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Highlights
e Drosophila S2 cell temperature is maintained by the A9-fatty
acid desaturase DESAT1

e DESAT1 upregulates the respiration-dependent heat
production in mitochondria

e DESAT1 affects mitochondrial respiration by modulating
F{F.-ATPase function

e Exposure to cold activates mitochondrial respiration in a
DESAT1-dependent manner
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In brief

Murakami et al. show that Drosophila S2
cell temperature is maintained by
DESAT1-dependent unsaturation of
phospholipid acyl chains via modulation
of mitochondrial respiration coupled with
thermogenesis. Mitochondrial respiration
is potentiated upon cold exposure in a
DESAT1-dependent manner. We propose
a cell-autonomous mechanism for
intracellular temperature control in living
cells.
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SUMMARY

Intracellular temperature affects a wide range of cellular functions in living organisms. However, it remains
unclear whether temperature in individual animal cells is controlled autonomously as a response to fluctua-
tions in environmental temperature. Using two distinct intracellular thermometers, we find that the intracel-
lular temperature of steady-state Drosophila S2 cells is maintained in a manner dependent on A9-fatty acid
desaturase DESAT1, which introduces a double bond at the A9 position of the acyl moiety of acyl-CoA. The
DESAT1-mediated increase of intracellular temperature is caused by the enhancement of F,;F,-ATPase-
dependent mitochondrial respiration, which is coupled with thermogenesis. We also reveal that F{F.-
ATPase-dependent mitochondrial respiration is potentiated by cold exposure through the remodeling of
mitochondrial cristae structures via DESAT1-dependent unsaturation of mitochondrial phospholipid acyl
chains. Based on these findings, we propose a cell-autonomous mechanism for intracellular temperature

control during environmental temperature changes.

INTRODUCTION

As temperature is an important physicochemical parameter that
governs biochemical reactions and biomolecular dynamics,
intracellular temperature has the potential to influence a broad
range of cellular functions (Okabe et al., 2018). Recently devel-
oped intracellular thermometers revealed that intracellular tem-
perature is not equal to the extracellular temperature, even in
steady-state single cells (Okabe et al., 2012; Sekiguchi et al.,
2018). In addition, the temperature within single cells is not ho-
mogeneous, as temperature changes occur at a sub-organelle
level; temperature fluctuation correlates with cellular functions
such as energy metabolism or intracellular Ca%* dynamics (Chre-
tien et al., 2018; Kiyonaka et al., 2013; Kriszt et al., 2017). Thus, it
is likely that the spatial and temporal regulation of intracellular
temperature is more sophisticated than previously thought.
Since changes in the environmental temperature directly affect
the intracellular temperature and biological functions of ecto-
therms, as well as the peripheral tissues in endotherms, the
regulation of intracellular temperature during environmental tem-
perature changes is essential for maintaining homeostasis in
living cells. However, it remains unclear how individual animal
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cells autonomously regulate their intracellular temperature in
response to environmental temperature changes.

Mitochondria are organelles that have essential functions in a
wide range of biological processes, including energy meta-
bolism, Ca®" homeostasis, and signal transduction (Detmer
and Chan, 2007). Among these roles, the production of adeno-
sine triphosphate (ATP) via mitochondrial respiration is crucial
for energy metabolism. Mitochondria contain two membranes:
an outer mitochondrial membrane (OMM) and an inner mito-
chondrial membrane (IMM) with folded cristae (Formosa and
Ryan, 2018). At the IMM, mitochondrial respiratory chain
(MRC) complexes I-IV pump protons from the mitochondrial ma-
trix into the intermembrane space, forming a proton gradient
across the IMM. Driven by this proton gradient, F,F,-ATPase
converts adenosine diphosphate (ADP) into ATP. Mitochondria
also play an important role in cold adaptation, as the proton
gradient can be uncoupled from ATP synthesis to release energy
as heat (Cannon and Nedergaard, 2004). Thus, the enhancement
of proton leakage by uncoupling proteins that are activated by
extracellular stimuli has been known to increase mitochondrial
heat production (Boss et al., 1998; Fedorenko et al., 2012). In
addition, it is becoming evident that ATP synthesis-coupled
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MRC activity also contributes to mitochondrial thermogenesis
(Rahbanietal.,2021; Sun et al., 2021). Moreover, recent intracel-
lular thermometry revealed that mitochondria are the main ther-
mogenic organelles even in steady-state cells; the mitochondrial
temperature was estimated to be close to 50°C in mammalian
cells (Chretien et al., 2018). However, the mechanisms underly-
ing the regulation of mitochondrial thermogenesis and their con-
tributions to the regulation of intracellular temperature remain
elusive.

Mitochondrial membrane lipids are important for mitochon-
drial function, including mitochondrial respiration by MRC com-
plexes (lkon and Ryan, 2017). Mitochondrial phospholipids are
characterized by a high unsaturated fatty acid content in their
acyl chains (Hoch, 1992). The amount of unsaturated fatty acids
in phospholipid acyl chains affects a broad range of cellular func-
tions via direct binding to proteins or regulation of membrane
physicochemical properties, such as membrane fluidity or
tension (Hardie, 2007; Holthuis and Menon, 2014). Moreover,
because changes in temperature also strongly affect the physi-
cochemical properties of membranes, the regulation of unsatu-
rated fatty acid content in phospholipids is expected to be
closely related to responses to temperature changes (Los and
Murata, 2004). In particular, the A9-fatty acid desaturase (A9-de-
saturase), which introduces a cis-double bond at the A9 position
of saturated acyl-CoA, and is a rate-limiting enzyme for unsatu-
rated fatty acid biosynthesis (Nagao et al., 2019; Ntambi and
Miyazaki, 2004), has been thought to be involved in the response
to cold by controlling the physicochemical properties of cell
membranes (Nakagawa et al., 2002; Tiku et al., 1996). However,
it remains unclear whether the regulation of membrane lipid
composition is also involved in intracellular temperature control,
particularly mitochondrial thermogenesis.

In this study, we investigated the role of membrane lipid
biosynthesis in intracellular temperature regulation. We used a
series of intracellular thermometry analyses to reveal that
DESAT1, the sole A9-desaturase in Drosophila S2 cells, was
responsible for maintaining temperature inside steady-state
cells via the upregulation of mitochondrial respiration. Moreover,
we identified DESAT1-dependent activation of mitochondrial
respiration as a cell-autonomous mechanism for intracellular
temperature control during cold exposure. Finally, we discuss
the molecular mechanism underlying the regulation of mitochon-
drial respiration through the production of unsaturated fatty acid-
containing phospholipids to maintain intracellular temperature.

RESULTS

Production of unsaturated fatty acids by DESAT1
maintains the intracellular temperature of Drosophila

S2 cells

To investigate whether the unsaturated fatty acid biosynthesis
pathway is involved in intracellular temperature control in
Drosophila S2 cells, we established a Desat7-deficient cell line
using the clustered regularly interspaced short palindromic re-
peats (CRISPR)-Cas9 system (Figures 1A and S1A) (Bassett
et al., 2014). A9-Desaturase activity was completely abolished
in Desat1-deficient cells (Figure 1B). Desat1-deficient cells dis-
played auxotrophy for monounsaturated fatty acids, such as pal-
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mitoleic acid (C16:1) and oleic acid (C18:1) (Figure S1B), and had
to be maintained in medium supplemented with unsaturated
fatty acids (50 uM C16:1 and 50 uM C18:1), which reflects the
essential role of DESAT1 in S2 cells. When Desat1-deficient cells
were cultured in a normal medium without unsaturated fatty acid
supplementation for 16 h, the amount of monounsaturated fatty
acids in the acyl chains of phospholipids decreased, while the
saturated fatty acid content increased (Figure 1C). The altered
fatty acid composition of phospholipids in Desat1-deficient cells
was completely rescued by supplementing the culture medium
with C16:1 and C18:1 (Figure 1C).

We measured the intracellular temperature of S2 cells using a
fluorescent polymeric thermometer (FPT) (Okabe et al., 2012). A
cell-permeable FPT (Hayashi et al., 2015) dissolved in 5%
glucose/H,0 was spontaneously incorporated into S2 cells within
10 min. The FPT fluorescence lifetime in S2 cells responded to
changes in temperature of the culture medium (20°C-30°C) (Fig-
ure S1C). The FPT fluorescence lifetime in steady-state S2 cells
showed intercellular variations even when a constant culture me-
dium temperature was maintained (Figure S1D). In addition, the
intercellular variation in FPT fluorescence lifetime was positively
correlated with the mitochondrial membrane potential (Fig-
ure S1D). This suggested that the difference in intracellular temper-
ature among cells largely reflects intercellular variations in
metabolic activity, such as mitochondrial respiratory activity. As
shown in Figure 1D, the FPT fluorescence lifetime was shorter in
Desat1-deficient cells compared with wild-type cells. The
decrease in FPT fluorescence lifetime in Desat7-deficient cells
was rescued by monounsaturated fatty acid (C16:1 and C18:1)
supplementation of the culture medium or exogenous expression
of DESAT1-FLAG (Figure 1D), showing that Desat1 deletion
causesthe decrease inintracellular temperature. We also analyzed
the effect of a chemical DESAT1 inhibitor (SCD1 inhibitor 37¢) (Uto
etal., 2009) on the intracellular temperature of S2 cells. Incubation
of S2 cells with the DESAT1 inhibitor decreased the amount of
monounsaturated fatty acids in the acyl chains of phospholipids
by approximately 25% (Murakami et al., 2017) and suppressed
the cell growth (Figure S1E), which are consistent with the effect
of Desat1 deletion. The FPT fluorescence lifetime significantly
decreased after 16 h DESAT1 inhibitor treatment (Figure 1E).
Based on the shift in FPT fluorescence lifetime, the estimated
temperature change caused by DESAT1 inhibition was about
4°C (Figures 1E and S1C). Reflecting the specificity of the DESAT1
inhibitor, supplementing the culture medium with a monounsatu-
rated fatty acid (C16:1 or C18:1) but not a saturated fatty acid
(C16:0) negated the DESAT1 inhibitor-induced decrease in FPT
fluorescence lifetime (Figures 1E and S1F). These results revealed
that the intracellular temperature of steady-state S2 cells is
decreased by DESAT1 deletion or inhibition.

To validate the results obtained in the FPT experiments, we
used a genetically encoded green fluorescent protein (GFP)-
based thermosensor (tsGFP) (Kiyonaka et al., 2013). In this
sensor, the coiled-coil region of the Salmonella TIpA undergoes
a conformational change in response to temperature changes,
which affects the spectral properties of GFP fluorescence. As pre-
viously reported, tsGFP1 responds to changes in the temperature
at around 37°C, making it unsuitable for the measurement of intra-
cellular temperature of Drosophila cells. Therefore, we developed
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Figure 1. Effect of DESAT1 deletion or inhibition on intracellular temperature

A) The amount of DESAT1 protein.

¢
(B) The effect of Desat1 deletion on A9-desaturase activity in S2 cells. Mean + SD (n = 3).

(C) The effect of Desat1 deletion on the fatty acid composition of cellular phospholipids in S2 cells. Mean + SD (n = 3).
(

(

D) The effect of Desat1 deletion on the FPT fluorescence lifetime in S2 cells.

E) The effect of treatment with the DESAT1 inhibitor (1 uM) for 16 h on the FPT fluorescence lifetime in S2 cells.
(F) The effect of treatment with the DESAT1 inhibitor (1 uM) for 16 h on the ex405/ex488 ratio of tsGFP1-LP in S2 cells.
The average value in each cell was plotted (D-F). The medians are shown as lines (D-F). *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar, 2 um.

a tsGFP1-LP variant by introducing two proline mutations (L137P
in both the TIpA domains) in tsGFP1 (Figure S2A). These muta-
tions destabilize the coiled-coil structure, and thus lower the
temperature sensitivity range (Figures S2B and S2C). The fluores-
cence intensity ratio of the excitation peaks at wavelengths of 392
and 472 nm (ex392/ex472) of the recombinant tsGFP1-LP protein
exhibited a sensitive response to a temperature change from 20°C
to 30°C. The critical temperature, obtained as the midpoint of the
temperature-dependent fluorescence change from the curve (Fig-
ure S2), was 25.5°C, which is 12.1°C lower than that of tsGFP1.
When tsGFP1-LP was expressed in S2 cells, it showed respon-
siveness to changes in temperature of the culture medium
(20°C-30°C) (Figure S2D). Consistent with the results of the FPT
analysis, the ex405/ex488 ratio of tsGFP1-LP increased after
treatment with the DESAT1 inhibitor (Figure 1F). These results
demonstrate that the intracellular temperature of S2 cells is main-
tained in a manner dependent on DESAT1-mediated production
of unsaturated fatty acids.

DESAT1 regulates MRC activity-dependent
thermogenesis in mitochondria

MRC activity has been reported to strongly contribute to intracel-
lular thermogenesis (Chretien et al., 2018; Inomata et al., 2016;
Kriszt et al., 2017). As shown in Figure 2A, the ex405/ex488 ratio
of tsGFP1-LP in S2 cells increased after inhibition of MRC complex
| by rotenone, demonstrating a significant contribution of MRC ac-

tivity to intracellular temperature control in S2 cells. In contrast,
rotenone treatment of DESAT1 inhibitor-treated cells did not
further increase the ex405/ex488 ratio of tsGFP1-LP (Figure 2A),
suggesting that DESAT1 inhibition affects intracellular temperature
in an MRC activity-dependent manner.

The advantage of using a protein-based sensor is that it can
easily and specifically be targeted to an organelle by fusing an
appropriate targeting signal (VanEngelenburg and Palmer, 2008).
A targeting signal from COXVIIl was fused to tsGFP1-LP to pro-
duce tsGFP1-LP-mito. Confocal images revealed colocalization
of tsGFP1-LP-mito with MitoTracker Deep Red, a mitochondrial
marker (Figure S2E). Similar to tsGFP1-LP, tsGFP1-LP-mito re-
sponded to changes in culture medium temperature (20°C-
30°C) (Figure S2F). The ex405/ex488 ratio of tsGFP1-LP-mito
increased after rotenone treatment, showing that mitochondrial
heat production is dependent on MRC activity in S2 cells (Fig-
ure 2B). Similar to rotenone treatment, the DESAT1 inhibitor
increased the ex405/ex488 ratio of tsGFP1-LP-mito, while C18:1
supplementation of the culture medium completely negated an in-
crease in the ex405/ex488 ratio of tsGFP1-LP-mito (Figure 2C). In
contrast, overexpression of FLAG-DESAT1, which is a calpain-
mediated degradation-resistant DESAT1 protein (Murakami
et al.,, 2017), decreased the ex405/ex488 ratio of tsGFP1-LP-
mito (Figure 2D), indicating that enhanced unsaturated fatty acid
biosynthesis increases the mitochondrial temperature in S2 cells.
These intracellular temperature measurements revealed that

Cell Reports 38, 110487, March 15, 2022 3
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Figure 2. Regulation of MRC activity-dependent thermogenesis in mitochondria by DESAT1
(A) The effect of rotenone on the ex405/ex488 ratio of tsGFP1-LP. S2 cells expressing tsGFP1-LP were incubated with or without the DESAT1 inhibitor (1 uM) for

16 h. Then, the cells were treated with rotenone (5 uM) for 30 min.

(B) The effect of rotenone treatment (5 pM) for 30 min on the ex405/ex488 ratio of tsGFP1-LP-mito in S2 cells.
(C) The effect of treatment with the DESAT1 inhibitor (1 uM) for 16 h on the ex405/ex488 ratio of tsGFP1-LP-mito in S2 cells.
(D) The effect of FLAG-DESAT1 overexpression on the ex405/ex488 ratio of tsGFP1-LP-mito in S2 cells. The A ratio was calculated as described in the STAR

Methods.

The average value in each cell was plotted. The medians are shown as lines. *p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant. Scale bar, 2 um.

unsaturated fatty acid production mediated by DESAT1 is involved
in the regulation of MRC activity-dependent thermogenesis in
mitochondria.

DESAT1 is involved in the regulation of MRC activity

Given that the MRC activity is coupled to mitochondrial thermo-
genesis, we examined the contribution of DESAT1 to the regula-
tion of MRC activity. We analyzed mitochondrial membrane
potential as an index of MRC activity using JC-1, a small molecule
sensitive to the mitochondrial membrane potential (Smiley et al.,

4 Cell Reports 38, 110487, March 15, 2022

1991). Reflecting the requirement of MRC activity in the proton
gradient formation in IMM, rotenone treatment caused a signifi-
cant decrease in mitochondrial membrane potential, while the
protonophore FCCP (carbonyl cyanide p-(trifluoromethoxy) phe-
nylhydrazone) almost completely abolished the mitochondrial
membrane potential in S2 cells (Figure S3A). The mitochondrial
membrane potential was decreased by the DESAT1 inhibitor,
while C18:1 supplementation of the culture medium completely
negated the DESAT1 inhibitor-induced decrease in the mito-
chondrial membrane potential (Figure 3A). In Desat1-deficient
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Figure 3. Regulation of ATP synthesis-dependent mitochondrial
respiration by DESAT1

(A) The effect of treatment with the DESAT1 inhibitor (1 uM) for 16 h on mito-
chondrial membrane potential evaluated by JC-1.

(B) The effect of treatment with the DESAT1 inhibitor (1 uM) for 16 h on the
oxygen consumption rate (OCR). Mean + SEM (n = 7).

(C) The effect of treatment with oligomycin or FCCP on FPT fluorescence
lifetime in S2 cells. After S2 cells were treated with or without the DESAT1
inhibitor (1 uM) for 16 h, FPT was incorporated into cells and the cells were then
incubated with oligomycin (3 uM) for 30 min or FCCP (5 uM) for 15 min.

The average value in each cell was plotted (A and C). The medians are shown
as lines (A and C). **p < 0.001; n.s., not significant. Scale bar, 2 um.

cells, the decrease in mitochondrial membrane potential was also
observed, and this could be rescued by supplementation with un-
saturated fatty acids (Figure S3C). In contrast, overexpression of
FLAG-DESAT1 in S2 cells increased the mitochondrial mem-
brane potential (Figure S3D). Since the DESAT1 inhibitor did
not appear to alter the amount of mitochondrial DNA and mito-
chondria-localized SESB protein (Figures S3F and S3G), it is
likely that DESAT1 is involved in the regulation of MRC activity
without affecting mitochondrial content.

¢ CellP’ress

DESAT1 enhances ATP synthesis-dependent
mitochondrial respiration

To understand how DESAT1 regulates MRC activity, we
analyzed the oxygen consumption rate (OCR), which directly de-
scribes the level of cellular respiratory activity. Most of the OCR
in S2 cells was found to be MRC activity-dependent (rotenone/
antimycin-sensitive) (Figure 3B), indicating that the OCR in S2
cells largely reflects the mitochondrial respiratory activity level.

As shown in Figure 3B, the DESAT1 inhibitor decreased the
mitochondrial basal OCR (phase ). In addition, the basal OCR
in Desat1-deficient cells was lower than that in wild-type S2 cells
(Figure S3I), indicating that DESAT1 deletion or inhibition sup-
presses steady-state mitochondrial respiratory activity. Because
the inhibition of mitochondrial respiration by rotenone decreases
the cellular and mitochondrial temperature (Figures 2A and 2B), a
decrease in intracellular temperature of Desat7-deficient and
DESAT1 inhibitor-treated cells is likely caused by decreased
mitochondrial respiratory activity. However, ATP synthesis-inde-
pendent OCR (oligomycin-insensitive OCR) (phase Il) and
maximum OCR (FCCP-induced OCR) (phase lll) were not
affected by the DESAT1 deletion or inhibition (Figures 3B and
S3I). In addition, the DESAT1 inhibitor did not affect the levels
of MRC complex proteins (Figure S3H). These results indicate
that DESAT1 inhibition does not affect the electron transfer ca-
pacities of MRC complexes I-IV. Reflecting an intact electron
transfer capacity, DESAT1 deletion or inhibition did not suppress
the increase in FPT fluorescence lifetime caused by FCCP treat-
ment (Figures 3C and S3K).

On the other hand, DESAT1 deletion or inhibition caused a
decrease in ATP synthesis-dependent OCR (oligomycin-sensi-
tive OCR) (Figures 3B and S3l). While the 5-min inhibition of
F4F,-ATPase by oligomycin treatment transiently increased the
mitochondrial membrane potential, evaluated by JC-1 and
TMRM, the 30-min oligomycin treatment decreased the mito-
chondrial membrane potential (Figures S3A and S3B). This indi-
cates that ATP synthesis-dependent mitochondrial respiratory
activity is essential for maintaining mitochondrial membrane po-
tential in S2 cells. In addition, 30 min of oligomycin treatment
decreased the intracellular temperature in S2 cells (Figure 3C),
indicating that appropriate ATP synthesis-dependent mitochon-
drial respiratory activity is required for intracellular temperature
maintenance. Thus, it was suggested that DESAT1 is involved
in the control of intracellular temperature via regulation of ATP
synthesis-dependent mitochondrial respiration in S2 cells.

DESAT1 modulates F{F,-ATPase activity via regulation
of the IMM structure

To examine the mechanism underlying DESAT1-dependent
regulation of ATP synthesis-dependent mitochondrial respira-
tion, we analyzed the enzymatic activity of F{F,-ATPase. The
DESAT1 inhibitor decreased F1F,-ATPase activity by 54%, and
C18:1 supplementation of the culture medium rescued F;F,-
ATPase activity (Figure 4A). As the activity of F1F,-ATPase is
regulated by its oligomerization (Arselin et al., 2004), we evalu-
ated the oligomerization of F4F,-ATPase by analyzing the high-
molecular-weight complex formation of ATP5A, a subunit of
the F1 domain in F1F,-ATPase. The blue native polyacrylamide
gel electrophoresis (BN-PAGE) analysis revealed that the
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Figure 4. DESAT1-dependent regulation of F,F,-ATPase activity via control of cristae structure

(A) The effect of treatment with the DESAT1 inhibitor (1 uM) for 16 h on FF,-ATPase activity. Mean + SD (n = 3).

(B) The effect of treatment with the DESAT1 inhibitor (1 uM) for 16 h on the oligomerization of F;F,-ATPase. The levels of F4F,-ATPase oligomer are shown relative
to the amount of F4F,-ATPase monomer. The amount of ATP5A protein was normalized with that of a-tubulin. Mean + SD (n = 3).

(C) Mitochondrial structure of S2 cells observed in transmission electron microscopy. Most mitochondria in S2 cells showed “with cristae” structure (blue arrow
head), while mitochondria with “disrupted” structure were also observed especially in DESAT1 inhibitor-treated cells (white arrow head). Scale bar, 500 nm.
(D) The effect of treatment with the DESAT1 inhibitor (1 uM) for 16 h on the mitochondrial structure. The proportions of mitochondria classified as in (C) in vehicle-
treated S2 cells (n = 214), DESAT1 inhibitor-treated S2 cells (n = 106), vehicle-treated OPA1-HA-overexpressing S2 cells (n = 149), and DESAT1 inhibitor-treated
OPA1-HA-overexpressing S2 cells (n = 125).

(E) The effect of OPA1 overexpression on the oligomerization of F1F,-ATPase. Mean + SD (n = 3).

(F) The effect of treatment with the DESAT1 inhibitor (1 uM) for 16 h on the ex405/ex488 ratio of tsGFP1-LP in OPA1-HA-overexpressing S2 cells. Scale bar, 2 um.
The average value in each cell was calculated. The medians are shown as lines. *p < 0.05, **p < 0.001; n.s., not significant.
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DESAT1 inhibitor caused a 2.2-fold decrease in the proportion of
ATP5A present in the high-molecular-weight complexes, which
was negated by C18:1 culture supplementation (Figure 4B).
This indicates that F;F,-ATPase oligomers are disrupted by
DESAT1 inhibition. In contrast, sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) analysis showed
that the DESAT1 inhibitor did not affect the total amount of
ATP5A (Figure 4B), suggesting that the amount of F1F,-ATPase
is not changed by DESAT1 inhibition. The impaired formation
of the F4F,-ATPase oligomers was also observed in Desat 1-defi-
cient cells cultured in a normal medium without C16:1 and C18:1
supplementation (Figure S4A), whereas overexpression of
FLAG-DESAT1 in the wild-type cells increased the proportion
of the oligomerized F;F,-ATPase (Figure S4C). These results
indicate that DESAT1 regulates the structure and activity of
F4F,-ATPase, which is critical for the upregulation of intracellular
temperature via mitochondrial thermogenesis.

Because appropriate mitochondrial structure is reportedly
required for F{F,-ATPase oligomerization and activity (Rabl
et al., 2009), we analyzed the mitochondrial structure in S2 cells
by transmission electron microscopy. Similar to a previous
observation (Abdelwahid et al., 2007), most mitochondria in S2
cells showed elongated morphology with a dense matrix and
well-ordered cristae (“with cristae”); however, swelled mito-
chondria with a rounder shape, less dense matrix, and abnormal
cristae (“disrupted”) were also observed (Figure 4C). As shown
in Figure 4D, DESAT1 inhibitor treatment decreased the propor-
tion of “with cristae” mitochondria. Consistent with this, the
proportion of “with cristae” mitochondria was decreased in
Desat1-deficient cells (Figure S4B). In contrast, overexpression
of FLAG-DESAT1 increased the proportion of “with cristae”
mitochondria (Figure S4D). These results suggested that
DESAT1 regulates F1F,-ATPase via control of the IMM structure.
To investigate the role of the IMM structure control in DESAT1-
mediated regulation of mitochondrial respiratory activity, we
evaluated the effect of the overexpression of OPA1, an IMM
fusion factor (Civiletto et al., 2015; Varanita et al., 2015). As
shown in Figure 4D, overexpression of OPA1 reversed the
DESAT1 inhibitor-induced decrease in the proportion of “with
cristae” mitochondria. The OPA1-dependent remodeling of the
cristae structure rescued the DESAT1 inhibitor-induced mito-
chondria membrane potential decline (Figure 3A) and disruption
of F1F,-ATPase oligomers (Figure 4E). Moreover, the DESAT1 in-
hibitor-induced decrease in intracellular temperature evaluated
by tsGFP1-LP was also rescued by OPA1 overexpression (Fig-
ure 4F). As the expression level of OPA1 was not affected by
DESAT1 inhibition (Figure S4E), the defect in cristae formation
was not caused by the aberrant expression of OPA1 in
DESAT1-suppressed cells. These results reveal that DESAT1
controls the intracellular temperature of steady-state S2 cells
through regulating the IMM-localized F;F,-ATPase via control
of cristae structure.

Regulation of mitochondrial lipids by endoplasmic
reticulum-localized DESAT1

We examined the contribution of DESAT1 to the regulation of
mitochondrial membrane lipids because DESAT1 is a A9-desa-
turase that produces monounsaturated fatty acids. Consistent
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with the reported localization of A9-desaturase proteins in mam-
mals and yeast (Kato et al., 2006; Tatzer et al., 2002), C-termi-
nally HA-tagged DESAT1 (DESAT1-HA) was co-localized with
the ER marker (Bip-GFP-KDEL) (Figure 5A). Although apparent
colocalization was not observed, DESAT1-HA was adjacent to
mitochondria (Mito-EGFP) (Figure 5B). In addition, biochemical
organelle fractionation revealed that DESAT1 was detected in
the crude mitochondrial fraction rather than the ER fraction
(Figure 5C).

To reveal the role of DESAT1 in the regulation of mitochondrial
membrane lipids, LC-ESI-MS analysis of the crude mitochon-
drial fraction was performed. The contents of unsaturated fatty
acid-containing phosphatidylcholine (PC) and phosphatidyleth-
anolamine (PE) species in the crude mitochondria were found
to be markedly altered by treatment with the DESAT1 inhibitor
for 16 h (Figures 5D and 5E). In particular, the amounts of PC
molecules containing two monounsaturated fatty acids, such
as PC (32:2), PC (34:2), and PC (36:2) were decreased by 10-,
10-, and 6.3-fold through DESAT1 inhibition, respectively (Fig-
ures 5D and S5A-S5C). The amounts of PE molecules with two
monounsaturated fatty acids, such as PE (32:2), PE (34:2), and
PE (36:2), were also reduced by 52%, 46%, and 44% through
treatment with the DESAT1 inhibitor, respectively (Figures 5E
and S5D-S5F). Major cardiolipin (CL) molecules in S2 cells
were CL (64:4), CL (66:4), and CL (68:4), which consist of four
monounsaturated fatty acids (Figures S5G-S5J). Similar to PC
and PE molecules with two unsaturated fatty acids, the amount
of CL (64:4) was decreased by DESAT1 inhibition, while DESAT1
inhibition caused increases in the amounts of CL (66:4) and CL
(68:4) (Figure 5F), illuminating the complex regulatory mecha-
nism for the modulation of CL acyl chains. DESAT1 is the sole
A9-desaturase in S2 cells (Murakami et al., 2017) and is localized
adjacent to the mitochondria (Figures 5B and 5C). Moreover, the
defects of mitochondrial functions in DESAT1 inhibitor-treated or
Desat1-deficient cells were rescued by supplementation with
unsaturated fatty acids. Thus, it is apparent that DESAT1 regu-
lates mitochondrial functions by modulating the contents of un-
saturated fatty acid-containing phospholipids in mitochondria.

DESAT1-dependent increase in unsaturation of
phospholipid acyl chains and activation of FF,-ATPase-
dependent mitochondrial respiration during cold
exposure

It has been reported that the amount of unsaturated fatty acids in
acyl chain of phospholipids is increased in response to cold
exposure in order to maintain the physicochemical properties
and biological functions of cell membranes (Tiku et al., 1996).
Since DESAT1 overexpression increased the mitochondrial
membrane potential and the mitochondrial thermogenesis (Fig-
ures 2D and S3D), we hypothesized that the FiF,-ATPase-
dependent mitochondrial respiration could be potentiated by
the enhanced production of unsaturated fatty acids as a cell-
autonomous response to cold exposure.

S2 cells were incubated for 4 h at 15°C, which is 10°C lower
than normal culture conditions. Although an apparent change
in the expression level of DESAT1 protein was not observed (Fig-
ure S6A), the proportion of C16:1 in phospholipid acyl chains
increased upon cold exposure in a DESAT1-dependent manner
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Figure 5. Regulation of mitochondrial lipids by endoplasmic reticulum-localized DESAT1 intracellular localization of DESAT1 protein
observed using confocal microscopy

(A and B) Bip-GFP-KDEL (A) or Mito-EGFP (B) was exogenously expressed in Desat1-deficient cells expressing DESAT1-HA. DESAT1-HA was visualized using
anti-HA antibody. Scale bar, 5 pm.

(C) Organelle fractionation of S2 cells. SESB protein is an inner mitochondrial protein. ATP5A protein is a component of the F1 subunit of inner mitochondrial F4F,-
ATPase. Calnexin is an ER membrane protein. Bip-GFP-KDEL is a GFP protein fused with ER localization signals. PC (D), PE (E), and CL (F) molecules of the crude
mitochondrial fraction in S2 cells treated with vehicle or the DESAT1 inhibitor (1 uM) for 16 h were analyzed using liquid chromatography-tandem mass spec-
troscopy (LC-MS/MS). Phospholipid molecules were presented in the format PC (X:Y), PE (X:Y), and CL (X:Y), where X denotes the total number of acyl chain
carbons and Y denotes the total number of double bonds in acyl chains. Values are mean + SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.

(Figure 6A). The amounts of mitochondrial phospholipid species
with two monounsaturated fatty acids, such as PC (32:2), PC
(34:2), and PE (32:2) were significantly increased by cold expo-
sure (Figures 6B, 6C, and S6B-S6D). The amount of PE (34:2),

8 Cell Reports 38, 110487, March 15, 2022

a major PE molecule with two monounsaturated fatty acids,
and the composition of CL in mitochondria, were not significantly
changed by cold exposure in S2 cells (Figures 6C, S6E, and
S6F). This may reflect that DESAT1 has a stronger contribution
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Figure 6. DESAT1-dependent enhancement of mitochondrial respiratory activity during acute cold exposure
(A) The effect of 15°C exposure for 4 h on the fatty acid composition of cellular phospholipids in S2 cells. Mean + SD (n = 3).
(B and C) The effect of 15°C exposure for 4 h on the composition of mitochondrial phospholipid species. PC (B) and PE (C) molecules of the crude mitochondrial
fraction in S2 cells treated with or without the DESAT1 inhibitor (1 uM) for 4 h at 15°C or 25°C were analyzed using LC-MS/MS. Phospholipid molecules were
presented in the format PC (X:Y) and PE (X:Y), where X denotes the total number of acyl chain carbons and Y denotes the total number of double bonds in acyl

chains. Values are mean + SD (n = 3).

(D) The effect of 15°C exposure for 4 h on mitochondrial membrane potential evaluated by JC-1.

(E) The effect of F1F,-ATPase inhibition on the increase in mitochondrial membrane potential during cold exposure. The S2 cells were cultured in the culture
medium with or without oligomycin (3 pM) at 15°C for 4 h. The mitochondrial membrane potential was evaluated using JC-1. The average value in each cell was
plotted (D and E). The medians are shown as lines (D and E). *p < 0.05, **p < 0.01, ***p < 0.001.

to the regulation of mitochondrial membrane PC than PE or CL at
normal temperatures (Figures 5D-5F). These results demon-
strate that DESAT1-mediated unsaturation of mitochondrial
membrane lipids is upregulated during cold exposure in S2 cells.

Similar to the effect of DESAT1 overexpression (Figure S3D),
the mitochondrial membrane potential in S2 cells was increased

2-fold upon cold exposure (Figure 6D). The cold-induced in-
crease in mitochondrial membrane potential was significantly
suppressed in DESAT1 inhibitor-treated and Desat7-deficient
cells (Figures 6D and S6G). Levels of mitochondrial proteins
SESB and ATP5A did not increase during incubation of S2 cells
at 15°C for 4 h (Figures S6H and 7B), indicating that the observed
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Figure 7. Cold-induced activation of F;F,-ATPase through the DE-
SAT1-dependent cristae remodeling

(A) The effect of 15°C exposure for 4 h on F{F,-ATPase activity. Mean + SD
(n=23).

(B) The effect of 15°C exposure for 4 h on the oligomerization of F;F,-ATPase.
The levels of F1F,-ATPase oligomer are shown relative to the amount of F4F,-
ATPase monomer. The amount of ATP5A protein was normalized with that of
a-tubulin. Mean + SD (n = 3).

(C) The effect of 15°C exposure for 4 h on the mitochondrial structure. The
proportions of mitochondria classified as Figure 4C in S2 cells cultured at 25°C
for 4 h (n = 230), S2 cells cultured at 15°C for 4 h (n = 226), and S2 cells treated
with the DESATT inhibitor (1 uM) at 15°C for 4 h (n = 96). *p < 0.05, **p < 0.01;
n.s., not significant.

increase in mitochondrial membrane potential during cold expo-
sure does not result from increased mitochondrial biogenesis. In
addition, the cold-induced membrane potential increase was
suppressed by the F{F,-ATPase inhibitor oligomycin (Figure 6E),
showing that the cold-induced increase in membrane potential
was dependent on the F;F,-ATPase activity and not caused by
a decrease in consumption of the proton gradient. To evaluate
the dynamics of proton gradient formation in mitochondria dur-
ing cold exposure, we analyzed the recovery rate of mitochon-
drial membrane potential after rotenone treatment. We first
found that the recovery of mitochondrial membrane potential
was F4F,-ATPase activity dependent (oligomycin sensitive) (Fig-
ure S6l). Moreover, the recovery rate of the mitochondrial mem-
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brane potential increased with cold exposure, which was
negated by DESAT1 inhibition (Figure S6J). These results sug-
gested that the increase in mitochondrial membrane potential
is caused by the DESAT1-mediated upregulation of F4F,-
ATPase-dependent proton pumping across IMM during cold
exposure.

Activation of F,F,-ATPase-dependent mitochondrial
respiration via cristae remodeling during cold exposure
To determine the mechanism by which DESAT1 upregulates
F,F,-ATPase-dependent mitochondrial respiration in cold envi-
ronments, we first examined the activity and structure of F{F,-
ATPase at low temperatures. As shown in Figure 7A, the
enzymatic activity of F{F,-ATPase was found to be increased
1.4-fold. The proportion of oligomerized F4F,-ATPase increased
2.2-fold after cold exposure, and this effect was suppressed by
the inhibition or deletion of DESAT1 (Figures 7B and S7A). More-
over, the proportion of “with cristae” mitochondria was
increased upon cold exposure, while this cristae remodeling
was not observed in DESAT1 inhibitor-treated or Desat7-defi-
cient cells (Figures 7C and S7B). Taken together, these data
demonstrate that the F{F,-ATPase-dependent mitochondrial
respiration is upregulated by DESAT1-mediated control of
F1Fo,-ATPase activity through cristae remodeling during cold
exposure. Since F4F,-ATPase-dependent mitochondrial respira-
tion is coupled with mitochondrial thermogenesis in S2 cells,
these findings reveal a cell-autonomous mechanism for the con-
trol of intracellular temperature during environmental tempera-
ture changes.

DISCUSSION

Although mitochondrial thermogenesis has long been recog-
nized as essential for cold responses in living organisms, it re-
mains unclear how the temperature in single animal cells is
regulated autonomously. In this study, using two distinct intra-
cellular thermometers, we revealed that A9-desaturase DESAT1
is involved in the cell-autonomous regulation of intracellular tem-
perature via mitochondrial respiration. Moreover, we found
that the DESAT1-dependent mitochondrial respiratory activity
is potentiated by cold exposure. Thus, it is likely that the
production of unsaturated fatty acid-containing phospholipids
during cold exposure is involved not only in the control of the
physicochemical properties of cell membranes but also in the
enhancement of mitochondrial respiration in response to cold
environments.

We found that DESAT1-mediated production of unsaturated
fatty acids is required for the appropriate enzymatic activity
and oligomerization of F;F,-ATPase (Figures 4A and 4B). Since
F,F,-ATPase is essential for the mitochondrial respiratory activ-
ity and intracellular temperature control (Figures 3B and 3C), it is
apparent that F{F,-ATPase is a crucial effector in DESAT1-
dependent regulation of intracellular temperature. We also re-
vealed that DESAT1 is required for the formation of well-ordered
IMM cristae structures. The disrupted IMM cristae structure
caused by DESAT1 inhibition was rescued by OPA1 overexpres-
sion (Figure 4D). Moreover, because OPA1 overexpression also
rescued decreases in the mitochondrial membrane potential, the
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oligomer formation of FiF,-ATPase, and intracellular tempera-
ture in DESAT1-suppressed cells (Figures 3A, 4E, and 4F), it is
apparent that the remodeling of the IMM cristae structure is up-
stream of F4F,-ATPase regulation in DESAT1-mediated control
of intracellular temperature. On the other hand, because inhibi-
tion of F{F,-ATPase by oligomycin causes disruption of cristae
structure (Figure S4F), it is likely that F4F,-ATPase regulates
the IMM structure in S2 cells, and vice versa. Thus, the activation
of F1F,-ATPase by DESAT1 may further enhance the cristae re-
modeling and oligomer formation of F;F,-ATPase to accelerate
the activity of F1F,-ATPase in a feedforward manner. Therefore,
DESAT1 is a crucial regulator of F1F,-ATPase function that upre-
gulates the intracellular temperature via mitochondrial respira-
tory activity-dependent thermogenesis.

Previous studies demonstrated that mitochondrial phospho-
lipids are an intrinsic component of mitochondrial respiratory
activity. For example, CL and PE molecules are known to be
important for proper mitochondrial fusion and the maintenance
of the membrane potential (Brandner et al., 2005; Joshi et al.,
2012). In addition, CL molecules bind directly to F{F,-ATPase,
which is essential for the assembly of the F{F,-ATPase oligomer
(Duncan et al., 2016). Previous reports show that maturated CLs
containing linoleic acid (C18:2) are important for mitochondrial
functions (Minkler and Hoppel, 2010). In contrast to C18:2-en-
riched CL molecules in mammalian cells, major CL molecules
in S2 cells have four monounsaturated fatty acids (Figures
S5G-S5J). Thus, it is likely that C18:2-containing CL molecules
are not essential for the mitochondrial respiratory activity in S2
cells. Moreover, S2 cells do not contain C18:2 in the acyl chains
of phospholipids due to ineffective uptake of extracellular fatty
acids (Matsuo et al., 2019). These observations indicate that
S2 cells can de novo synthesize the fatty acids required for con-
trol of proper mitochondrial function independent of their uptake
from the extracellular environment. We also found that DESAT1
modulates the acyl chain composition of PC molecules more
efficiently than those of CL and PE molecules (Figures 5D-5F).
Recently, a lipidome-wide fluxomic analysis in adult Drosophila
demonstrated that the turnover rates of PC molecules are faster
than those of CL and PE molecules (Schlame et al., 2020). In
addition, the fatty acyl chains of CL are known to be modulated
by transacylations with the acyl chains of PC molecules (Xu et al.,
2006). Thus, the difference in the biosynthesis rate and mecha-
nism of acyl chain exchange of each phospholipid molecule
may enable the selective unsaturation of phospholipid acyl
chains by DESAT1. The composition of mitochondrial phospho-
lipids is reported to differ between the OMM and the IMM, with
the IMM being rich in CL molecules (Paradies et al., 2014). Since
DESAT1 inhibition influenced the acyl chain compositions of PC
and PE molecules as well as CL molecules (Figures 5D-5F), it is
likely that DESAT1 is involved in regulating the phospholipid
compositions of the cristae-forming IMM in which MRC com-
plexes, such as F{F,-ATPase, localize. We also showed that
ER-embedded DESAT1 localizes near the mitochondria (Figures
5A-5C). The contact site between the ER and mitochondria is
also known as the mitochondria-associated membrane (Vance,
1990), and was originally proposed to be an important hub for
phospholipid biosynthesis. In addition, supplementing the cul-
ture medium with a monounsaturated fatty acid did not
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increase the mitochondrial membrane potential or OCR in con-
trol cells (Figures S3E and S3J). It is therefore assumed that
DESAT1 is localized at the contact site between the ER and mito-
chondria to efficiently supply the unsaturated fatty acids to the
mitochondria. Thus, it is apparent that DESAT1-mediated unsat-
urated fatty acid synthesis is suitable for cell-autonomous
regulation of mitochondrial respiratory activity to control the
intracellular temperature.

The increase in mitochondrial respiration represents an impor-
tant function in cold adaptation via a compensation for decrease
in intracellular temperature. However, the mechanisms and
physiological role of mitochondria thermogenesis are mainly
studied in a small subset of cell types that possess specific
cellular thermogenesis machinery, including brown adipocytes,
beige adipocytes, and muscle cells (Bal et al., 2012; Cannon
and Nedergaard, 2004; |keda et al., 2017). Here, we identified
a membrane lipid-mediated regulatory mechanism of intracel-
lular temperature control in cells that are not specialized for
thermogenesis. Moreover, the cell-autonomous increase in
mitochondrial membrane potential during cold exposure was
recently observed in cultured neurons differentiated from hu-
man-derived induced pluripotent stem cells (Ou et al., 2018).
Although further investigations in other organisms are required,
this study provides a framework for the control of intracellular
temperature in living cells.

Limitations of the study

In this study, we identified a A9-desaturase-dependent mecha-
nism underlying intracellular temperature control in Drosophila
S2 cells. Components of our proposed system are present in
most living cells. For example, SCD1, a predominant homolog
of A9-desaturase in mammals, is ubiquitously expressed and
is pivotal in unsaturated fatty acid biosynthesis (Ntambi and
Miyazaki, 2004). Thus, although we evaluated the function of
A9-desaturase only in Drosophila S2 cells, the A9-desaturase-
dependent regulation of mitochondrial thermogenesis revealed
in this study may contribute to cold adaptation in a wide range
of cell types, including mammalian cells. However, mammalian
cells are enriched in sterols and polyunsaturated fatty acids
that affect the membrane properties, while S2 cells have only a
small amount of these types of membrane lipids (Clark and
Bloch, 1959; Matsuo et al., 2019). Thus, further studies in cells
other than Drosophila cells involving specific interventions of
A9-desaturase function together with careful evaluation of the
global changes in the composition of membrane lipid molecules
are required to demonstrate the generality of our findings in an-
imal cells.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

rabbit polyclonal anti-DESAT1 (Murakami et al., 2017) N/A

rabbit polyclonal anti-SESB (Shiomi et al., 2021) N/A

rabbit polyclonal anti-a Tubulin MBL PMO054
mouse monoclonal anti-ATP5A Abcam #ab14748
rabbit polyclonal anti-CALNEXIN Abcam #ab13504
rabbit polyclonal anti-GFP MBL #598

rat monoclonal anti-HA Roche #12158167001
mouse monoclonal anti-HA Santa Cruz Biotechnology #sc-7392
MitoProfile Total OXPHOS Rodent Abcam #ab110413
Antibody Cocktail

Chemicals

DESAT1 inhibitor (SCD1 inhibitor 37c) Daiichi Sankyo Co. Ltd (Uto et al., 2009) DS18220913
Fluorescent polymeric thermometer Funakoshi #FDV-004
TransFectin Lipid Reagent Bio-Rad #1703350
Tetramethylrhodamine methyl ester (TMRM) Thermo Fisher Scientific #T668
Mitotracker Deep Red FM Thermo Fisher Scientific #M22426
JC-1 Dojindo Molecular Technologies #MTO09
Critical commercial assays

CellTiter 96 AQueous One PROMEGA #G3582
ISOGEN Il NIPPON GENE #317-07363
High-Capacity cDNA Thermo Fisher Scientific #4368814
Reverse Transcription Kit

PowerUP SYBR Green Mater Kit Thermo Fisher Scientific #A25741
Super Signal West Pico Thermo Fisher Scientific #34080
MitoCheck Complex V Activity Assay Kit Cayman Chemical #701000
Pierce BCA protein Assay Kit Thermo Fisher Scientific #23227
Experimental models: cell lines

D. melanogaster. S2 cells Provided by Dr. Kumiko Ui-Tei N/A
Experimental models: organisms/strains

D. melanogaster. w[1118]; P{w[+mC]=UAS-mito- Bloomington Drosophila Stock Center #8443
HA-GFP.AP}3,e[1]

Recombinant DNA

cDNA Opat Drosophila Genomic Resource Center GH13793
cDNA Bip-GFP-KDEL Addgene #69917
Plasmid: pAc5.1-V5-His-A Thermo Fisher Scientific #V411020
Plasmid: pAc-sgRNA-Cas9 Addgene #49330

Software and algorithms

imageJ
ZEN
JMP11

(Schneider et al., 2012)
Carl-Zeiss
SAS Institute

https://imagej.nih.gov/ij
https://www.zeiss.co.jp
https://www.jmp.com
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Masato
Umeda (umeda@sbchem.kyoto-u.ac.jp).

Materials availability
All expression plasmids and reagents will be shared upon request.

Data and code availability

All data generated and analyzed in this study are available from the corresponding author on reasonable request. The custom
compute codes used to generate results in this study are available from the corresponding author on reasonable request. Any addi-
tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila S2 cells (Schneider, 1972) were maintained in a culture medium (Schneider’s Drosophila medium supplemented with 10%
fetal bovine serum (FBS), 50 units/ml penicillin, and 50 ng/ml streptomycin) at 25°C. The bovine serum albumin (BSA)-fatty acid com-
plex (1:9 molar ratio) was prepared by incubating fatty acid with a 0.9% NaCl solution containing BSA (111 mg/ml).

METHOD DETAILS

Construction of plasmids
The coding sequence of DESAT1 was isolated from a cDNA library of Drosophila strain Canton-S (Murakami et al., 2017). cDNA en-
coding Drosophila OPA1 (GH13793) was obtained from the Drosophila Genomics Resource Center and introduced into EcoRl and
Xhol sites of the pAc5.1/V5-His A plasmid (Invitrogen). FLAG epitope tag (DYKDDDDDK) and HA epitope tag (YPYDVPDYA) were
inserted into the C-terminal of the OPA1-coding sequence. The mitochondrial localization signal (the 29 N-terminal amino acid res-
idues of human COX8) amplified from the genome DNA of a Drosophila strain harboring UAS-mito-HA-GFP (Bloomington Drosophila
Stock Center, #8443) was inserted in EcoRIl and Xhol sites of pAc5.1-EGFP plasmid to construct the pAc5.1-mito-EGFP. tsGFP1-LP
was generated by introducing the mutations (TIpA-L137P) into two TIpA-derived domains of tsGFP1 (Kiyonaka et al., 2013) using site-
directed mutagenesis. The pAc5.1-tsGFP1-LP was constructed by inserting the coding sequence of tsGFP1-LP into EcoRI and Xhol
sites of pAc5.1/V5-His A plasmid. A mitochondrial localization sequence was fused with the coding sequence of tsGFP1-LP using a
previously reported method (Kiyonaka et al., 2013). Recombinant tsGFP1 proteins were prepared as previously reported (Kiyonaka
et al., 2013). Fluorescence excitation spectra were collected on Hitachi F2700 equipped with a temperature control unit using 0.5-cm
quartz cuvette. The excitation spectra of protein (25 uM) in PBS were recorded from 300 nm to 500 nm. cDNA encoding Bip-GFP-
KDEL (Addgene, #69917) was inserted in EcoRl and Xhol sites of pAc5.1/V5-His A plasmid to construct pAc5.1-Bip-GFP-KDEL.
S2 cells were transfected with an expression vector with pCoBlast plasmid using TransFectin Lipid Reagent (Bio-Rad), and stable
transformants were selected using 20 png/ml of blasticidin. When either pAc5.1-DESAT1-HA or pAc5.1-DESAT1-FLAG was transfected
into Desat1-deficient cells, cells were cultured in the culture medium containing the BSA-fatty acid complex (50 uM C16:1 and 50 pM
C18:1). At 24 h after the transfection, the medium was replaced by the culture medium without unsaturated fatty acids supplementation.

Disruption of the Desat1 gene in S2 cells

pAc-sgRNA-Cas9-desat1-141 and pAc-sgRNA-Cas9-desat1-194 were constructed by ligating the synthesized oligonucleotides (for
pAc-sgRNA-Cas9-desat1-141: 5’-TTCGCACCGACGGTGGTCTTGTCA-3’ and 5’-AACTGACAAGACCACCGTCGGTGC-3’, for pAc-
sgRNA-Cas9-desat1-194: 5’-TTCGAGCGCCGCCTGAAGCTCGTC-3’ and 5-AACGACGAGCTTCAGGCGGCGCTC-3’) into the
BspQl sites of the pAc-sgRNA-Cas9 plasmid (Addgene, #49330) (Bassett et al., 2014). First, pAc-sgRNA-Cas9-desat1-141 was
introduced into S2 cells using the TransFectin lipid reagent (Bio-Rad). After 2 weeks of puromycin selection (2.5 ug/ml) in the culture
medium containing the BSA—fatty acid complex (100 1M C18:1), single-cell clones were isolated by limiting dilution. Next, the isolated
clone was transfected with pAc-sgRNA-Cas9-desat1-194 and incubated in the culture medium containing the BSA—fatty acid com-
plex (100 uM C18:1) and 2.5 pg/ml puromycin for 2 weeks. Single-cell clones were isolated by limiting dilution in the culture medium
containing the BSA-fatty acid complex (100 uM C18:1). Established DESAT1-deficient cells were maintained in the culture medium
containing the BSA-fatty acid complex (50 uM C16:1 and 50 uM C18:1).

Measurement of A9-desaturase activity

Cells were incubated with a BSA-margaric acid (C17:0) complex (20 uM C17:0) in Schneider’s Drosophila medium supplemented
with 50 units/ml penicillin and 50 pg/ml streptomycin for 6 h. Conversion of C17:0 to heptadecenoic acid (C17:1) was evaluated using
gas chromatography as described in the following. The A9-desaturase activity was defined as the ratio of the amount of C17:1 to the
total amount of C17 fatty acid species.
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Evaluation of cell growth

Cells in a 48-well plate were incubated for 72 h in 300 pL of the culture medium. To evaluate the number of living cells, 40 uL of
CellTiter AQueous One (PROMEGA) was added to each well. After 1 h of incubation at 25°C, the absorbance at 490 nm was
measured using infinite F200 PRO (Tecan).

Temperature imaging with a fluorescent polymeric thermometer

Cells were cultured in a 35-mm glass-bottomed dish (glass 14 ¢, lwaki) in the culture medium at 25°C. Cells were incubated in 150 pl of
5% glucose solution containing 0.01% cell-permeable fluorescent polymeric thermometer (FPT) (Funakoshi) (Hayashi et al., 2015) at
25°C for 10 min and washed twice with phosphate-buffered saline (PBS). A TCS-SP8 confocal laser-scanning microscope (Leica) equip-
ped with a 405-nm laser (PDL 800-B, PicoQuant, Berlin, Germany) and a TCSPC module SPC-830 (Becker & Hickl, Berlin, Germany)
were used for fluorescence lifetime imaging microscopy (FLIM) analysis and confocal fluorescence imaging. For FLIM analysis, the pulse
repetition rate of the 470-nm laser was set at 20 MHz. The fluorescence was captured with an HCX PL APO Ibd.BL 63 x 1.4 N.A. oil
objective (Leica) with zoom factor of 6 in 128 x 128-pixel format and pinhole size of 2 units at 100 Hz scanning speed (scanning duration
set to 30 or 60 s) through a 500-700 nm bandpass filter. To simultaneously measure intracellular temperature and mitochondrial mem-
brane potential, cells treated with FPT were stained with 10 nM tetramethylrhodamine methyl ester (TMRM) (Thermo Fisher Scientific) in
PBS containing 0.01% BSA for 20 min at 25°C and washed twice with PBS. FPT fluorescence lifetime imaging was performed as
described above, except that emitted light was collected using a 500-540 nm bandpass filter. A 552-nm optically pumped semicon-
ductor laser (OPSL) was used to excite TMRM and resulting TMRM fluorescence was collected using a 560-700 nm bandpass filter.
During FLIM analysis, cells were maintained in PBS containing 0.01% BSA, and the temperature of the medium was controlled with
a stage insert (Carl Zeiss) and monitored using a thermocouple (MC-1000, Tokai-Hit). The fluorescence lifetime images were obtained
using SymPhoTime’s FAST FLIM software (PicoQuant, RRID:SCR_016263). The obtained fluorescence decay curve was fitted with a
double-exponential function using SymPhoTime software (PicoQuant) using the following equation (Equation 1):

I(t) = Ay exp (%t) + A, exp (j> (Equation 1)

T2
Then the fluorescence lifetime () (ns) was calculated using the following equation (Equation 2):

(A1 T? +AQT§)

"= (A1T1 +A272)

(Equation 2)
The fluorescence lifetime for each pixel was calculated using Equation 2 and averaged within the whole pixels of a single cell. The
average FPT fluorescence lifetime in each cell is plotted in Figures 1, 3, ST and S3. In the experiments using oligomycin or carbonyl
cyanide p-trifluoromethoxyphenylhydrazone (FCCP), the intracellular temperature was measured within 30 min after the treatment
with these reagents.
The fluorescence intensity of TMRM was quantified using ImageJ software. The integrated fluorescence density in each cell was
plotted in Figure S1D.

Temperature imaging with a genetically encoded protein-based thermometer

Cells transfected with pAc5.1-tsGFP1-LP or pAc5.1-tsGFP1-LP-mito were plated on a 35-mm glass-bottomed dish (glass 14 o,
Iwaki) in the culture medium. Fluorescence images were acquired with a confocal laser-scanning microscope (LSM 800; Carl Zeiss)
with a 63 x objective lens using a diode laser (405-nm line), an argon laser (488-nm line), and bandpass filter (505-525 nm). During
confocal microscope observation, cells were maintained in PBS containing 0.01% BSA, and the temperature of the medium was
controlled using a stage insert (PECON Heating Insert P 2000) and monitored using a thermocouple (TA-29, CL-100; Physio-
Tech). Ratiometric images (ex405/ex488) were obtained using ZEN software (Carl Zeiss) from two images (excitation at 405 nm,
emission at 505-525 nm, and excitation at 488 nm, emission at 505-525 nm) and shown in rainbow color. The ratio of fluorescent
intensity was quantified using Imaged software, and the average value in each cell was calculated. The value of the A ratio was calcu-
lated by subtracting the average value of ex405/ex488 ratio for the genetically encoded protein-based thermometer (tsGFP1-LP) in
control cells from the value of ex405/ex488 ratio of the tsGFP1-LP in each cell and is plotted in Figures 1, 2, and 4. In the experiments
using rotenone, the intracellular temperature was measured within 30 min after the rotenone treatment. Mitotracker Deep Red FM
(Thermo Fisher Scientific) was used for staining the mitochondria in S2 cells.

Measurement of mitochondrial DNA content

The mitochondrial DNA content was analyzed following a previously described protocol (Oliveira and Kaguni, 2011). In brief, total
DNA was extracted from S2 cells using phenol/chloroform/isoamyl alcohol (25:24:1) (NIPPON GENE) and washed with 70% ethanol.
The amounts of DNA encoding mitochondrial 16S (as mitochondrial DNA) and Rp/32 (as nuclear DNA) were analyzed using the
StepOnePlus real-time polymerase chain reaction (PCR) system (Thermo Fisher Scientific) with PowerUP SYBR Green Master
Mix (Thermo Fisher Scientific) and the specific primers (for mitochondrial 16S: 5’-AAAAAGATTGCGACCTCGAT-3’ and 5’-AAACC
AACCTGGCTTACACC-3’, for Rpl32: 5'-GGCCCAAGATCGTGAAGAA-3’ and 5-TGTGCACCAGGAACTTCTTGAA-3’). Relative
amounts of mitochondrial DNA to nuclear DNA were defined as the mitochondrial DNA content.
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Quantification of Opa1 gene expression by RT-qPCR

The total RNA was extracted using ISOGEN Il (NIPPON GENE). The cDNA was prepared using High-Capacity cDNA Reverse Tran-
scription Kit (Thermo Fisher Scientific). The expression level of Opa? mRNA was quantified using Light Cycler 96 system (Roche) with
PowerUP SYBR Green Master Mix (Thermo Fisher Scientific) and specific primers (for Opa1, 5'-TCCCCAGATTGCGCGAG-3’ and
5-CAGCGGGCAGATAGATGCTT-3'; for Rp49, 5'-CCAAGCACTTCATCCGCCACC-3' and 5'-GCGGGTGCGCTTGTTCGATCC-3)
and quantified using the 2722 method.

Measurement of mitochondrial membrane potential with a JC-1 probe

Mitochondrial membrane potential in S2 cells was evaluated using JC-1 (Dojindo Molecular Technologies), a lipophilic membrane-
permeant cation that selectively enters mitochondria and exists in a monomeric form (green fluorescence) or in an aggregated form
(red fluorescence) upon mitochondrial hyperpolarization (Smiley et al., 1991). Cells were incubated with JC-1 (5 uM) for 30 min at
culture temperature (25 or 15°C) and were washed twice with PBS. During microscope observation, cells were maintained in PBS
containing 0.01% BSA. For the experiments shown in Figures 3, S3 and S6 fluorescence images were obtained with a confocal
laser-scanning microscope (LSM 800; Carl Zeiss) with a 63 x objective lens using a paired argon laser (488-nm line) and bandpass
filter (400-545 nm) and a paired HeNe laser (561-nm line) and long-pass filter (545 nm). The temperature of the medium was controlled
using a stage insert (PECON Heating Insert P 2000) and monitored using a thermocouple (TA-29, CL-100; Physio-Tech). For the ex-
periments shown in Figure 6, fluorescence images were acquired with a microscope (Axio-observer Z1) with a 40X objective lens.
JC-1 fluorescence was excited at 488 and 561 nm. The emission was obtained between 515/545 and 575/625 nm. The temperature
of the medium was controlled in a perfusion chamber with a controller (SC-20, CL-100; Physio-Tech) and monitored using a thermo-
couple (TA-29, CL-100; Physio-Tech). Ratiometric images (ex561/ex488) were analyzed with ZEN software (Zeiss) and quantified
with Imaged. The average value in each cell was calculated.

Mitochondrial membrane potential recovery assay

We conducted a time course analysis of the changes in the mitochondrial membrane potential to evaluate the dynamics of proton
gradient formation in the mitochondria. The cells were incubated with JC-1 (5 uM) for 30 min at culture temperature (25°C or
15°C) and then washed with PBS, followed by incubation with rotenone (5 uM) for 30 min to depolarize the mitochondria. After
washing with PBS twice, mitochondrial membrane potential was recorded. During microscopic observation, the cells were main-
tained in Schneider’s Drosophila medium without FBS supplementation at 25°C.

Measurement of the oxygen consumption rate

The oxygen consumption rate (OCR) in S2 cells was measured using the Seahorse XFe Extracellular Flux Analyzer (Agilent) in a 96-
well plate. Briefly, cells were plated into poly-L-lysine-coated seahorse 96-well plates and preincubated in the culture medium for
16 h in the presence or absence of DESAT1 inhibitor (1 pM). Before the measurement, the medium was exchanged with XF assay
medium. The cells were subjected to mitochondrial stress tests by adding oligomycin (3 uM) followed by FCCP (1 uM), with a mixture
of rotenone (0.5 uM) and antimycin A (0.5 uM). Oligomycin is an inhibitor of mitochondrial F1F,-ATPase that suppresses the ATP syn-
thesis-dependent OCR. FCCP is a chemical uncoupler that maximizes the electron transfer activity of mitochondrial complex -1V
independent of ATP synthesis. Rotenone and antimycin are inhibitors of mitochondrial complexes | and lll, respectively.

Transmission electron microscopy

The S2 cells were fixed in 10 mM phosphate butter (pH 7.4) containing 2.5% glutaraldehyde and 2.5% formaldehyde for 16 h, washed
with 10 mM phosphate buffer (pH 7.4), postfixed with 1% osmium tetraoxide in 10 mM phosphate buffer (pH 7.4), dehydrated through
an ethanol series, embedded in epoxy-resin Luveak (Nacalai Tesque), and polymerized at 60°C for 3 days. The specimen were cut
into ultrathin sections (70 nm) on an ultramicrotome (EM UC6; Leica). The ultrathin sections were mounted on mesh grids, stained
with uranyl acetate and lead citrate, and observed with an H-7650 electron microscope (Hitachi).

Blue native polyacrylamide gel electrophoresis

Oligomer formation of F1F,-ATPase was evaluated using polyacrylamide gel electrophoresis (PAGE) using a NativePAGE Novex Bis-
Tris Gel System (Life Technologies). The cells were washed with ice-cold PBS and suspended in blue native (BN) sampling buffer
(50 mM Bis-Tris-HCI (pH 7.2), 50 mM NaCl, 10% Glycerol, 0.001% Ponceau S, 1% digitonin, and 1% protease inhibitors
(Nacalai Tesque)) on ice. After pipetting 20 times, cell lysates were centrifuged at 20,000 x g for 30 min at 4°C. Then, 40 ul of the
supernatant was mixed with 2 pl of BN sampling buffer containing 5% Coomassie blue G-250. The samples were loaded onto
NativePAGE Novex 4-16% (w/v) Bis-Tris gels (Life Technologies) and subjected to electrophoresis at 150 V for 30 min at 4°C.
The CBB G-250 concentration in running buffer was changed from 0.02% to 0.002%, and the samples were further electrophoresed
at 150 V for 120 min.

SDS-PAGE

Cells were washed with PBS and lysed in lysis buffer (10 mM Tris-HCI (pH 7.4), 1% Triton X-100, 0.1% sodium dodecyl sulfate (SDS),
1% sodium deoxycholate) containing 1% protease inhibitors (Nacalai Tesque). The lysates were centrifuged at 14,000 x g for 10 min
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at 4°C. Then 40 pl of supernatant was mixed with 10 pl of SDS sampling buffer 1 (50 mM Tris-HCI (pH 8.0), 50% sucrose, 1% SDS,
5 mM ethylenediamine tetraacetic acid (EDTA), 0.4% bromophenol blue) and incubated for 10 min at 50°C, followed by mixing with
50 pl of SDS sampling buffer 2 (10 mM Tris-HCI (pH 8.0), 10% sucrose, 0.2% SDS, 1 mM EDTA, 0.08% bromophenol blue, 60% urea).
The samples were electrophoresed on 10% or 5-20% (w/v) SDS-polyacrylamide gel.

Immunoblotting

Samples electrophoresed on SDS-polyacrylamide gels or NativePAGE Novex 4-16% (w/v) Bis-Tris gels were blotted on polyvinyli-
dene fluoride (PVDF) membranes (Wako) using Trans-Blot SD Semi-Dry Electrophoretic Transfer Cells (Bio-Rad). Immunoblotting
analysis was performed using rabbit anti-DESAT1 antibody (1:1,000), rabbit anti-SESB antibody (1:4,000), mouse anti-ATP5A anti-
body (1:4,000, abcam, #ab14748), rat anti-HA antibody (1:4,000, Roche, #12158167001), rabbit anti-GFP antibody (1:500, MBL,
#598), rabbit anti-CALNEXIN antibody (1:500, abcam, #ab13504), MitoProfile Total OXPHOS Rodent Antibody Cocktail (1:1,000, ab-
cam, #ab110413), and rabbit anti-o. Tubulin antibody (1:1,000, MBL, #PM054) as the loading control. Bound antibodies were de-
tected with horseradish peroxidase-conjugated anti-rabbit immunoglobulin (Ig) G antibody, anti-mouse IgG antibody, and anti-rat
19G using Super Signal West Pico (Thermo Scientific) and Ez-Capture MG (Atto). Rabbit polyclonal antibodies against DESAT1and
SESB were generated against an 18-residue contiguous segment (DQPKEEIEDAVITHKKSE) of DESAT1 (Murakamietal., 2017)and a
17-residue contiguous segment (MGKDFDAVGFVKDFAAC) of SESB (Shiomi et al., 2021), respectively. Band intensities were deter-
mined using Imaged software. The levels of F1F,-ATPase oligomer are shown relative to the amount of F{F,-ATPase monomer. The
levels of ATP5A proteins are shown relative to the amount of ATP5A protein in control cells.

Measurement of F{F,-ATPase activity

F4F,-ATPase activity was detected using the MitoCheck Complex V Activity Assay Kit (Cayman Chemical) according to the manu-
facturer’s instructions. Briefly, the cells were washed with PBS and homogenized in SET buffer (10 mM Tris-HCI (pH 7.4), 250 mM
sucrose, 1 mM EGTA) using a Dounce homogenizer. The homogenate was centrifuged at 600 x g for 10 min twice to remove nuclei
and debris. The collected supernatant was centrifuged for 30 min at 11,000 x g for obtaining crude mitochondria as precipitate. The
crude mitochondria fraction was suspended in the assay buffer included in the MitoCheck Complex V Activity Assay Kit. The protein
concentration of the crude mitochondria fraction was determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).
Solution A (0.1 mg protein/ml crude mitochondria fraction and 4 uM rotenone in the assay buffer), solution B (DMSO or 5 uM oligo-
mycin in the assay buffer), and solution C (1.1 mM NADH and 2 mM ATP in the assay enzyme mix included in the MitoCheck Complex
V Activity Assay Kit) were prepared. Then 30 pl of solution A was added to each well of the half-volume 96-well clear plate, followed by
the addition of 20 pl of solution B and 50 pl of solution C. Using Spark 10M (TECAN), the absorbance at 340 nm (Az40) was measured at
30-s intervals for 30 min at 25°C. The FF,-ATPase activity was defined as the rate of the increase of Ag4g (Az40/min).

Immunostaining

The S2 cells were fixed in PBS containing 4% formaldehyde for 30 min at 25°C, washed with PBS, permeabilized using 0.1% Triton
X-100 in PBS for 5 min at 25°C, and finally washed with PBS. Immunostaining analysis was performed using mouse anti-HA antibody
(1:100, Santa Cruz Biotechnology, #sc-7392). Bound antibody was detected with Alexa Fluor 633-conjugated anti-mouse IgG anti-
body (Thermo Fisher Scientific).

Organelle fractionation

Organelle fractionation of the S2 cells was performed following a previously described protocol (Wieckowski et al., 2009). Cells har-
vested from a 100-mm culture dish were washed with PBS and homogenized in buffer A (30 mM Tris-HCI (pH 7.4), 225 mM mannitol,
75 mM sucrose, 0.1 mM EGTA, 1% protease inhibitor (nacalai tesque)) using a Dounce homogenizer. Then the homogenate was
centrifuged at 600 x g for 10 min twice in order to remove nuclei and debris. The collected supernatant was centrifuged for
10 min at 9,000 x g to obtain the crude mitochondria fraction. The supernatant was further centrifuged at 20,000 x g for 1 h.
Then the supernatant was collected as the ER fraction, while the pellet was suspended in buffer A for obtaining the intermediate frac-
tion. For further purification, the crude mitochondria fraction was suspended in buffer B (30 mM Tris-HCI (pH 7.4), 225 mM mannitol,
75 mM sucrose) and was centrifuged for 10 min at 10,000 x g. The pellet was suspended in buffer A. Immunoblotting was performed
using rabbit anti-SESB antibody (1:4,000), mouse anti-ATP5A antibody (1:4,000, abcam, #ab14748), rabbit anti-CALNEXIN antibody
(1:500, abcam, #ab13504), rabbit anti-GFP antibody (1:1,000, MBL, #598), and rabbit anti-DESAT1 antibody (1:1,000).

Lipid extraction and gas chromatography analysis of phospholipids

Total lipids were extracted using the Bligh and Dyer procedures (Bligh and Dyer, 1959). Phospholipids were separated using thin-
layer chromatography (TLC) using hexane/diethyl ether/acetic acid (60:40:1, v/v/v) and incubated with methanolic HCI at 100°C
for 3 h. Fatty acid methyl esters were extracted and analyzed using gas chromatography (GC) with a Shimadzu GC-14A with a flame
ionization detector and an Omegawax Capillary GC column (Supelco). The temperatures of the injector and the flame ionization de-
tector were held at 200°C and 280°C, respectively. The column temperature was programmed as follows: hold at 180°C for 5 min,
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ramp to 220°C at 3°C/min, hold for 7 min, ramp to 240°C at 3°C/min, and hold for 10 min. The peak areas of methyl esters of C14:0,
C14:1,C16:0, C16:1, C18:0, C18:1, C20:0, C20:4, and C20:5 were determined. The amount of phospholipids was determined using
inorganic phosphate quantification (Rouser et al., 1966).

Liquid chromatography-mass spectroscopy analysis of phospholipids

The analysis of phospholipids was performed on a Shimadzu LC-30AD high-performance liquid chromatography (HPLC) system
coupled to a triple-quadrupole LCMS-8040 mass spectrometer equipped with an electrospray source (Matsuo et al., 2019). Sepa-
ration was performed on a Kinetex C8 column (2.6 um; 2.1 x 150 mm; Phenomenex) with a binary mobile phase having the following
composition: 10 MM ammonium formate in water (mobile phase A) and 10 mM ammonium formate in 2-propanol/acetonitrile/water
(45:45:10; v/v/v) (mobile phase B). The pump controlling the gradient of mobile phase B was programmed as follows. Phosphatidyl-
ethanolamine (PE) and phosphatidylcholine (PC) analysis: an initial isocratic flow at 20% B for 1 min, a linear increase to 40% B for
1 min, an increase to 92.5% B using a curved gradient for 23 min, a linear increase to 100% B for 1 min, and a hold at 100% B for
4 min. Cardiolipin (CL) analysis: an initial isocratic flow at 20% B for 1 min, a linear increase to 80% B for 2 min, an increase to 100% B
using a curved gradient for 30 min, and a hold at 100% B for 5 min. The total flow rate was 0.3 ml/min, the column temperature was
45°C, and the sample temperature was 4°C. The spectrometer parameters were as follows: nebulizer gas flow, 2 L/min; drying
gas flow, 15 L/min, interface voltage, 4.5 kV; DL temperature, 250°C; and heat-block temperature, 400°C. The multiple reaction
monitoring transition was [M + H* — [M + H — 141.0]" for PE and [M + H]* — [184.1]" for PC. For CL analysis, deprotonated
cardiolipin ions were detected. The fatty-acid composition of PE, PC, and CL was determined using product scan analysis of
[M —HJ', [M + HCOOJ', and [M — H] as precursor ions, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS
The statistical significance of differences between the mean values was analyzed using a nonpaired t test (two-sided). Multiple com-
parisons were performed using Tukey’s test following analysis of variance (ANOVA). The relation between fluorescence lifetime of

FPT and integrated fluorescence density of TMRM was evaluated by Pearson’s correlation coefficient test. A p value of <0.05
was considered statistically significant. The measurements were taken from at least three independent samples.

e6 Cell Reports 38, 110487, March 15, 2022
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Figure S1. Characterization of DESAT1-suppressed cells and intracellular temperature imaging
using FPT. Related to Figure 1.

(A) Mutations in Desat1-deficient cells. The solid lines and dotted lines represent the deleted sequence
in allele I and allele 11 of Desatl1-deficinet cells, respectively. The deletions in the Desatl gene caused
frame shifts in each allele. (B) Effect of Desatl deletion on cell growth. Desatl-deficient cells were
incubated in the culture medium supplemented with indicated concentrations of unsaturated fatty acids.
As a control, S2 cells were incubated in the culture medium without unsaturated fatty acid
supplementation. (C) Culture medium temperature-dependent changes in the FPT fluorescence
lifetime in S2 cells. Mean £+ SD (n = 17 at each temperature). (D) Relationship between the
fluorescence lifetime of FPT and fluorescence intensity of TMRM in single cells at 25°C. Pearson’s
correlation coefficient test indicates the correlation (r = 0.786). (E) Effect of DESAT1 inhibitor (1 uM)
on cell growth. S2 cells were incubated in the DESATL1 inhibitor-containing culture medium
supplemented with indicated concentrations of unsaturated fatty acids. (F) Effect of C16:0
supplementation on the DESATL1 inhibitor-induced decrease in intracellular temperature of S2 cells.
The medians are shown as lines. Scale bar indicates 5 um. The average value in each cell was plotted
(D, F). ***P < 0.001. n.s., not significant.
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Figure S2. Intracellular temperature imaging using tsGFP1-LPs. Related to Figures 1 and 2.

(A) Schematic diagram of the tsGFP thermosensors. Coiled-coil regions of TIpA are shown in gray.
GFP (green) is inserted in frame in between the tandemly repeated coiled-coil regions of TIpA. The
leucine-to-proline mutations are indicated by red crosses. (B) Fluorescence excitation spectra of
tsGFP1-LP at various temperatures. Emission is monitored at 510 nm. (C) Temperature-dependent
changes in the ex397/ex472 ratio of tsGFP1 and tsGFP1-LP. (D) Culture medium temperature-
dependent changes in the ex405/ex488 ratio of tsGFP1-LP in S2 cells. Mean = SD (h > 21 at each
temperature). (E) Confocal images of HeLa cells (upper) and S2 cells (lower) expressing tsGFP1-LP-
mito. tsGFP1-LP-mito was successfully colocalized with a mitochondrial marker, MitoTracker Deep
Red. (F) Culture medium temperature-dependent changes in the ex405/ex488 ratio of tsGFP1-LP-mito
in S2 cells. Mean £ SD (n > 12). Scale bar indicates 5 um.
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Figure S3. Regulation of mitochondrial membrane potential and ATP-synthesis dependent
mitochondrial respiration by DESAT1. Related to Figure 3.

(A) Effect of treatment with oligomycin (3 uM) or the metabolic inhibitors on mitochondrial
membrane potential evaluated by JC-1. S2 cells were treated with FCCP (5 uM) or rotenone (5 uM)
for 15 min or 30 min, respectively. (B) Effect of treatment with oligomycin (3 uM) on mitochondrial
membrane potential evaluated by TMRM. Effect of Desatl deletion (C) or DESAT1 overexpression
(D) on mitochondrial membrane potential evaluated by JC-1. (E) Effect of treatment with unsaturated
fatty acids (100 uM) for 16 h on mitochondrial membrane potential evaluated by JC-1. (F) Effect of
treatment with the DESAT1 inhibitor (1 uM) for 16 h on the amount of mitochondrial DNA. Mean +
SD (n = 3). (G) Effect of treatment with the DESAT1 inhibitor (1 uM) for 16 h on the amount of SESB,
a mitochondrial protein. The amount of SESB was normalized with that of o Tubulin. The levels of
SESB proteins are shown relative to the amount of SESB protein in vehicle-treated cells. Mean £ SD
(n = 3). (H) Effect of treatment with the DESATL1 inhibitor (1 uM) for 16 h on the amounts of
mitochondrial respiratory chain (MRC) complex proteins. The subunits of the MRC complex proteins
were detected using MitoProfile Total OXPHOS Rodent Antibody Cocktail. Effect of Desatl deletion
(I) or treatment with unsaturated fatty acids (100 uM) for 16 h (J) on the oxygen consumption rate
(OCR). Mean + SE (n = 3, 6, respectively.). (K) Effect of treatment with FCCP (5 uM) for 15 min on
FPT fluorescence lifetime in Desatl-deficient cells. Scale bar indicates 5 um. The average value in
each cell was calculated (A-E, K). The medians are shown as lines (A-E, K). ***P < 0.001. n.s., not
significant.
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Figure S4. DESAT1-dependent regulation of FiF,-ATPase complex via cristae remodeling.
Related to Figure 4.

(A) Effect of Desatl deletion on the oligomerization of FiF,-ATPase. The levels of FiF,-ATPase
oligomer are shown relative to the amount of F1F,-ATPase monomer. (B) Effect of Desatl deletion on
the mitochondrial structure. The proportions of mitochondria classified as in Figure 4C in S2 cells (n
= 158) and Desatl1-deficient cells cultured in a normal medium without or with unsaturated fatty acids
(C16:1 and C18:1) supplementation (n = 180, 149). (C) Effect of DESAT1 overexpression on the
oligomerization of F1F,-ATPase. The levels of F1F,-ATPase oligomer are shown relative to the amount
of F1F.-ATPase monomer. (D) Effect of DESAT1 overexpression on the mitochondrial structure. The
proportions of mitochondria classified as in Figure 4C in S2 cells (n = 129) and FLAG-DESAT1-
overexpressing S2 cells (n = 150). (E) Effect of DESAT1 inhibitor (1 uM) for 16 h on the expression
level of Opal mRNA. Mean + SD (n = 3). (F) Effect of treatment with oligomycin (3 uM) for 30 min
on the mitochondrial structure. The proportions of mitochondria classified as in Figure 4C in vehicle-
treated S2 cells (n = 101) and oligomycin-treated S2 cells (n = 104). *P < 0.05, ***P < 0.001. n.s., not
significant.
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Fatty acid composition of phospholipid molecules in S2 cells. Related to Figure 5.

Phospholipid molecules were presented in the format PC (X:Y), PE (X:Y), and CL (X:Y), where X
denotes the total number of acyl chain carbons and Y denotes the total number of double bonds in acyl
chains. Components of fatty acids in PC (32:2) (A), PC (34:2) (B), PC (36:2) (C), PE (32:2) (D), PE
(34:2) (E), and PE (36:2) (F) of the crude mitochondrial fraction in S2 cells were analyzed using
product ion scan analysis with liquid chromatography with LC-MS/MS. (G) Mass spectra of CL ions
(IM — HJ]) of S2 cells obtained using liquid chromatography—electron spray ionization—mass
spectroscopy (LC-ESI-MS) analysis. Components of fatty acids in CL (64:4) (H), CL (66:4) (I), and
CL (68:4) (J) of the crude mitochondrial fraction were also analyzed using product ion scan analysis

with LC-MS/MS.
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Figure S6. Cold-induced activation of mitochondrial respiration via the DESAT1-dependent
regulation of mitochondrial phospholipids. Related to Figure 6.

(A) The expression level of DESAT1 protein in S2 cells cultured at 25°C or 15°C for 4h. The amount
of DESAT1 protein was normalized with that of o Tubulin. The levels of DESAT1 proteins are shown
relative to the amount of DESAT1 protein in cells incubated at 25°C. Mean + SD (n = 3). Phospholipid
molecules were presented in the format PC (X:Y), PE (X:Y), and CL (X:Y), where X denotes the total
number of acyl chain carbons and Y denotes the total number of double bonds in acyl chains. The
components of fatty acids in PC (32:2) (B), PC (34:2) (C), PE (32:2) (D), and PE (34:2) (E) of the
crude mitochondrial fraction in S2 cells cultured at 15°C for 4h were analyzed using product ion scan
analysis with LC-MS/MS. (F) CL molecules in S2 cells treated with or without the DESAT1 inhibitor
(1 uM) for 4 h at 25°C or 15°C were analyzed using LC-MS/MS. Mean £ SD (n = 3). (G) The
mitochondrial membrane potential evaluated by JC-1in wild-type S2 cells or Desatl-deficient cells
cultured at 25°C or 15°C for 4h. The average value in each cell was plotted. The medians are shown
as lines. (H) The amount of mitochondria in S2 cells cultured at 25°C or 15°C for 4h. The amount of
a mitochondrial protein SESB was normalized with that of o Tubulin. The levels of SESB proteins are
shown relative to the amount of SESB protein in S2 cells incubated at 25°C. Mean £ SD (n = 3). ()
The proton gradient formation dynamics of S2 cells in the presence (0 min, n = 88; 5 min, n = 88; 10
min, n = 90; 20 min, n = 83) or absence (0 min, n = 82; 5 min, n = 83; 10 min, n = 85; 20 min, n = 86)
of oligomycin (3 uM) at 25°C. (J) The proton gradient formation dynamics of S2 cells cultured at 25°C
for 4 h (0 min, n =75; 5 min, n =81; 10 min, n = 88; 20 min, n = 91) and S2 cells treated with (0 min,
n=79; 5 min, n =89; 10 min, n = 86; 20 min, n = 89) or without (0 min, n = 76; 5 min, n = 81; 10
min, n = 86; 20 min, n = 87) the DESAT1 inhibitor (1 uM) for 4 h at 15°C. ***P < 0.001. n.s., not
significant.
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Figure S7. The F1F,-ATPase complex and mitochondrial cristae structure during cold exposure
in Desat1-deficient cells. Related to Figure 7.

Wild-type S2 cells or Desatl-deficient cells were incubated at 25 °C or 15 °C for 4 h. (A) Oligomer
formation of F1F,-ATPase complex was analyzed using blue native PAGE. The levels of FiF,-ATPase
oligomer are shown relative to the amount of F.F,-ATPase monomer. Mean = SD (n = 3). ***P <
0.001. n.s., not significant. (B) Based on inner mitochondrial membrane (IMM) structures,
mitochondria were classified into two group: “with cristae” and “disrupted”. The proportions of
mitochondria classified as Figure 4C in wild-type S2 cells cultured at 25°C for 4 h (n = 195), Desat1-
deficient cells cultured at 25°C for 4 h (n = 162), and Desat1-deficient cells at 15°C for 4 h (n = 165).
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