were pretreated with 10 uM H89 for 1 h and then treated with 10 uM NE for another 6 h

before harvest. Brown adipocytes were treated with 10 uM forskolin for 6 h.

(N) Quantification and statistical analysis of immunoprecipitated UCP1 normalized to immunoprecipitated MCU-HA as illustrated in (M).
Data are presented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001. Two-tailed Student’s t test (B and L) and one-way ANOVA followed by

Bonferroni post-tests (D, G, J, and N). See also Figure S3.
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Figure 4. MCU-EMRE-UCP1 complex functions as a “thermoporter” to promote mitochondrial calcium uptake and BAT thermogenesis
(A) ColP analysis of MCU-FLAG, MCU(E263Q)-FLAG and endogenous UCP1 using BAT mitochondria from Mcu™Ucp1°™ mice rescued with MCU-FLAG or
MCU(E263Q)-FLAG.

(legend continued on next page)
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EMRE-UCP1 in mature brown adipocytes (Figure S4H). Thus,
linked EMRE-UCP1 expression could enforce the MCU-EMRE-
UCP1 complex assembly to mimic its increased assembly in
BAT mitochondria upon adrenergic stimulation. Strikingly, over-
expressed EMRE-UCP1 increased NE-induced mitochondrial
Ca?* uptake, yet EMRE(S85W)-UCP1, UCP1 alone, or EMRE
alone did not (Figures 4K, S4l, and S4J), demonstrating that a
specific interaction with UCP1 promotes MCU-mediated mito-
chondrial calcium influx. When reconstituted the MCU complex
in Mcu-BKO BAT with WT MCU or MCU (E263Q) mutant with
linked EMRE-UCP1, there was an increased NE-induced mito-
chondrial calcium uptake in the WT but not E263Q mutant
MCU reconstitution (Figures 4L and S4K). This result indicates
the linked EMRE-UCP1 promotes mitochondrial Ca®* uptake in
an MCU-dependent manner. Furthermore, the enhanced MCU
activity by interacting with linked EMRE-UCP1 promoted the
dephosphorylation of PDHE1a at S293 (Figures 4M and 4N).
Upon NE stimulation, the primary mature brown adipocytes iso-
lated from BAT overexpressing linked EMRE-UCP1 had higher
NADH production, thus higher UCP1-mediated uncoupled
respiration and NE-induced oxygen consumption (Figures 40-
4T). Besides, linked EMRE-UCP1 protein promoted BAT mito-
chondrial oxygen consumption and thermogenesis in an MCU-
dependent manner (Figures 4U and 4V). Furthermore, MCU
overexpression in BAT increased EMRE protein expression
and consequently augment MCU-EMRE-UCP1 interaction
(Figures S5A-S5C), accompanied by increased NE-induced
mitochondrial Ca®* uptake, NADH production, oxygen con-
sumption rate (OCR) and hence enhanced mouse thermogene-
sis, and tolerance to cold exposure (Figures S5D-S5I). These
results demonstrate that the induced interaction between
MCU-EMRE and UCP1 can enhance MCU activity, which in
turn increases UCP1-mediated BAT thermogenesis. Thus, we
name the MCU-EMRE-UCP1 complex as “thermoporter,” short
for thermogenic uniporter, which promotes mitochondrial cal-
cium uptake to enhance BAT thermogenic respiration upon
adrenergic stimulation like cold exposure.

¢ CellP’ress

MICU1 negatively regulates thermogenesis probably
through inhibiting thermoporter formation and function
MCU activity is tightly regulated by the gatekeeper MICU1 to
prevent Ca®* overload in mitochondria, avoiding bioenergetic
crisis and cell death (Csordas et al., 2013; Fan et al., 2020; Mal-
lilankaraman et al., 2012). The physiological regulation of MCU
by MICU1 has been intensively studied in the heart and muscles
(Gherardi et al., 2020), yet it is unknown whether MICU1 regu-
lates thermogenesis in BAT. MCU-MICU1 interaction markedly
decreased upon cold exposure or NE/CL-316,243 treatment
(Figures 3A-3D, 3F, and 3G). This was accompanied by an in-
crease in calcium uptake by MCU (Figures 4D and 4G). Micu1
knockout in brown adipocytes through the local injection of
AAV-gRNA into Rosa26-LSL-Cas9;Adipog®® BAT (Micul-
BKO) led to increased basal mitochondrial calcium level (Fig-
ure S6A), NE-induced mitochondrial calcium uptake, and cyto-
solic calcium buffering rate (Figures 5A and 5B). These results
indicated that MICU1 functions as a gatekeeper of the MCU
complex in BAT just like in other tissues. The increased mito-
chondrial calcium uptake upon NE stimulation in Micu7-BKO
brown adipocytes promoted the dephosphorylation of PDHE1«
at S293 and NADH production and thereby enhanced the
UCP1-mediated uncoupled respiration and energy expenditure
of animals (Figures 5C-5H).

To further characterize the molecular detail underlying the
reciprocal regulation between EMRE-MICU1 and EMRE-UCP1
interaction by adrenergic signals (Figures 3A-3G), we disrupted
the EMRE-MICU1 interaction by mutating EMRE’s carboxyl ter-
minus from the enrichment of aspartic acid (D) to neutral alanine
(A) or basic arginine (R) (EMRE-CDA or EMRE-CDR) that mimics
the dissociation of MICU1 from MCU-EMRE upon adrenergic
stimulation (Tsai et al., 2016). Interestingly, the disruption of
EMRE-MICU1 interaction enhanced EMRE-UCP1 association,
accompanied by an increased NE-induced mitochondrial cal-
cium uptake, decreased phosphorylation of PDHE1a at S293,
and increased NE-induced NADH production and thus
enhanced UCP1-mediated uncoupled respiration and BAT

(B) NE-induced VO, of Mcu”Ucp1°™ mice rescued with MCU(WT) and MCU(E263Q) (n = 6 per group).

(C) OCR of BAT mitochondria isolated from Mcu™Ucp1°™ mice rescued with MCU(WT) and MCU(E263Q) (n = 4 per group).

(D and E) Mitochondrial (D) and cytosolic (E) Ca* kinetics in primary mature brown adipocytes monitored using GCaMP5-mt or Fluo8-AM upon NE (1.5 uM) stim-
ulation. Primary mature brown adipocytes were isolated from mice housed at 30°C for 4 weeks or 4°C for 1 week (n = 25 cells per group in D and n = 22 cells per

group in E).

(F) Relative buffering rates of NE-induced cytosolic Ca* during the first 3 min post NE treatment in (E).
(G and H) Mitochondrial (G) and cytosolic (H) Ca* kinetics in primary mature brown adipocytes monitored using GCaMP5-mt or Fluo8-AM upon 1.5 pM iso stim-
ulation. Primary mature brown adipocytes were isolated from mice administrated with NE, CL-316,243, or saline for 7 doses of daily injection (n = 25 cells

per group).

(I) Relative NE-induced cytosolic Ca®* buffering rates during the first 3 min post iso treatment in (H).

(J) Model for the linked EMRE-UCP1.

(K) Mitochondrial Ca®* kinetics in the primary mature brown adipocytes monitored using GCaMP5-mt upon NE (1.5 uM) stimulation. Primary mature brown ad-
ipocytes were isolated from mice injected with AAVs expressing EMRE-UCP1, EMRE(S85W)-UCP1, UCP1, or EMRE in BAT (n = 25 cells per group).

(L) Mitochondrial Ca®* kinetics in primary mature brown adipocytes monitored using GCaMP5-mt upon NE (1.5 uM) stimulation. Primary mature brown adipo-
cytes were isolated from Mecu"Ucp 1€ mice rescued with MCU(WT) or MCU(E263Q), plus EMRE-UCP1 or not (n = 30 cells per group).

(M and N) PDH phosphorylation at S293 of the E1a subunit and total PDH expression in the BAT of mice upon 1-h cold exposure.

(O—Q) NADH autofluorescence in mature brown adipocytes upon treatment with NE (10 uM) followed by the addition of rotenone (2 uM) (O). NE-responded (P) and

rotenone-treated (Q) fold change of NADH relative to basal NADH level.

(R) OCR of BAT mitochondria isolated from mice injected with AAVs (n = 4 per group).
(S and T) NE-induced VO, (S) and area under the curve (AUC) (T) of mice injected with AAVs (n = 6 per group).
(U) OCR of BAT mitochondria isolated from Mcu”Ucp1°™ mice rescued with MCU(WT) or MCU(E263Q), plus EMRE-UCP1 or not (n = 4 per group).

(V) NE-induced VO, of anesthetized mice at 32°C (n = 5 per group).

Data are presented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001. Two-tailed Student’s t test (C and F), two-way ANOVA followed by
Bonferroni post-tests (B, D, E, G, K, L, O, and V), or one-way ANOVA followed by Bonferroni post-tests (I, N, P-R, and T). See also Figures S4 and S5.
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Figure 5. MICU1 negatively regulates thermogenesis probably through inhibiting thermoporter formation and function
(A) Mitochondrial Ca2* kinetics in primary mature brown adipocytes monitored using GCaMP5-mt upon NE (1.5 uM) stimulation. Primary mature brown adipo-
cytes were isolated from Ctrl and Micu7-BKO mice (n = 25 cells per group).
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thermogenic capacity (Figures 5I-5Q). These results suggest a
negative regulatory role of MICU1 in the MCU-EMRE-UCP1
interaction (i.e., thermoporter formation), probably through a ste-
ric hindrance effect. In support of this point, immunofluores-
cence staining in mature brown adipocytes showed that NE
treatment promoted the translocation of MICU1 from the mito-
chondria cristae membrane to the inner boundary membrane
(Figures 5R and 5S). However, the MCU and EMRE maintained
on the mitochondria cristae membrane upon NE stimulation
(Figures 5T, 5U, S6B, and S6C). Taken together, these findings
reveal that MICU1 in BAT acts as a negative regulator for
thermogenesis through the gatekeeping of mitochondrial cal-
cium uptake and probably inhibiting thermoporter formation
(Figure S6D).

Thermoporter assembly serves as a target against
obesity

Having established that such an adrenergic-inducible thermo-
porter assembly could promote BAT thermogenesis (Figures 4R
and 48S), we next investigated whether targeting thermoporter as-
sembly could correct thermogenic defects to protect against
obesity and its associated metabolic dysfunction. First, we exam-
ined whether the enforced assembly of this thermoporter by ex-
pressing linked EMRE-UCP1 could alleviate cold intolerance of
ob/ob mice, which have defective thermogenesis resulting from
reduced sympathetic innervation of BAT and scWAT (Wang
et al., 2020). Indeed, the enforced assembly of the thermoporter
in ob/ob BAT endowed mice with higher core body temperature
than controls during acute cold exposure, attributing to enhanced
thermogenic capacity regardless of less sympathetic innervation
(Figures 6A, 6B, and S7A). Second, we expressed linked EMRE-
UCP1 in mouse BAT and then fed a high-fat diet (HFD). We
observed that mice carrying enforcedly assembled thermoporter
gained less body weight, particularly fat mass, getting more
tolerant to glucose and insulin, respectively, and more sensitive
to insulin stimulation in the fat, liver, and muscle, along with
increased animal energy expenditure (Figures 6C-6J and S7B-
S7D). Third, we knocked out Micu? in brown adipocytes to in-
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crease thermoporter assembly and activity and fed HFD. We
observed similar phenotypes as those of expressing linked
EMRE-UCP1 upon HFD feeding, including less weight gain,
particularly fat mass, improved glucose homeostasis, and sys-
temic insulin sensitivity, again with increased animal energy meta-
bolism (Figures 7A-7F and S7E-S7J). Last, we deleted Mcu in
brown adipocytes to eliminate thermoporter and then fed HFD.
As expected, we observed opposite metabolic phenotypes
such as more weight gain, particularly fat mass, exacerbated
glucose homeostasis, and impaired systemic insulin sensitivity,
due to reduced animal energy expenditure and BAT mitochondrial
metabolism (Figures 7G-7L and S7K-S7N). Collectively, these
findings support that targeting thermoporter assembly is a prom-
ising therapeutic strategy against obesity and its associated
metabolic disorders.

DISCUSSION

Since the discovery of brown and beige fat in adult humans and
their implications for obesity treatment, an explosive number of
studies have been carried out to investigate how to increase ad-
ipose tissue thermogenesis with UCP1 as a major target (Chou-
chani et al., 2019; Wang and Seale, 2016). Yet it remains largely
unknown how the operation of UCP1-mediated BAT thermogen-
esis is regulated. Using genetic mouse models including the
BAT-specific deletion of Mcu, Emre, Micu1, and BAT-specific
expression of linked EMRE-UCP1, we demonstrate that under
cold exposure or adrenergic stimulation conditions, the MCU
recruits UCP1 through EMRE to form a thermoporter that pos-
sesses high calcium channel activity. Enhanced mitochondrial
calcium influx accelerates the TCA cycle, NADH production,
and proton supply to promote UCP1-mediated uncoupled respi-
ration. MICU1 acts as a negative regulator of thermogenesis
probably through inhibiting thermoporter formation (Figure S6D).
To our knowledge, this is the first study that directly links two
fundamental mitochondrial processes in brown adipose tissue:
UCP1-mediated uncoupled respiration and MCU-mediated aer-
obic respiration. Our findings reveal how these two respiratory

(B) Cytosolic Ca®* kinetics in primary mature brown adipocytes monitored using Fluo8-AM upon NE (1.5 uM) stimulation (left). Primary mature brown adipocytes
were isolated from Ctrl and Micu7-BKO mice (n = 25 cells per group). Relative buffering rates of NE-induced cytosolic Ca®* during the first 3 min post NE treat-

ment (right).

C and D) PDH phosphorylation at S293 of the E1a subunit and total PDH expression in BAT of Micu1-BKO and control mice upon 1-h cold exposure.

G) OCR of BAT mitochondria isolated from Ctrl, Micu1-BKO, and MICU1-rescued mice (n = 4 per group).

(
(E and F) NADH autofluorescence in mature brown adipocytes of Micu7-BKO and control mice (n = 3 per group).
(
(

H) NE-induced VO, of Micu1-BKO and control mice (n = 5 per group).

(I) ColP analysis of EMRE-FLAG and endogenous UCP1 using BAT mitochondria from Emre-BKO mice rescued with EMRE-WT-FLAG, EMRE-CDA-FLAG, or

EMRE-CDR-FLAG.

(J) Quantification and statistical analysis of immunoprecipitated UCP1, MCU, or MICU1 normalized to immunoprecipitated EMRE-WT-FLAG, EMRE-CDA-FLAG,

and EMRE-CDR-FLAG as illustrated in (I).

(K) Mitochondrial Ca* kinetics in primary mature brown adipocytes monitored using GCaMP5-mt upon NE (1.5 pM) stimulation. Primary mature brown adipo-
cytes were isolated from Emre-BKO mice rescued with EMRE-WT-FLAG, EMRE-CDA-FLAG, or EMRE-CDR-FLAG (n = 26 cells per group).

L and M) PDH phosphorylation at S293 of the E1a subunit and total PDH expression in BAT of Emre-BKO mice rescued with EMRE-WT or EMRE-CDA.

N and O) NADH autofluorescence in mature brown adipocytes of Emre-BKO mice rescued with EMRE-WT or EMRE-CDA (n = 3 per group).

Q) NE-induced VO, of Emre-BKO mice rescued with EMRE-WT or EMRE-CDA in BAT (n = 5 per group).

(
(
(P) OCR of BAT mitochondria isolated from Emre-BKO mice rescued with EMRE-WT or EMRE-CDA in BAT (n = 4 per group).
(
(

R-U) Immunofluorescence staining analysis of the localization of MICU1-FLAG, MCU-FLAG, and EMRE-FLAG in primary mature brown adipocytes isolated from
mice administrated with vehicle or NE for 7 doses of daily injection. The quantification of the spatial-intensity distribution of (R and S) MICU1-FLAG, (T) MCU-
FLAG, and (U) EMRE-FLAG relative to the mitochondrial center are shown by white-dotted lines.

Data are presented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001. Two-tailed Student’s t test (B, D, F, M, O, and P), two-way ANOVA
followed by Bonferroni post-tests (A, E, H, K, N, and Q), or one-way ANOVA followed by Bonferroni post-tests (G and J). See also Figure S6.
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Figure 6. Enforced assembly of thermoporter alleviates thermogenic defects of ob/ob mice and protects against HFD-induced obesity and

metabolic dysfunction

(A) Core body temperatures of ob/ob mice injected with AAVs expressing EMRE-UCP1, EMRE(S85W)-UCP1, and mtGFP in BAT during cold exposure (n = 7

per group).
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machineries physically interact to orchestrate cellular energy
expenditure. This model suggests an unexpected role of UCP1
as a signaling molecule in the regulation of adaptive thermogen-
esis, i.e., acting as an accelerator of calcium uniporter to provide
sustainable proton flux as a driving force for UCP1’s uncoupling
operation. Thus, this novel mechanism adds another regulatory
layer for UCP1’s uncoupling process besides direct modulations
of its own activity (Chouchani et al., 2016; Fedorenko et al., 2012;
Shi et al., 2021; Wang et al., 2019).

About 10 years after the molecular identification of the key MCU
complex components (MCU and MICU1) (Baughman et al., 2011;
De Stefani et al., 2011; Perocchi et al., 2010), many studies have
been performed to explore its organismal physiology through the
genetic manipulation of Mcu or Micu1, particularly in skeletal and
cardiac muscle as Mcu knockout in mice and MICU1 truncation
in humans both primarily cause skeletal muscle defects (Gherardi
etal., 2020; Lewis-Smith et al., 2016; Logan et al., 2014; Pan et al.,
2013). Mcu deletion was lethal for C57BL/6 mice, whereas Mcu™'~
mice on a CD1 background were viable, though with fewer
offspring, suggesting a considerable influence of genetic back-
ground on MCU’s physiological outputs (Murphy et al., 2014). Sur-
prisingly, the MCU complex seems not essential for maintaining
normal physiology in adult mice. Mcu™'~ mice showed reduced
sprinting exercise performance that required a maximal power
output by skeletal muscle (Kwong et al., 2018; Pan et al., 2013).
Onthe other hand, constitutive or cardiac-specific loss of uniporter
activity by either the deletion of Mcu or the overexpression of domi-
nant-negative Mcu or of Mcub (a negative regulator of the uni-
porter) was also dispensable for heart function at the basal line.
However, they all showed a blunted increase in the heart rate dur-
ing the “fight-or-flight” response and did not survive the ischemia-
reperfusion (IR) injury (Gherardi et al., 2020). These findings sug-
gest that strong adrenergic stimulation is a prerequisite for probing
the physiological function of the MCU complex. In isolated brown
adipocytes, the mobilization of intracellular Ca®* stores by NE
stimulation was observed about 4 decades ago (Connolly et al.,
1984). Until recently, the function of this Ca%* mobilization in BAT
thermogenesis has been systemically investigated, revealing that
KCNKS3 serves as a negative regulator of thermogenesis by inhib-
iting Ca2* influx-induced cAMP production, lipolysis, and thermo-
genic respiration (Chen et al., 2017). In our study, we demonstrate
the function and mechanism of mitochondrial calcium for promot-
ing UCP1-mediated uncoupled respiration. However, a previous
study by Flicker and colleagues reported that Mcu knockout in
brown adipocytes had no effects on diet-induced obesity and
cold tolerance (Flicker et al., 2019). It is worth noting that their
Mcu™Ucp 1 mice were on mixed genetic backgrounds (~95%
C57BL/6J plus ~5% 129) while our mice were on a pure C57BL/
6J background, which probably accounts for the different diet-
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induced obesity phenotypes. In our cold tolerance test experi-
ments, the core body temperatures of Mcu”Ucp1°™ mice were
comparable with those of Mcu™ mice during the first 6 h when
shifted from 30°C to 4°C, similar to what Flicker et al. observed
(Figure S1K). However, when mice were cold-challenged for a
longer time, the body temperatures of Mcu”Ucp 1 mice became
lower than those of Mcu™ mice, starting from the 7-h post-cold
exposure (Figure S1K). When we challenged mice with a more se-
vere condition, fasting-cold, the thermogenic defect of Mcu™”
"Ucp1°™ mice was augmented as shown by the earlier and larger
reduction of core body temperature (Figure 1C). Like in the skeletal
and cardiac muscle, the BAT MCU complex exhibits significant
function in response to strong adrenergic stimuli including long-
time cold exposure or fasting-cold challenge. In this regard, the
thermoporter assembly increases the animals’ thermogenic ca-
pacity and thus confers a fithess and survival advantage under a
hostile environment like long-time cold exposure and fasting-
cold challenge that warm-blooded wild animals would encounter
during the winter.

We have also provided a proof-of-concept for the therapeutic
implications of the novel mechanism. Through the loss-of-func-
tion knockout of BAT Mcu or Emre to delete the thermoporter,
mice became thermogenically defective, obese-prone, and
metabolically dysfunctional. By sharp contrast, through gain of
function to enhance thermoporter activity either by the deletion
of BAT Micu1 or via the enforced assembly of the thermoporter
using linked EMRE-UCP1 but not EMRE or UCP1 alone, mice ac-
quired greater thermogenic capacity and became obesity-resis-
tant and metabolically healthy. Noticeably, the enforced assem-
bly of the thermoporter significantly improved the thermogenic
defects of ob/ob mice even under the condition of low adren-
ergic input and UCP1 expression (Wang et al., 2020). Thus, it is
tempting to speculate that it will greatly improve the BAT thermo-
genic capacity of obese patients if one employs a combinatory
therapy that simultaneously increases BAT sympathetic innerva-
tion and its downstream effector, the thermoporter’s assembly
and activity.

Limitations of study

The primary goal of this study was to reveal whether and how
MCU-mediated mitochondrial calcium signaling regulates un-
coupled respiration. We have demonstrated that the MCU-
EMRE-UCP1 complex (thermoporter) plays a critical role and
extensively explored how UCP1 interacts with EMRE through
different physiological, chemical, and genetic manipulation.
Although we have demonstrated the requirement of the TMH of
EMRE for the EMRE-UCP1 interaction, we have not determined
the exact residue(s) responsible for the interaction by the single-
amino-acid tryptophan scanning mutagenesis of EMRE’s TMH,

(B) NE-induced VO, of ob/ob mice injected with AAVs as in (A) and AUC of NE-induced VO, (n = 7 for EMRE(S85W)-UCP1 and mtGFP; n = 8 for EMRE-UCP1).
(C) Body weight curves of WT mice injected with AAVs expressing EMRE-UCP1, EMRE(S85W)-UCP1, and mtGFP in BAT and fed with HFD (n = 8 per group).
(D and E) Fat mass and lean mass (D) and tissue weight (E) of HFD-fed mice in (C) (n = 8 per group).
(
(

F and G) VO, of HFD-fed mice in (C) (n = 6 per group).

H and |) Insulin tolerance test (H) and glucose tolerance test (I) of mice in (C) (n = 8 per group).

(J) Assessment of insulin sensitivity as measured by phosphorylation of AKT in mice of (C).

Data are presented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001. Two-way ANOVA followed by Bonferroni post-tests (A, C, F, H, and I) or
a one-way ANOVA followed by Bonferroni post-tests (B, D, E, and G). (H and I) Multiple comparisons of data points: ADP-EMRE-UCP1 versus ADP-EMRE

(S85W)-UCP1 or ADP-mtGFP. See also Figure S7.
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Figure 7. Genetic deletion of Micu1 or Mcu in BAT reciprocally regulates HFD-induced obesity and metabolic dysfunction
(A-E) Body weight curves (A), fat mass and lean mass (B), VO, (C), insulin tolerance test (D), and glucose tolerance test (E) of Micu1-BKO and control mice fed HFD
(n = 6 per group).
(F) Assessment of insulin sensitivity as measured by the phosphorylation of AKT in Micu1-BKO and control mice fed HFD.
(G-K) Body weight curves (G), fat mass and lean mass (H), VO, (1), insulin tolerance test (J), and glucose tolerance test (K) of Mcu”" and Mcu”Ucp 1" mice fed
HFD (n = 7 per group; n = 6 for VO,).
(L) Assessment of insulin sensitivity as measured by phosphorylation of AKT in Mcu” and Mcu”Ucp 1€ mice fed HFD.
Data are presented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001. Two-way ANOVA followed by Bonferroni post-tests (A, C-E, G, and |-K)
or two-tailed Student’s t test (B and H). See also Figure S7.
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suggesting that multiple amino acids of EMRE are involved.
Besides, cardiolipin in the inner mitochondrial membrane may
contribute to the EMRE-UCP1 interaction. Thus, it warrants further
investigation to solve the structure of MCU-EMRE-UCP1
and compare it with that of MCU-EMRE-MICU1, which will facili-
tate the detailed understanding of the competition between
MICU1 and UCP1 for binding EMRE and hence help design pre-
cise strategies modulating the assembly and activity of the
thermoporter.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-UCP1 Sigma-Aldrich Cat. #U6382; RRID: AB_261838
Mouse anti-HSP90a/B Santa Cruz Biotech. Cat. #sc-7947; RRID: AB_2121235
Rabbit anti-EMRE Santa Cruz Biotech. Cat. #sc-86337; RRID: AB_2250685
Rabbit anti-MCU Cell Signaling Cat. #14997; RRID: AB_2721812
Rabbit anti-MICU1 Sigma Cat. #HPA037479; RRID: AB_2675495
Mouse anti-SDHB Santa Cruz Biotech. Cat. #sc-271548; RRID: AB_10659104
Mouse anti-FLAG Abmart Cat. #293881

Mouse anti-PDHE1a, Santa Cruz Biotech. Cat.#sc-377092; RRID: AB_2716767
Rabbit anti-phospho-PDHE1452%3 Millipore Cat.#ABS204; RRID: AB_11205754
Rabbit anti-AKT Cell Signaling Cat. #9272; RRID: AB_329827

Rabbit anti-phospho-AKT (Ser473) Cell Signaling Cat. #9271; RRID: AB_329825

Mouse anti-NDUFS1 Abcam Cat. #ab22094; RRID: AB_2151098
Rabbit anti-HA Cell Signaling Cat. #3724; RRID: AB_1549585

Goat anti-mouse IgG:HRP
Goat anti-rabbit IgG:HRP

Thermo Scientific
Thermo Scientific

Cat.
Cat.

#32430; RRID: AB_1185566
#31460; RRID: AB_228341

Alexa Fluor 488-labelled goat anti-mouse Invitrogen Cat. #A11029; RRID: AB_138404
secondary antibody

Alexa Fluor 647-labelled goat anti-rabbit Invitrogen Cat. #A21244; RRID: AB_2535812
secondary antibody

Chemicals, peptides, and recombinant proteins

Acrylamide Sigma-Aldrich Cat. #V900845
Anti-DYKDDDDK affinity beads Smart-Lifescience Cat. #SA042001
Anti-HA magnetic beads Thermo scientific Cat. #88836
Atglistatin MCE Cat. #HY-15859
Bisacrylamide Sigma-Aldrich Cat. #V900301
Bovine Serum Albumin (fatty-acid free) Yuanye Biotech. Cat. #S25762
CAY 10499 Cayman chemical Cat. #10007875
CL-316,243 Sigma-Aldrich Cat. #C5976
Collagenase Type | Sigma-Aldrich Cat. #V900891
Collagenase Type Il Sigma-Aldrich Cat. #V900892
D-desthiobiotin IBA Cat. #2-1000-005
Dexamethasone Sigma-Aldrich Cat. #D4902
Diamide Santa-cruz Cat. #sc-211289
Digitonin Biosynth Cat. #D3200
FCCP MCE Cat. #HY-100410
Fluo8-AM AAT Bioquest Cat. #21080
GDP disodium salt Abcam Cat. #ab146529
HEPES Sigma-Aldrich Cat. #V900477
H89 Sigma-Aldrich Cat. #B1427
IBMX Sigma-Aldrich Cat. #15879
Indomethacin Sigma-Aldrich Cat. #18280

NAC Sigma-Aldrich Cat. #A7250
Norepinephrine Sigma-Aldrich Cat. #N5785
Phos-tag Acrylamide APEXBIO Cat. #F4002
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Rosiglitazone Sigma-Aldrich Cat. #R2408
Rotenone Sigma-Aldrich Cat. #R8875
rProtein A/G Beads Smart-Lifesciences Cat. #SA032005

Streptactin Beads 4FF

Smart-Lifescience

Cat. #SA053005

SDS Sigma-Aldrich Cat. #V900859
Sodium pyruvate solution Sigma-Aldrich Cat. #S8636
Streptactin Beads 4FF Smart-Lifescience Cat. #SA05301L
T3 Sigma-Aldrich Cat. #T2877
TRIzol Reagent Invitrogen Cat. #T9424
3-isobutyl-1-methylxanthine Sigma-Aldrich Cat. #15879
2,2,2-Tribromoethanol Sigma-Aldrich Cat. #T48402
Critical commercial assays

5x All-In-One RT MasterMix abm Cat. #G492

2x gPCR MasterMix-ROX abm Cat. #MasterMix-R
BCA Protein Assay Kit Cwbiotech Cat. #CW0014S
Deposited data

Original western blot images and raw data This paper Data S1
Experimental models: Cell lines

HEK 293T ATCC Cat. #ATCC CRL-3216; RRID: CVCL_0063

Experimental models: Organisms/strains

Mouse: Ucp1©™®
Mouse: Adiponectin®®

Mouse: Rosa26-LSL-Cas9 knock-in
Mouse: ob/+

Mouse: C57BL/6J

Mouse: C57BL/6N-Mcuy™?eEVCOMMHmgu 14

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

European Mouse Mutant
Archive

Stock No. 024670
Stock No. 010803
Stock No. 026175
Stock No. 000632
Stock No. 000664
Stock No. HEPD0762_7_B01

Oligonucleotides

qPCR primers This paper Table S2
sgRNA targeting sequence: EMRE #1 GGCGAT This paper N/A
GTCTACACCGTACC

sgRNA targeting sequence: MICU1 #1 CTAGTT This paper N/A
CTGCCAACGCAGAA

Recombinant DNA

Plasmid: pAAV-ADP-MCS-Strep/FLAG/HA This paper N/A
Plasmid: pAAV-U6-sgRNA-mCherry This paper N/A

Software and algorithms

GraphPad Prism 8

GraphPad Software

https://www.graphpad.com/scientific-software/prism/

ImagedJ NIH https://imagej.nih.gov/ij/
Volocity PerkinElmer http://www.perkinelmer.com/cellularimagingsupport
Other

60% high fat diet

Research Diets

D12492

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yifu Qiu

(yifu.giu@pku.edu.cn).
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Materials availability
This study did not generate new unique reagents. All other data and materials that support the findings of this study are available
within the article and supplemental information or available from the authors upon request.

Data and code availability

Original western blot images and all raw data used to create the graphs can be found in Data S1. This paper does not report any
original code. Any additional information required to reanalyze the data reported in this paper is available from the lead contact
upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal models

Ucp1© (024670), Adiponectin®® (010803), Rosa26-LSL-Cas9 knock-in (026175) and ob/+ (000632) mice were obtained from
The Jackson Laboratory. All the above strains are on a C57BL6/J background. The Mcu”" (C57BL/6N-Mcy™!cEVCOMMHmgu 1)
mice were obtained from the MRC-Harwell which distributes these mice on behalf of the European Mouse Mutant Archive
(Bradley et al., 2012; Pettitt et al., 2009; Skarnes et al., 2011), and crossed with Ucp1°™ (C57BL6/J background) mice to generate
Mcu™Ucp1©™ (selected for Nnt™ % mice.

Emre-BKO and Micu1-BKO mice were generated by CRISPR-Cas9-mediated genome editing (Platt et al., 2014). In brief, the AAVs
expressing the Cas9-gRNA for Emre (GGC GAT GTC TAC ACC GTA CC) or Micu1 (CTAGTT CTG CCA ACG CAG AA) were injected
into the BAT of Rosa26-LSL-Cas9;Adiponectin®® mice to knock out Emre or Micu1 specifically in BAT.

All mouse experiments were performed according to PKU IACUC guidelines. Unless otherwise specified, mice were housed at
22°C and under a 12-h light/dark cycle with libitum access to food and water. Sex- and age-matched mice (8-12 weeks) were
used for in vivo studies. Mice were used for AAV injection at the age of 6 weeks.

Primary cell culture

Isolation and differentiation of primary preadipocytes

Stromal vascular fraction (SVF) of BAT was isolated from 2-week old WT mice. Interscapular BAT was minced and digested in colla-
genase | (2 mg/ml) contained SVF buffer (1.1 mM CaCl,, 118 mM NaCl, 2.7 mM KCI, 0.4 mM NaH,PO,4, 0.5 mM MgCl,, 5.5 mM
Glucose, 20 mM HEPES, 1% BSA (fatty-acid free)) at 37°C for 60 min (120 rpm). The digestion was ended with a volume SVF buffer
addition and the cell suspension was centrifuged at 1000 rpm for 5 minutes. The pelleted cells were re-suspended with SVF buffer
and filtered through a 75-um cell strainer. Then the SVF cells were plated on 6-cm dish in DMEM supplemented with 10% FBS,
20 mM HEPES at 37°C in a humidified 5% CO, incubator. Once cells reached confluence, cell medium was replaced by the induction
medium for brown adipocyte differentiation (5 png/ml insulin, 1 nM T3, 125 uM indomethacin, 1 pg/ml Dexamethosone, 0.5 mM
3-isobutyl-1-methylixantine and 0.5 uM Rosiglitazone) for 48 hours. The medium was then changed to maintenance medium
(5 pg/mlinsulin, 1 nM T3 and 0.5 uM Rosiglitazone). After 7-8 days, mature brown adipocytes were used for co-IP experiments.
Isolation of primary mature brown adipocytes

Mature brown adipocytes from BAT were isolated as previously described with minor modifications (Chen et al., 2017). Briefly, the
interscapular BAT was minced and digested in HBSS (Corning, 21-023-CV) with 4% fatty-acid free BSA and 2 mg/mL collagenase I
(Vetec, V900892) for 30 min at 37°C (100 rpm). Cells were washed for three times with Krebs Ringer bicarbonate-modified buffer
(KRBMB, 120 mM NaCl, 5 mM KCI, 1 mM MgCl,, 1 mM CaCal,, 0.4 mM K,HPQO,4, 10mM Glucose, 15 mM NaHCO3; and 20 mM
HEPES) supplemented with 4% fatty-acid free BSA. Supernatant mature brown adipocytes were collected by centrifugation at
30 g for 5 min. Freshly isolated mature brown adipocytes were suspended in aerated culture media (DMEM/F-12, Hyclone, plus
10% FBS) in glass bottom cell culture dish (NEST, 801002) coated with type IV collagen. The dish was filled up with culture media,
covered with lid to avoid bubbles and turned the dish upside down to allow attachment for more than 12 h at 37°C in a humidified 5%
CO, incubator. The attached cells on the glass bottom were used for calcium-imaging or immunofluorescence staining analysis on
the next day.

METHOD DETAILS

Western blot

Tissues were lysed in modified RIPA buffer (450 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% Deoxycholic acid (sodium salt), 50 mM Tris
pH 7.5, 1x complete protease inhibitor). Total cellular protein (30 pug) was separated on SDS-PAGE gels and transferred to nitrocel-
lulose membrane. After blocking in 5% defatted milk, membranes were incubated in primary antibody at 4°C overnight. The primary
antibodies used in this study were: rabbit anti-UCP1 (Abcam, ab10983, 1:40,000 for BAT, 1:2000 for co-IP experiments), rabbit anti-
EMRE (Santa Cruz Biotech, sc-86337, 1:300), rabbit anti-MCU (Cell Signaling Technologies, 14997, 1:2000), rabbit anti-MICU1
(Sigma, HPA037479, 1:1000), rabbit anti-HA (Cell Signaling Technologies, 3724, 1:2000), mouse anti-SDHB (Santa Cruz Biotech,
sc-271548, 1:2000), mouse anti-FLAG (Abmart, 314375, 1:5000), mouse anti-PDHE1a (Santa Cruz Biotech, sc-377092, 1:5000),
rabbit anti-phospho-PDHE1a52% (Millipore, ABS204, 1:2000), rabbit anti-AKT(pS473) (Cell Signaling Technologies, 9271, 1:2000),
rabbit anti-AKT (Cell Signaling Technologies, 9272, 1:2000), mouse anti-HSP90¢/B (Santa Cruz Biotech, sc13119, 1:10000), mouse
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anti-NDUFS1 (Abcam, ab22094, 1:10000). The membranes were then incubated in HRP-conjugated secondary antibodies at 37°C
for 1 h and visualized using Tanon 5200 Chemiluminescent Imaging System.

Gene expression analysis

Total RNA was extracted from frozen tissues using TRIzol (Invitrogen). Reverse transcription was carried out using MasterMix (Abm),
and quantitative PCR reactions were performed in a 96-well format using a StepOnePlus Real-time PCR system (Applied
Biosystems). Normalized mRNA expression was calculated using the AACt method, using 36B4 mRNA as the reference gene.

Measurement of core body temperature

For fasting-cold experiments, mice were first fasted at 22°C for 5 h and then transferred to new pre-chilled cages at 4°C. The mice
were single-housed with free access to water. Core body temperatures were monitored at various time points using a mouse rectal
probe (RET3, World Precision Instruments).

Measurement of BAT temperature with implanted probe

Mcu™ and Mcu”Ucp 1™ mice were implanted with temperature probes 2 weeks prior to fasting-cold experiments. In brief, mice
were anaesthetized and the telemetric sensor (TTA-XS, Stellar Telemetry, TSE Systems) was subcutaneously implanted above
the interscapular BAT. Telemetric data were acquired using VitalView software.

Infrared thermographic imaging

For whole-body infrared thermographic imaging, after fasting-cold challenge, mice were anaesthetized and laid side by side to
acquire comparative infrared images with a FLIR T530 infrared camera (FLIR Systems). To quantify interscapular region temperature,
the average surface temperature from a region of the interscapular BAT was taken with FLIR Tools Desktop software
v5.13.18031.2002.

Energy expenditure and body composition measurements

For measuring thermogenic capacity of BAT, mice were anesthetized, and baseline and NE (1 mg/kg) or CL-316,243 (1 mg/kg)-
induced O, consumptions were monitored at 32°C in a Comprehensive Lab Animal Monitoring System (CLAMS, Columbus Instru-
ments) chamber. NE or CL-316,243 was locally injected into the BAT of anesthetized mice. Fat oxidation was calculated using the
formula: calories of fat consumed=heat*(1-RER)/0.293, in which the RER represents the respiratory exchange ratio (http://www.
colinst.com, equations for energy expenditure). For measuring energy expenditure of mice fed HFD, VO,, food intake and total lo-
comotor activity were recorded in the CLAMS chamber. Prior to experiments, mice were acclimated in the chamber for 24 h. Fat
mass and lean mass were measured by Dual-energy X-ray absorptiometry (DXA).

Isolation of BAT mitochondria

BAT mitochondria were isolated using the previously described method with minor modifications (Odegaard et al., 2016). Briefly, in-
terscapular BAT was minced and homogenized with a Dounce glass tissue homogenizer in isolating buffer (250 mM sucrose, 10 mM
HEPES, 1 mM EGTA, and 0.3% BSA, pH 7.2). The homogenate was centrifuged at 8,500 g for 10 min at 4°C. The resuspended mito-
chondrial pellet was homogenized again and centrifuged at 600 g for 10 min at 4°C. The supernatant was centrifuged at 8,500 g for
10 min at 4°C to pellet the mitochondria that were ready for use.

Oxygen consumption

Mitochondrial oxygen consumption was measured with a Clark-type oxygen electrode as previously described (Shabalina et al.,
2013) (Model 782/MT200, Strathkelvin Instruments, Scotland). Briefly, freshly isolated BAT mitochondria (about 0.5 mg mitochondrial
protein per mouse per reaction) were suspended in mitochondrial respiratory buffer (75 mM sucrose, 10 mM KCI, 10 mM Tris-HCl,
5 mM KH,PO4, 225 mM mannitol and 0.1% fatty acid-free BSA, pH 7.2). The total respiration was measured in the presence of 5 mM
pyruvate and 3 mM malate. The UCP1-dependent respiration was estimated as the respiration that was inhibited by 2 mM GDP, and
the residual respiration was regarded as UCP1-independent one. The following addition of 1.4 uM FCCP triggered the maximal
respiration.

Construct design and site-directed mutagenesis
The open reading frames (ORFs) of mouse Mcu, Emre, Micu1, Ucp1, Sdhb and Ant1 were cloned from BAT cDNA. All the above ORFs
were cloned into the vector pAAV-ADP (1.6 kb Adiponectin promoter)-MCS-HA/FLAG/Strep for AAV (2/8) packaging.
Mutagenesis primers used to construct MCU (E263Q) were as follows: forward, 5'- TCG TGG GAC ATC ATG CAG CCC GTC A-3;
reverse, 5'-GAC ATC ATG CAG CCC GTC ACC TAC T-3'; mutagenesis primers for gRNA-resistant EMRE: forward, 5'-GGG GAG
GAG AGG TGG AGA CGT GTA TAC GGT TCC CTC CAG CTC AGG-3’; reverse, 5-CTG AGA CCT GAG CTG GAG GGA ACC
GTA TAC ACG TCT CCA CCT CTC -3'; mutagenesis primers for C-terminal mutant EMRE-CDA: forward, 5-GAC ATT TTT GTC
CCA GCA GCA GCA GCA GCA GCA GCA GGA TAT CCG-3’; reverse, 5-ACC GAT CGG ATA TCC TGC TGC TGC TGC TGC
TGC TGC TGG GAC AAA-3'; mutagenesis primers for C-terminal mutant EMRE-CDR: forward, 5-GAC ATT TTT GTC CCA AGA
AGA AGA AGA AGA AGA AGA GGA TAT CCG-3; reverse, 5'-ACC GAT CGG ATA TCC TCT TCT TCT TCT TCT TCT TCT TGG
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GAC AAA-3'; mutagenesis primers for EMRE (S85W): forward, 5'-GTC GGG ACA CTC ATC TGG AAG AAC TTC-3'; reverse, 5'-AGC
AGC GAA GTT CTT CCA GAT GAG TGT-3'; linked EMRE-UCP1 was constructed by linking the C terminus of EMRE and the N ter-
minus of UCP1 with a 21-amino acid linker.

AAV injection into BAT

Mice were anesthetized with tribromoethanol (Avertin, Sigma-Aldrich), and the hair above the interscapular area was removed and
followed by a surgical scrub with lodophors. A small cut was made on the skin to expose the interscapular BAT, and AAVs were slowly
injected into each lobe of the BAT with five needle points for each lobe and 5 pl per point (finally 5x 101" AAV particles per mouse). The
skin was closed with surgical pins followed by several injections of analgesics. Experiments were performed 3 weeks post injection.

Strep purification followed by mass spectrometry (MS)

WT mice were locally injected in BAT with ADP-MCU-Strep-3 x FLAG-Strep or ADP-SDHB-Strep-3 x FLAG-Strep AAV. Two weeks
post injection, mice housed at 22°C were shifted to 4°C environment and housed for 1 week. Next, BAT mitochondria were isolated
and solubilized in solubilization buffer (1% [w/v] digitonin, 50 mM Tris-HCI, pH 7.5, 1 mM EDTA, 150 mM NaCl, 1 xcomplete protease
inhibitor) for 45 min at 4°C. The mitochondrial lysate was cleared by centrifugation at 40,000 g at 4°C for 30 min and diluted in sol-
ubilization buffer to a final digitonin concentration of 0.5%. The cleared lysate was incubated with Streptactin Beads 4FF (Smart-Life-
science) for 2 h at 4°C. Beads were washed 3 times with washing buffer (0.1% [w/V] digitonin, 50 mM Tris-HCI, pH 7.5, 1 mM EDTA,
150 mM NaCl, 1x complete protease inhibitor). Bound protein was eluted with eluting buffer (5 mM D-desthiobiotin (IBA), 50 mM Tris-
HCI, pH 7.5, 1 mM EDTA, 150 mM NaCl, 1 x complete protease inhibitor). Eluted protein was concentrated using 100-kDa cutoff
concentrator (Millipore), and then separated by SDS-PAGE followed by silver staining. The interested bands were cut and sent
for MS analysis in Proteinomics Facility at Technology Center for Protein Sciences, Tsinghua University.

Co-immunoprecipitation (co-IP)

Co-IP experiments were performed as a previously described protocol with minor modifications (Hoshino et al., 2019). Freshly iso-
lated BAT mitochondria were solubilized in solubilization buffer (1% [w/v] digitonin, 50 mM Tris-HCI, pH 7.5, 1 mM EDTA, 150 mM
NaCl, 1 xcomplete protease inhibitor) for 30 min at 4°C. About 0.5 mg BAT mitochondrial protein per mouse was solubilized in 100 pl
solubilization buffer. The mitochondrial lysate was cleared by centrifugation at 20,000g at 4°C for 30 min and diluted in solubilization
buffer to a final digitonin concentration of 0.5%. The cleared lysate was incubated with anti-HA Magnetic Beads (Thermo Fisher Sci-
ence) or FLAG antibody conjugated beads (Smart-Lifescience) for 2 h at 4°C. Beads were washed 3 times with washing buffer
(0.1% [w/v] digitonin, 50 mM Tris-HCI, pH 7.5, 1 mM EDTA, 150 mM NaCl, 1 xcomplete protease inhibitor). Bound protein was eluted
with sample buffer (62.5 mM Tris-HCI, pH 6.8, 2% SDS, 5% glycerol, 0.017% Bromophenol blue, 50 mM DTT), and then separated by
SDS-PAGE.

Blue native PAGE

Sample preparation and electrophoresis for blue native PAGE were performed according to a previously described protocol (Wittig
et al., 2006). Briefly, the purified protein samples in lysis buffer (150 mM NaCl, 50 mM Tris-HCI, pH 7.5, 1 mM EDTA, 0.1% digitonin)
were added with 5% glycerol and Coomassie blue G-250 dye at a detergent/dye ratio of 8 (gram/gram). 4%-20% acrylamide gradient
gels were used, the electrode buffers were precooled to 4°C before use, and electrophoresis was performed at 4°C. Gels were
running at 100 V for 1 h with Dark Blue Cathode Buffer, and then at 200-250 V for 1 h with Light Blue Cathode Buffer. Once electro-
phoresis was completed, protein was transferred to a PVDF membrane and detected by immunoblot.

Immuno-electronmicroscopy (IEM)

For IEM, sample preparation was performed according to the procedures described previously (Slot and Geuze, 2007). Briefly, fresh
brown adipose tissue was immediately immersed in 0.1 M phosphate buffer (pH 7.4) containing 4% PFA/0.25% glutaraldehyde (GA),
dissected into 2 mm?® blocks, incubated for 2 h at room temperature, and then held in 2% PFA overnight at 4°C. For quenching free
aldehyde, tissue blocks were washed with 150 mM glycine two times for 5 min each, then rinsed two times with phosphate buffer for
5 min each. Samples were incubated in gelatin (PanReac AppliChem, 147116.1210) series (2%, 5% and 2x 12%) for 30 min each at
37°C, and then were cut into 0.5 mm3 cubic blocks. Gelatin blocks were transferred into 2.3 M sucrose and rotated at 4°C overnight.
Blocks were glued on an aluminum pin and frozen in liquid nitrogen. Frozen blocks were trimmed at -80°C and cut into 70 nm at
-120°C using a Leica FC7 cryo-ultramicrotome. Cryosections were mounted on 100-mesh formvar/carbon-coated nickel grids.
For single labelling, the grids were incubated with UCP1 antibody (Abcam, ab10983, 1:10) or FLAG antibody (Proteintech, 20543-
1-AP, 1:10) or HSP60 (Abcam, ab46798, 1:10). After washing with PBS, secondary antibody (15-nm, 10-nm or 5-nm protein
A-gold [Cell Microscopy Center, University Medical Center Utrecht, Utrecht, The Netherlands]) was incubated for 30 min. After label-
ing, sections were treated with 1% GA and embedded in a mixture of 2% methylcellulose/2%uranyl acetate (9:1). Cryosections were
analyzed at 120 kV on a Tecnai G2 Spirit (FEI) transmission electron microscope equipped witha CMOS camera (PHURONA, EMSIS).

Measurement of NE-induced mitochondrial calcium uptake in primary mature brown adipocytes
To monitor mitochondrial calcium uptake, we constructed AAV expressing GCaMP5-mt and injected mouse BAT. Cytosolic calcium
was monitored using Fluo8-AM. Primary mature brown adipocytes were isolated from the injected BAT, and imaged in HBSS+20 mM
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glucose. After NE or isoproterenol (iso) (1.5 uM) treatment, a series of images were captured every second by DeltaVision Elite
microscopy (Applied Precision) using 561 nm laser excitation with a Plan Fluor 10x air inversion objective and data acquisition soft-
ware SoftWoRx. Fluorescence was acquired at 488 nm. Imaging data were processed using Volocity. After subtracting background
fluorescence, GCaMP5-mt intensity was quantified within an ROI for each cell over the 720-sec imaging period.

Immunofluorescence

Immunofluorescence experiments were performed as a previously described protocol with minor modifications (Guo et al., 2020).
Primary mature brown adipocytes were isolated from BAT expressing MICU1-FLAG, MCU-FLAG, EMRE-FLAG and EMRE-UCP1-
HA respectively, and attached to the glass bottom cell culture dish as described above. After PBS wash, cells were fixed with
4% (w/v) paraformaldehyde and 0.1% (w/v) glutaraldehyde in PBS for 30 min. Cells were then permeabilized and blocked in a block-
ing buffer (3% w/v BSA and 0.1% v/v Triton X-100 in PBS) for 1 h. Next, the cells were incubated with primary FLAG antibody (Abmart,
314375, 1:200) or HA antibody (Cell Signaling Technologies, 3724, 1:200) in blocking buffer for 12 h at 4°C. The cells were washed
with washing buffer (0.3% w/v BSA and 0.01% v/v Triton X-100 in PBS) for three times, and then incubated with dye-labelled sec-
ondary antibody (Alexa Fluor 488-labelled goat anti-mouse, Invitrogen, A11029, 1:400; Alexa Fluor 647-labelled goat anti-rabbit,
Invitrogen, A21244, 1:400) for 1 h at room temperature. Then, the samples were washed three times and mounted with mounting
medium. The bottom glass slip was sealed to the glass slide with nail polish and stored at 4°C, avoiding exposure to light. The sam-
ples were imaged by DeltaVision OMX SR-3D-SIM (Applied Precision) using 488 nm laser excitation with a 60x oil immersion objec-
tive and data acquisition software SoftWoRx. Imaging data were processed using Imaged.

NADH production in isolated primary mature brown adipocytes

To assess mitochondrial NADH production, 150,000 freshly isolated primary mature brown adipocytes were suspended in Tyrode’s
buffer (150 mM NaCl, 5.4 mM KCI, 2 mM CaCl,, 5 mM HEPES, 10 mM glucose, 2 mM sodium pyruvate at pH 7.4). NADH autofluor-
escence was read at 350ex/460em using a Spectrofluorophotometer (RF-5301PC). The basal NADH autofluorescence was
measured in the presence of 3 mM malate, brown adipocytes were gently stirred and 10 uM NE was added followed by 2 uM
rotenone.

Intraperitoneal insulin tolerance test and glucose tolerance test

For insulin tolerance test, mice fed HFD for 12 weeks were fasted for 6 h. Insulin (1 U per kg body weight) was administered i.p., and
blood glucose levels were measured from the tail at 0, 15, 30, 60 and 120 min using a glucometer. For glucose tolerance test, mice fed
HFD for 14 weeks were fasted for 14 h. Glucose (2 g per kg body weight) was administered i.p., and blood glucose levels were
measured from the tail without use of restraint at 0, 15, 30, 60 and 120 min using a glucometer.

Insulin sensitivity

Mice fed HFD for 16 weeks were fasted for 6 h. Insulin (1 U per kg body weight) was administered i.p., and tissues (BAT, scWAT,
eWAT, liver, muscle) were harvested and snap frozen in liquid nitrogen 15 min after injection of insulin. Assessment of insulin sensi-
tivity of metabolic tissues was measured as phosphorylation levels of AKT at S473 normalized to total AKT.

Tissue hematoxylin and eosin (H&E) staining
BAT tissues were fixed in 4% paraformaldehyde. Paraffin-embedding, sectioning and H&E staining were performed by the pathology
core facility of Institute of Molecular Medicine, Peking University.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data are presented as mean + SEM and analyzed using GraphPad Prism. To determine statistical differences, unpaired two-tailed
Student’s t test was applied for single-variable and two-group comparison; one-way ANOVA followed by Bonferroni posttests for

single-variable and multiple-group comparison; two-way ANOVA followed by Bonferroni posttests for two-variable and multiple-
group comparison. Significance was considered as *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; n.s., p > 0.05.
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