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Lipid mobilization through fatty acid -oxidation is a central process

essential for energy production during nutrient shortage. In yeast, this
catabolic process starts in the peroxisome from where [3-oxidation products
enter mitochondria and fuel the tricarboxylic acid cycle. Little is known
about the physical and metabolic cooperation between these organelles.
Here we found that expression of fatty acid transporters and of the
rate-limiting enzyme involved in B-oxidation is decreased in cells expressing
ahyperactive mutant of the small GTPase Arfl, leading to an accumulation
of fatty acidsinlipid droplets. Consequently, mitochondriabecame
fragmented and ATP synthesis decreased. Genetic and pharmacological
depletion of fatty acids phenocopied the arfl mutant mitochondrial
phenotype. Although [3-oxidation occurs in both mitochondria and
peroxisomes in mammals, Arfl’s role in fatty acid metabolismis conserved.
Together, our results indicate that Arfl integrates metabolisminto energy
production by regulating fatty acid storage and utilization, and presumably
organelle contactsites.

Intracellular compartmentalization of metabolic processes involves
deep and well-orchestrated inter-organelle communications to coor-
dinate cellular functions. This requires homeostatic control of lipid,
ion and metabolite transfer between organelles, and between orga-
nelles and the plasma membrane' ™. Exchanges are established through
vesicular transport by means of kissing and fusing’, and membrane
contact sites™”’.

Mitochondria form contacts with almost every organelle in the
cell>*%, They establish functional interactions with peroxisomes”° and
with lipid droplets (LDs""?) to ensure fatty acid (FA) metabolism and
ATP production. Lipids are stored in LDs in the form of triacylglycerol
(TAG) and sterol esters (SE). Under nutrient shortage, FAs are released
from LDs by lipolysis and metabolized by [3-oxidation solely in peroxi-
somes inyeast, or in both peroxisomes and mitochondria in mamma-
lian cells. Subsequently, shortened acyl-CoA (or acetylcarnitine/citrate)

is transferred from peroxisomes to mitochondria by an unknown
mechanism®°, where it will fuel the tricarboxylicacid (TCA) cycleand
the respiratory chain (RC) complexes for oxidative phosphorylation
(OXPHOS). Hence, LDs stay in close proximity to peroxisomes and
mitochondria for efficient transfer of metabolites” . Perturbed con-
tact sites between these organelles and mitochondria are correlated
with metabolic syndromes, liver disease and cancers, highlighting their
central role in cellular homeostasis®®'’. Nevertheless, how contact
sites are organized and regulated, and which proteins are involved in
metabolite transfer allowing proper lipid flux between organelles to
ensure effective energy production, remains enigmatic.

Arflis a master regulator of vesicle formation at the Golgi
and its activity is modulated by ArfGAPs (GTPase activating proteins)
and ArfGEFs (guanine nucleotide exchange factors) stimulating GTP
hydrolysis and GDP-to-GTP exchange, respectively. Over the past years,
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additional functions of Arfl have been identified. We and others have
shown that Arfl regulates messenger RNA transport***, mTORCl activ-
ity>*?, and mitochondrial dynamics and transport**~%, However, it
still remains unclear how Arfl specifically regulates mitochondrial
dynamics. While we and others have observed that eliminating ARF1
in Caenorhabditis elegans or HeLa cells leads to mitochondrial hyper-
connectivity®**, mitochondria were fragmented and globular in the
yeast arfl-11 mutant®*?, indicating that Arfl might play additional roles
atmitochondria.

The Arfl/COPImachinery hasalsobeenimplicatedinlipid metabo-
lism by governing lipolysis, LD morphology, protein recruitment,
phospholipid removal and the formation of endoplasmic reticulum
(ER)-LD bridges®¢. Furthermore, Arfl and COPI could be recruited
onto peroxisomes, and Arfl might be involved in peroxisome prolifera-
tion**’, However, Arfl function on peroxisomes and in FA metabolism
remains elusive.

In this Article, we show that Arfl couples FA 3-oxidation to mito-
chondrial ATP synthesis. We demonstrate that Arfl activity regulates
expression of long-chain FA transporters Pxal/Pxa2 and of the firstand
rate-limiting enzyme involved in B-oxidation, Poxlin yeast. Arfl modu-
lates FA availability on LDs by promoting TAG synthesis and hydrolysis.
Hyperactive Arfl leads to an increased level of TAGs in LDs, and to
reduced lipid transfer to mitochondria. This conserved mechanismis
essential to sustain endomembrane homeostasis and mitochondrial
ATP synthesis. Moreover, Arflactivity drives both mitochondrial fusion
and fission in yeast, thereby consolidating previous results****. Thus,
Arflappearstobe required for the regulation of mitochondrial dynam-
ics and for FA metabolism and acetyl-CoA transfer to mitochondria.

Results

Arflregulates mitochondrial fusion and fission

To better understand the discrepancies between the hyperconnec-
tivity of mitochondria observed in metazoans®**® and the globular,
fragmented mitochondriain the yeast temperature-sensitive arfl-11
mutant (Fig. 1a), we measured mitochondrial fission and fusion activity
inthe ARFI and arfI-11 strains. For clarity, we will use the prefix ‘y’ for
allyeastand ‘m’ for allmammalian genes and proteins. On the basis of
growth curves and cell morphology (Fig. 1b-d), we shifted strains for
30 minto 37 °C before imaging®.

We could readily detect yArf1-GFP at mitochondrial fission and
fusionsites at both 23 °C and 37 °C (Fig. 1e,g,j, Extended Data Fig.1a,c
and Supplementary Videos 1and 2). Surprisingly, in yarfI-11 cells, the
number of fission and fusion events was higher than in yARFI cells at
23 °C (Fig. 1f i, Extended Data Fig. 1b and Supplementary Video 3).
In contrast, mitochondrial dynamics was greatly reduced at 37 °C
(Fig. 1h,i, Extended Data Fig. 1d and Supplementary Video 4), even
though only mildly affecting yArf1-11-GFP localization at fusion and
fissionsites (Fig.1h,jand Extended DataFig.1d). Our datasuggest that
yArflisrequired for both mitochondrial fusion and fission, reconciling
the findings in mammalian cells, C. elegans and yeast.

Totest whether Arflexertsitsactivity directly onmitochondria, we
anchored yArfl, yArfl-11 or the dominant negative version of yArfIT3IN
(yArf1-DN) on mitochondria via the mitochondrial translocase Tom20
(Fig.2a,b).Irrespective of which yArfl variant we anchored, almost no

mitochondrial tubular network could be observed (Fig. 2c). Thus, the
constant presence of yArfl on mitochondria impairs mitochondrial
dynamics. Deletion of yARFI, however, also impacted mitochondrial
morphology, while mitochondrial dynamics were only mildly affected,
presumably due to the presence of Arf2 (Fig. 2d,e and Supplementary
Videos 5-8). Interestingly, yArf1-DN but not yArf1-11 or the consti-
tutively active yArflQ71L (yArfl-CA) had a dominant phenotype on
mitochondria morphology (Fig. 2f,g), indicating that active Arflis
necessary to maintain mitochondria morphology. Taken together,
our datasuggest that Arfl cycling between GTP-and GDP-bound states
might beimportant to sustain mitochondria homeostasis.

yArfl-11is ahyperactive mutant present on the ER and LDs
Although Arfl activity affects mitochondrial morphology, we were puz-
zled by the difference in mitochondrial morphology inyeast, C. elegans
and mammalian cells. A main difference between the experiments was
that in yeast we used a mutant, while Arfl was eliminated in metazo-
ans**?, Since two of the three mutations of yarfI-11 are located within
orinclose proximity to the GTP-binding domain, we asked whether GTP
binding was impaired in yArfl-11. Thus, we incubated soluble (S100)
and pellet (P100) yArf1-11 lysate fractions with the GAT domain of
the Arf effector Gga2 (Gga2©A"), which specifically binds yArflin its
GTP-bound form*°., yArfl-11in the P100 fraction was more efficiently
retained by Gga2" compared with yArfl, regardless of the temperature
and whether tagged or untagged Arfl variants were used (Fig. 3a,b).
At 23 °C, yArfl-11in the S100 fraction also bound Gga2°" (Fig. 3a,b).
Our results indicate that yArfl-11is mostly in the active conformation
already at 23 °C, that GTP binding does not change upon shift to the
restrictive temperature, and that hence yarfI-11 is a gain-of-function
mutant. This finally explains the different observations; loss of Arfl
function yields hyperfused mitochondria, while a gain-of-function
mutation results in globular mitochondria.

When we recorded the movies on mitochondrial dynamics, we
noticed that the yArfl-11 localization pattern was different to that of
yArfl. This could either be due to a difference in Golgi morphology in
yarfl-11, where the bulk of yArfl is localized, or yArf1-11 might local-
ize to different organelles. While yArf1-GFP mainly localized to the
Golgi (Fig. 3c and Extended Data Fig. 2a,c), only a minor fraction of
yArfl-11-GFP was present at the Golgi (Extended Data Fig. 2b,d). Most
yArfl-11-GFP was in a pattern conspicuously similar to the ER at 23 °C
(Fig. 3¢c), which we confirmed with the ER-marker Sec61-mCherry
(Fig. 3d) and by immuno-electron microscopy (EM) (Fig. 3e-h). Since
yarfl-11 cells do not have a growth defect at 23 °C (Fig. 1b), Arfl-11's
ER localization does not seem to be detrimental. At 37 °C, however,
yArfl-11was massively relocated to puncta, which did not correspond
to Golgi compartments (Fig. 3c and Extended Data Fig. 2b-d). Arfl has
been reported to be localized also to LDs and mitochondria®®?*364142,
whichwealso observed irrespective of growth temperature (Fig. 3e,f).
Indeed, these yArf1-11 puncta at 37 °C corresponded to LDs (Fig. 3i
and Extended Data Fig. 2e,f). Of note, the number of LDs appeared to
be increased and clustered in yarfI-11 compared with wild type (WT)
(Fig. 3g-iand Extended Data Fig. 2f). The presence of yArfl-11 on LDs
did not promptanincreasein COPl coat components on LDs (Extended
DataFig.2g,h), suggesting a COPl-independent function of Arfl-11on

Fig.1|yArflregulates mitochondriafusion and fission. a, Schematic of the
thermo-sensitive mutant Arfl-11in yeast (Yahara et al.”’). Amino acid coordinates
areindicated in bold below the protein and corresponding mutated amino acids
inred. b, Growth test of yARFI and yarfI-11 strains on rich medium (YPD) and
incubated at 23 °C,30 °Cand 37 °C.c, Cell viability assay of yARFI and yarfI-11
strains performed after shifting cells to 37 °C. ODs were measured at regular
timepoints. Mean and standard deviation are shown; n = 3 biological replicates.
d, yARF1 and yarfI-11 strains phenotypes followed by microscopy after 0, 30,

60 and 120 minincubation time at 37 °C. Scale bar, 5 um. e-h, Single timepoint
images of movies done with strains expressing yArf1-GFP (e,g) or yArfl-11-GFP

(fh) together with the mitochondrial protein Tom70 fused to mCherry at 23 °C
(e,f) or shifted to 37 °C (g,h). White arrows indicate sites of fission and yellow
arrows fusion. Asterisk indicates a fusion event independent of Arflin h. Scale
bar, 5 pm. Scale bar inlays, 2.5 pm. i,j, Measurements of mitochondrial fusion and
fission events per cell (i) and the frequency of events where yArflis involved (j).
Mean and standard deviation are shown; yARF123 °C =271 cells,yARFI137 °C =231
cells, yarf1-1123 °C =379 cells and yarfI-11 37 °C =186 cells from n = 3 biological
replicates. Source numerical data are available in source data. See also Extended
DataFig.1.
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Fig.2| Control of Arfl activity is needed for mitochondria dynamics.

a, Schematic of the construct designed to anchor yArfl on mitochondria (MT)
via Tom20. yARFI deleted in its myristoylation sequence (AN17) was expressed
fromits endogenous promoter and fused to GFP on its 3’ end. Localization of
MT-anchored AN17-yArfl-GFP, the dominant negative yArf1-DN or yArfl bearing
yArfl-11-GFP variant in yARFI cells grown at 23 °C or shifted to 37 °C. Scale

bar, 5 um. b, High-resolution co-localization of MT-anchored AN17-yArf1-GFP,
yArf1l-DN and Arf1-11-GFP with mitochondria stained with MitoTracker Deep Red
FM. A single focal plane of 0.2 pmis shown. Scale bar, 2 um. ¢, Measurements

of mitochondria phenotypes (tubular, mixed or globular) based onimages
takenina.Mean and standard deviation are shown; AyarfI + MT-Arf123 °C = 419
cells, Ayarfl + MT-Arf1-1123 °C = 544 cells, AyarfI + MT-Arf1-DN 23 °C = 606

cells, Ayarfl + MT-Arf137 °C =509 cells, Ayarfl + MT-Arf1-1137 °C =453 cells,
Ayarfl+MT-Arf1-DN 37 °C = 462 cells from n = 3 biological replicates.

d, Mitochondria morphology wereimaged in WT and AyarfI strains grown

at23 °Cor shifted to 37 °C using Tom70-mCherry as mitochondrial marker.
Mitochondria phenotypes (tubular, mixed or globular) were measured. Mean
and standard deviation are shown; WT 23 °C =355 cells, WT 37 °C = 582 cells,
Ayarf123°C =419 cells, AyarfI-1123 °C = 571 cells from n = 3 biological replicates.

Scale bar, 5 pm. e, Mitochondrial fusion and fission events were measured on
the basis of Supplementary Videos 5-8. Mean and standard deviation are shown;
WT23°C=320cells, WT 37 °C =279 cells, Ayarf1 23 °C =319 cells, AyarfI-11
37°C=321cells fromn =3 biological replicates. f, Mitochondria morphology
wereimaged in WT cells expressing yArfl-GFP or yArfl-11-GFP grown at 23 °C

or shifted to 37 °C using Tom70-mCherry as mitochondrial marker. For each
strain the tubular, mixed and globular phenotypes were measured. Mean and
standard deviation are shown. Scale bar, 5 um. +yArf123 °C = 251 cells, +yArfl
37°C=273cells, +yArf1-1123 °C = 266 cells, +yArfl-1137 °C =273 cellsfromn =3
biological replicates. g, Mitochondria morphology were imaged in WT cells
expressing yArfl-, the constitutively active mutant yArfl-CA- or the dominant
negative yArfl-DN-GFP grown at 23 °C or shifted to 37 °C using Tom70-mCherry
as mitochondrial marker. For each strain the tubular, mixed and globular
phenotypes were measured. Mean and standard deviation are shown. +yArfl
23°C =269 cells, +yArf137 °C =275 cells, +yArfl-CA 23 °C = 268 cells, +yArfl-CA
37°C=287cells, +yArfl-DN 23 °C = 243 cells, +yArf1-DN 37 °C = 411 cells from
n=3biological replicates. Scale bar, 5 pm. Source numerical data are availablein
source data.

LDs. We conclude that yArfl-11 mainly localizes to the ER at the permis-
sive temperature and to LDs at the restrictive temperature.

LD-localized yArfl induces mitochondria fragmentation

Since yArfl-11is a gain-of-function mutant, we hypothesized that
yArfl-CA mightlocalizeinasimilar fashion.Indeed, yArfl-CAlocalized
also to the ER and in smaller puncta that were quite distinct from the
Golgilocalization observed with yArfl and yArf1-DN (Fig. 4a). There-
fore, the active form of yArfl can be found on the ER and most likely
alsoonLDs.

Next, we asked which mutation, or combination of mutations,
is responsible for the localization of yArfl-11 to the ER and LDs by
re-introducing yArfl-11 mutationsin WT yArfl (Supplementary Tables 1
and 2). The single mutations K38T and L173S as well as the K38 T-E132D
pair perturbed yArfl localization, but failed to localize yArfl to the
ER at 23 °C (Fig. 4b). Only the reconstitution of all three mutations
(K38T-E132D-L173S) caused yArfl to be on the ER at 23 °C and on
LDs at 37 °C (Fig. 4b), but none of the combinations tested elicited a
dominant phenotype (Fig. 4¢).

We wondered whether the localization of yArfl-11 on LDs was
the cause of mitochondrial fragmentation. Therefore, we anchored
yArfl on LDs by replacing the N-terminal amphipatic helix of Arfl
with the PAT domain of the LD protein PIn1 (ref. 43) in a AarfI strain.
Asshown above, loss of yArflalready impacts mitochondriamorphol-
ogy (Fig. 4d). However, this phenotype was exacerbated irrespec-
tive of which yArfl version was targeted to LDs (Fig. 4D), suggesting
that the continuous presence of yArfl on LDs increases the level of
globular mitochondria. To corroborate our findings, we prevented
yArfltolocalize on LDs by targeting yArfl and yArfl-11 to the ER using
the transmembrane domain of Sec66 (Fig. 4e). Their sequestration
at the ER did not affect growth even in the absence of WT yARF1
(Fig.4f).Under these conditions, the mitochondrial network remained

tubular in cells expressing ER-anchored yArfl-11 even at 37 °C
(Fig.4g,h). Moreover, mitochondria fusion was similar between yArf1l
and yArfl-1lirrespective of the temperature (Fig. 4i and Supplemen-
tary Videos 9-12). Thus, localization of yArfl-11 on the ER prevents
mitochondria fragmentation at 37 °C.

Functional conservation of Arfl-11in mammalian cells

Since Arflalso plays arole in mitochondrial dynamics in mammalian
cells, we wondered whether Arfl-11localization and function would
be conserved in mammalian cells. Thus, we mutated mammalian Arfl
at the corresponding positions (mArf1-11), and C-terminally fused
WT mammalian Arfl (mArfl) and mArfl-11 to GFP (Extended Data
Fig.3a). These proteins were expressed in HeLa ARFI knockout cells
(ARF1KO; Extended Data Fig. 3b,c)*". mArf1-11 expression in these
cells led to drastic cell death after 3 days (Extended Data Fig. 3d).
Thus, like in yeast, the hyperactive form of mArfl has severe effects
on cell survival.

Asexpected, mArfl-GFP was present on the Golgiand on vesicles
(Fig. 5a and Extended Data Fig. 3e). In contrast, mArfl-11 only mod-
estly localized to the Golgi (Fig. 5b and Extended Data Fig. 3f). Instead
mArfl-11 decorated tubular and large round structures (Extended
DataFig.3g,h). The tubular structures were positive for the mitochon-
drial marker TOM20, but not for the ER marker CLIMP63 (Fig. 5¢c-f).
mArfl-positive vesicles were sometimes juxtaposed to mitochondria
in agreement with mArfl function in mitochondria division or trans-
port*2, As expected, mArfl knockout (KO) cells had reduced levels
of mitochondria fission and fusion, which were restored to normal
levels upon expression of either mArfl or mArfl-11 (Extended Data
Fig. 3i and Supplementary Videos 13-16), supporting the notion that
Arfl’s functions on mitochondria are conserved from yeast to mam-
mals. Likewise, the localization of mArf1-11 to LDs was conserved
(Fig.5g,h), encouraging us to determine the function of Arfl-11on LDs.

Fig.3|yArfl-11is ahyperactive mutant presentonthe ERand LDs. a,b, Active
yArfl pull-down and detection experiments done with strains expressing yArfl
and yArfl-11fused to GFP (a) or endogenous untagged yArfl and yArfl-11 (b).
Protein extracts from soluble (5100) or pellet (P100) fractions from yARF1 and
yarfl-11 cells grown at 23 °C or shifted to 37 °C were incubated with equal amount
of purified GST-tagged GAT domain of Gga2 (Gga2°4"). Sec61 and Anpl were used
as membrane marker and Pgkl as cytosolic marker. s.e., short exposure; l.e., long
exposure; PD, pull-down. ¢, Localization of WT yArfl and yArf1-11 C-terminally
fused to GFP. Cells were incubated either at 23 °C or shifted at 37 °C for 30 min.
Mean and standard deviation are shown. Scale bar 5 pm. d, Co-localization of
yArfl-GFP and yArf1-11-GFP with the ER marker Secé61 tagged with mCherry
grown at 23 °C and 37 °C. Cells highlighted by dotted squares depict GFP

and mCherry co-localization. Fluorescence intensities of each channel were
measured on a circle drawn around the perinuclear ER and are shown here as
arbitrary units (a.u.). Scale bar, 5 um. e-h, TEM of yARFI (e f) and yarfi-11

(g, h) strains grown either at 23 °C (e,g) or shifted at 37 °C (f,h) for 30 min. yArfl
and yArfl-11localizations were detected by immunogold labeling, and dotted
squares show enlargements of specific Arfllocalizations. Scale bar, 500 nm.
Scale bar magnification, 200 nm. i, Co-localization of yArf1-GFP and yArf1-11-
GFP with the LD marker Erg6 tagged with mCherry grown at 23 °C or shifted to

37 °Cfor 30 min. Arrows indicate sites of co-localization between the yArfl/yArfl-
11and LD. Scale bar, 5 um. Unprocessed blots are available in source data. See also
Extended DataFig. 2.
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Hyperactive Arflinduces TAG accumulation

When we analysed the yeast arfI-11 mutant phenotype, we noticed
in our transmission electron microscopy (TEM) pictures an increase
in LD number and dilated ER (Figs. 3e-h and 6a and Extended Data
Fig. 4a), which we confirmed by staining LDs with LipidTox in yeast
(Fig. 6b) and with Nile Red in mammalian cells (Fig. 6¢). LDs are special-
ized organelles primarily known for their role in energy storage in the
formof neutral lipids, mainly TAG and SE. Although lipidomic analysis
of yARFI andyarfI-11 strains did not reveal any differencesin the levels
of SE (Extended Data Fig. 4b), we found astrongincrease in TAG levels
inyarfl-11 compared with yARFI (Fig. 6d). Strikingly, these elevated
TAG levels were not matched by changes in the overall phospholipid
composition (Extended Data Fig. 4¢).

We have previously shown that the ER stress response is elevated
inyarfI-11 (ref. 23). Therefore, we asked whether the increase in LD
biogenesis was due to ER stress. We deleted the two mammalian FIT2
homologues SCS3and YFT2known to connect ER stress response and
LD biogenesis*, and to maintain cellular proteostasis and membrane
lipid homeostasis at the ER in WT yeast (Fig. 6e)*°. In these strains,
LD accumulation and mitochondrial morphology remained unaf-
fected and did not phenocopy yarfI-11. Thus, TAG accumulation and
increased LD biogenesis were not a secondary effect due to ER stress
intheyarfi-11 strain.

Ithas been previously reported that the number of LDsisincreased
also in a Aarfl mutant, a phenotype we confirmed (Fig. 6f and
Extended Data Fig. 4d,e). Similar to the yarfi-11 strain, the increase in
LD number correlated with an increase in TAG levels (Fig. 6g) but not
of SE (Extended Data Fig. 4f). Since both the absence of yArfland pres-
ence of a hyperactive yArfl mutant induced LD formation, we asked
whether Arfl cycling between active and inactive states is needed to
control LD number. LD number was significantly increased when we
expressed either yArfl-CA or yArfl-DN (Extended Data Fig. 4g). This
function of yArfl on LD is independent of its role in conjunction with
COPI components (Extended Data Fig. 4h). Thus, tightly controlled
yArflactivity on LD regulates TAG levels and LD number.

yArflregulates LD-associated functions and B-oxidation

The TAG accumulation under dysregulated yArfl activity could either
beduetoalterationin LD proliferation or to perturbations in FA efflux
from LDs, or both. First, we tested whether yArfl-11was involved in LD
proliferation and TAG synthesis. To induce LD proliferation, we grew

yARFI andyarfl-11 cellsin the presence of saturated FAs (+SFA), which
resulted in agrowth defect for yarfi-11 cells already at 23 °C. This phe-
notype was exacerbated when we blocked endogenous FA synthesis by
cerulenin (+SFA+Cer) or by deleting the TAG synthases (4lrolAdgal)
(Extended Data Fig. 5a). Moreover, Dgal co-immunoprecipitated with
both yArfl and yArfl-11 (Fig. 7a,b). Consistently, yArfl occasionally
co-localized with or was juxtaposed to Dgal and Lrol, while yArf1-11
co-localized withthe ER pool of Dgaland Lrolat 23 °Candthe LD pool
of Dgalat 37 °C (Fig. 7c and Extended Data Fig. 5b). These data suggest
that yArfl could positively influence TAG synthesis.

Next, we asked whether yArfl could also be involved in FA efflux
fromLDs. TAGsinLD are converted into free FA by triglyceride lipases,
activated by Faal/Faa4 on LDs, and then activated free FA areimported
into peroxisomes for B-oxidation (Fig. 7a). Both the triglyceride lipase
Tgl4 and the acyl-CoA synthase Faal were co-immunoprecipitated with
yArfl-11 and to a lesser extent with yArfl (Fig. 7d,e), suggesting that
yArfl negatively regulates FA efflux from LDs. Thus, we measured TAG
mobilization in yARFI1 and yarfi-11 cells. Because of the yarf1-11 tem-
perature sensitivity (Fig. 1c), we were unable to perform long kinetics.
Still, we observed a slight impairment in TAG mobilization from LDs
inyarfl-11 compared with yARFI (Extended Data Fig. 5c,d), consistent
with the possibility that Arfl negatively affects TAG mobilization.

Alterations in FA efflux might also affect peroxisomes. We could,
however, not detect any difference in peroxisome number (Fig. 7f
and Extended Data Fig. 5e). yArfl and mArfl can bind to peroxisomes
invitro”** and Pex35 functionally interacts with yArf1 (ref. 39). Likewise,
we detected interactions between yArfl and yArfl-11 with the peroxiso-
mal protein Pex13 (Extended Data Fig. 5f). However, neither yArf1-GFP
nor yArfl-11-GFP co-localized with peroxisomes, but were rather found
onjuxtaposed structures (Extended Data Fig. 5g).

Next, we determined whether FA import into peroxisomes or
B-oxidation was defective in yarfI-11 (Fig. 7g). The two subunits of the
obligate heterodimeric FA transporter Pxal and Pxa2 were affected
inyarfl-11. Pxal levels were strongly reduced at 37 °C and Pxa2 was
virtually absent, both at 23 °C and 37 °C (Fig. 7h,i). Likewise, the first
and rate-limiting enzymeinvolved in 3-oxidation, the acyl-CoA oxidase
Pox1, wasalmost undetectable at 37 °Cinyarfi-11, whileits levels were
increased in yARFI under the same condition. Consistent with the
functional peroxisome biogenesis, not all peroxisomal proteins were
affectedinyarfI-11. Thelevel of the very-long-chain FA transporter Fatl
and two other enzymes of the 3-oxidation cascade, Fox2 and Pot1, were

Fig. 4 |LD-localized yArflinduces mitochondria fragmentation.

a, Localization of yArfl, constitutively active (CA) or dominant negative (DN)
forms of yArfl fused to GFP grown at 23 °C or shifted to 37 °C for 30 min.
Constructs were expressed from the centromeric low copy number plasmid
pGFP33. Scale bar, 5 pm. b, Localization of yArfl, or yArfl bearing single
(K38T,L173S), double (K38T-E132D) or triple (K38 T-E132D-L173S) substitution
yarfl-11 mutations fused to GFP in Saccharomyces cerevisiae (YPH500) grown

at 23 °C or shifted to 37 °C for 30 min. Constructs were expressed from the
centromeric low-copy-number plasmid pGFP33. Scale bar, 5 um. ¢, Growth assay
of the WT strain bearing the empty pGFP3 vector (+EV), single (K38T, L173S),
double (K38T-E132D) or triple (K38T-E132D-L173S) yarfI-11 mutations fused

to GFP onrich YPD plates incubated at 23 °C, 30 °C or 37 °C.d, Schematic of the
construct designed to anchor yArfl on the LD via the PAT domain of the perilipin
PLN1.yARFI deleted in its myristoylation sequence (AN17) was expressed
fromits endogenous promoter and fused to GFP onits 3’ end. Localization of
LD-anchored AN17-yArf1-GFP, the constitutively active mutant yArf1-CA, or
yArflbearing yArfl-11-GFP variant in cells depleted of ARFI grown at 23 °C

and shifted to 37 °C. Tom70-mCherry was used as a mitochondrial marker.
Mitochondria phenotypes (tubular, mixed or globular) were measured. Mean
and standard deviation are shown. At 23 °C, Ayarfl = 406 cells, AyarfI + LD-
Arfl=477 cells, Ayarfl + LD-Arf1-11 = 483 cells, AyarfI + LD-Arf1-CA = 403 cells;
At 37 °C, Ayarfl = 443 cells, AyarfI + LD-Arfl = 480 cells, AyarfI + LD-Arf1-11 =523
cells, Ayarfl + LD-Arf1-CA = 529 cells from n = 3 biological replicates. Scale

bar, 5 pm. e, Schematic of the construct designed to anchor yArflon the ER

viaSec66. yARFI deleted inits myristoylation sequence (AN17) was expressed
fromits endogenous promoter and fused to GFP onits 3’ end. Localization of
ER-anchored AN17-yArf1-GFP or yArfl bearing yArfl-11-GFP variant in Ayarf1
cells grown at 23 °C and shifted to 37 °C. Scale bar, 5 um. f, Growth assay of

the ER-anchored AN17-yArf1-GFP or Arfl strains bearing yarfI-1I mutations
(ArfI*38T-EB2D-LI735) o rich YPD plates or synthetic medium lacking uracil
(HC-Ura) incubated at 23 °C, 30 °C or 37 °C, and of the ER-anchored AN17-
yArf1-GFP or yArfl bearing yarfI-11 mutations (Arf1¥*TE320-L735) jn YPH500
cellslacking yARFI (AyarfI) onrich YPD plates or synthetic media lacking uracil
(HC-Ura) incubated at 23 °C, 30 °C or 37 °C. g, Cells expressing yArfl1/11 fused
to GFP, or expressing ER-AN17-yArf1/11-GFP were grown at 37 °C for 30 min
and mitochondria were imaged with Tom70-mCherry by high-resolution
microscopy followed by deconvolution. A z-projection of maximum intensities
isshown for each panel. Scale bar, 2 um. h,i, Measurements of mitochondria
phenotypes (tubular, mixed or globular) based on images takening (h),

and mitochondrial fusion and fission events based on Supplementary Videos
9-12 (i). Mean and standard deviation are shown. AyarfI + yArf1-GFP = 364
cells, AyarfI + yArfl-11-GFP = 800 cells, AyarfI + ER-yArf1-GFP = 608 cells,
Ayarfl + ER-yArfl-11-GFP = 542 cells from n = 3 biological replicates (h); at 23 °C
Ayarfl + ER-yArfl1-GFP = 210 cells, Ayarf1 + ER-yArf1-11-GFP = 208 cells and at
37 °C Ayarf1 + ER-yArf1-GFP =195 cells, AyarfI + ER-yArf1-11-GFP = 190 cells
from n=3biological replicates (i). Source numerical data are available in
source data.
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Fig. 5| Functional conservation of Arf1-11in mammalian cells. a,b, Mammalian
Arfl(mArfl; a) or mArfl-11 (b) fused to GFP were expressed in CRISPR/Cas9-
mediated ARFIknockout HeLa cells (ARF1KO). Co-localization with the Golgi was
done by immunostaining against the marker GM130. Squares show magnification
ofaperinuclear and distal portion of the cell. Scale bars, 10 pum and 5 um (inlays).
c,d, Co-localization of mArfl-GFP (c) and mArfl-11-GFP (d) expressed in the ARF1
KO cell line with the ER was determined by immunostaining against the marker
CLIMP63. Squares show magnification of a perinuclear and distal portion of the
cell. Scalebars, 10 umand 5 pm (inlays). e,f, Co-localization of mArf1-GFP (e)

ARF1KO + mArf1-11-GFP

and mArf1-11-GFP (f) expressed in the ARFI1 KO cell line with mitochondria was
determined by immunostaining against the translocase of mitochondrial outer
membrane TOM20. Squares show magnification of a perinuclear and distal
portion of the cell. Scale bars, 10 pm and 5 pum (inlays). g,h, Co-localization of
mArf1-GFP (g) and mArf1-11-GFP (h) expressed in the ARFI KO cell line with LDs
was determined by incubation with the fluorescent fatty-acid BODIPY Red-C12.
Scalebars, 10 pmand 5 pm (inlays). Squares show magnification of distal portion
ofthe cell. Allimages were acquired 24 h after transfection. See also Extended
DataFig.3.

notalteredinyarfI-11. The reduction of Pxal, Pxa2 and Pox1 levels was
notduetotranscriptional regulation aswe did not observe any decrease
inthe mRNA levels of all three genesin yarfI-11 at 37 °C (Extended Data
Fig. 5h), indicating that the regulation of Pxal, Pxa2 and Pox1 occurs
post-transcriptionally.

The product of B-oxidation, acetyl-CoA is transferred to mito-
chondriafor ATP production. Our dataindicate that yarfI-11 might be
defective in acetyl-CoA synthesis using FA as substrate. Besides FAs,
acetate can also be metabolized by yeast cells to produce acetyl-CoA.
In the presence of 0.3 M sodium acetate, none of the yarfI-1I mutant
strains grew at the semi-permissive temperature 30 °C (Extended
Data Fig. 5i). Thus, our data indicate that yarfi-11 is defective in
acetyl-CoA synthesis. Taken together, our results suggest a func-
tion for Arflin either directly or indirectly regulating TAG synthe-
sis and metabolism, peroxisome function and thereby FA flux into
mitochondria.

Acetyl-CoA transfer loss leads to mitochondria fragmentation
We hypothesized that disruption of FA flux into mitochondria would
affect mitochondriafunction and morphology. To test this hypothesis,
wefirstdeleted the two TAG synthases LROI and DGAI and determined
mitochondrial morphology. As expected, the LD marker Erg6 remained
inthe ERresulting fromalack of TAG and LD biogenesis (Extended Data
Fig. 6a). Consistently, the proportion of cells harbouring globular mito-
chondriawasincreased (Extended DataFig. 6b,c). Next, weinvestigated
the impact of FA deprivation on mitochondrial morphology by treat-
ing cells with cerulenin*® (Fig. 8a—c). Cerulenin treatment efficiently
reducedthelevels of FAs and LDs (Extended Data Fig. 6d), and slowed
downgrowth (Extended DataFig. 6e). Under these conditions, the frac-
tion of cells with globular mitochondriaincreased drastically (Fig. 8a,b).
Moreover, abolishing 3-oxidation (ApoxI or Apotl) likewise resulted in
globular mitochondria (Extended Data Fig. 6f). Thus, disruption of FA
metabolism impairs mitochondria morphology.
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To corroborate the results above and to show that FA flux into
mitochondria is impaired in yarfi-11, we followed the transport of
the red-fluorescent FA derivative Bodipy C12 (Red-C12) to mitochon-
dria (Fig. 8d). This fluorescent FA has been shown to be incorpo-
rated into LD-specific neutral lipids'*°~*, and to be metabolized by
B-oxidation'*'®, After 30 min, Red-C12 efficiently reached mitochondria
in yARFI (Fig. 8e), while it mainly remained in structures reminiscent
of ER and LD, and was rarely transferred to mitochondria in yarfi-11
(Fig. 8e). Interestingly, Red-C12 transport into mitochondria was
impaired in cells in which yArfl, yArfl-11 or yArf1-CA were locked on
LDs (Extended Data Fig. 7a), but efficiently transported when yArf1-11
was anchoredtotheER, consistent with the notion that Arfl negatively
regulates FA efflux from LDs (Extended Data Fig. 7b). However, abol-
ishing peroxisome biogenesis (4pex34pexI19 (ref. 54)) did not affect
the mitochondria phenotype (Extended Data Fig. 6f), and did not
reduce the flow of Red-C12 to mitochondria (Extended Data Fig. 7c).
These data suggest thatloss of B-oxidationis more detrimental than the
loss of peroxisomes altogether for efficient FA transfer. Taken together,
our data provide evidence that Arfl on LDs negatively regulates FA
efflux from LDs and thereby contribute to the fraction of globular
mitochondria.

FAtransportbetween LDs, peroxisomes and mitochondriaoccurs
at organellar contact sites'’. Impairing peroxisome-mitochondria
contacts by deletion of the PEX34 tetherinyARFI andyarfI-11led only
to a small increase of cells with globular mitochondria (Extended
Data Fig. 7d), much weaker than the yarfI-11 phenotype. Additional
tethers might be involved, which is also supported by previous find-
ings'>*. Moreover, our EM data revealed an increase of ER-mitochon-
dria contacts both in number and length, and also between LDs and
mitochondria in yarfI-11 (Extended Data Fig. 7e-h). We surmise that
this increase in organellar contacts might represent a compensa-
tory mechanism. Taken together, our data indicate that 3-oxidation
is impaired in yarfI-11 at the restrictive temperature and hence no
acetyl-CoA canbe transferred to mitochondria, which ultimately leads
to mitochondrial fragmentation.

OXPHOS activity and ATP synthesis are impaired inyarf1-11
Mitochondria fragmentation has been described as a general mech-
anism in response to various types of stress*®, such as ATP synthase
inhibition”’, oxidative stress®®, or loss of mitochondrial membrane
potential (A¢,,)**°°. We therefore hypothesized that the lack of metabo-
lite transfer from peroxisomes to mitochondria leads to decreased
ATP synthesis.

yarfI-11 did not grow on plates containing a non-fermentable
carbon source (glycerol) with or without the ATP synthase inhibitor
oligomycin (+0Oligo), suggesting defects in RC function (Extended
Data Fig. 8a). Moreover, yarfI-11 exhibited reduced Ay,, (Extended
Data Fig. 8b), together with impaired ATP synthesis, but not hydroly-
sis (Extended Data Fig. 8b,c). We confirmed these observations by
directly measuring ATP synthesis and hydrolysis rates on purified
mitochondria (Extended DataFig.8d,e), at the cellular level by using a

fluorescence resonance energy transfer (FRET)-based ATP nanosensor®
(Extended Data Fig. 8f) and after 30,120 and 360 min incubation at
37 °C (Extended DataFig. 8g). Inall cases, the outcome was alower ATP
level in yarf1-11. Conversely, ATP synthesis was not affected in darf1
(Extended Data Fig. 8h), most likely due to the fact that only 40% of
the mitochondriawere globular in this strain (Fig. 2d). The inability of
the yarfI-11 to synthesize ATP was attributed to a decrease in oxygen
consumption (thatis, lower respiratory rate; Extended DataFig. 8i) and
not dueto uncoupled oxidative phosphorylation (P/O; Extended Data
Fig.8j). Our dataindicate that the low ATP synthesisrateinyarfl-ilisa
direct consequence of the low respiratory rate.

Arfl controls acetyl-CoA flux into mitochondriain mammals
We tested next whether Arfl’s role in FA metabolism was conserved in
mammalian cells. We performed a Red-C12 pulse-chase assay using
ARF1-KO cells expressing mArf1-GFP or mArf1-11-GFP asreported previ-
ously™. Cells were pulsed for 16 hin complete medium (CM), and chased
innutrient-deprived media (Hanks’ Balanced Salt Solution, HBSS) for
0or9 h(Fig. 8f).Under these conditions, FAs were presentin LDs both
in cells expressing mArfl or mArfl-11 at the O h timepoint (Fig. 8g).
While Red-C12 was efficiently transferred from LDs to mitochondriain
mArflexpressing cells after 9 h of starvation, the dye persisted in LDs
inmArfl-11cells (Fig. 8h,i). Thus, Arfl plays an evolutionarily conserved
role in acetyl-CoA transfer to mitochondria.

Taken together our results provide evidence that TAG accumula-
tion in LDs in yeast and mammalian cells expressing the hyperactive
Arfl-11is a consequence of reduced FA metabolism and acetyl-CoA
transfer into mitochondria. As a consequence, energy production is
impaired, leading to mitochondrial fragmentation.

Arflis present at organellar contact sites

The flux of the lipid metabolites from LDs to peroxisomes and mito-
chondria happens through contact sites between these organelles'™.
Arfl appears to regulate FA efflux from LDs, and therefore might be
presentat the contactsites. To test this possibility, we simultaneously
labelled LDs, peroxisomes, mitochondria and yArfl (Extended Data
Fig.9a-c). yArfl was present at contacts between LDs and mitochon-
dria, LDs and peroxisomes, and peroxisomes and mitochondria. More
importantly, we also detected yArfl at tripartite organellar contacts.
Therefore, yArflis at theright locationto regulate FA and acetyl-CoA
flux from LDs to mitochondria. This localization was also observed in
mammalian cells. mArfl was present at mitochondria-LD, mitochon-
dria-peroxisomes and mitochondria-LD-peroxisomes contact sites
under normal (fed) conditions, nutrient starvationor in the presence
of oleate (Extended Data Fig.10a-c). Thus, Arfl plays a conserved role
inFAmetabolism at organellar contact sites (Extended DataFig.10d).

Discussion

Here we provide evidence that Arfl regulates mitochondria functions
viatwo independent mechanisms. First, yArflis required for both fis-
sionand fusion of mitochondria, and we establish that yArflis present

Fig. 6 | Hyperactive Arflinduces TAG accumulation. a, TEM of yARFI and
yarfI-11 strains grown at 37 °C for 30 min. Scale bars, 2,000 nm. b, LipidTox
staining of LDs in yARFI and yarfI-11 strains grown at 23 °C or shifted to 37 °C.
Scale bar, 5 pum. Mean and standard deviation are shown; yARFI23 °C =408 cells,
YyARF137°C =408 cells, yarfl-1123 °C = 421 cells, yarfI-11 37 °C = 422 cells from
n=23biological replicates; two-way ANOVA using Sidak’s multiple comparison,
**P=0.0009,**P=0.0032. c, Nile Red staining of LDs in parental HeLa cells
(control), ARFIKO HeLa cells, and ARFI1 KO HeLa cells expressing mArfl or
mArfl-11. For each cell line, the numbers of LD were quantified. Images were
acquired 24 h after transfection. Mean and standard deviation are shown; HeLa
control =182 cells, ARF1KO =181 cells, ARFI KO +mArfl =163 cells, ARFI1 KO
+mArfl-11 =151 cells from n = 3 biological replicates; unpaired two-tailed ¢-test,
**P=0.0096.Scalebar, 5 um. d, Measurements of TAG in the yARFI and yarfI-11

strains grown at 23 °C or shifted to 37 °C. Mean and standard deviation are
shown fromn =3 biological replicates; unpaired two-tailed ¢-test, *P = 0.0349;
**P=0.002. e, LDs (Erg6) and mitochondria (Tom70) morphologiesimaged in
the yARFI and yarfI-11 parental strains and in strains deprived of SCS3and YFT2
(Ascs3 Ayft2) grown at 23 °C or shifted to 37 °C.f, Lipid Tox staining of LDsin WT
and AarfI strains grown at 23 °C or shifted to 37 °C. Mean and standard deviation
areshown; WT 23 °C = 669 cells, WT 37 °C = 662, Aarf123 °C = 673 cells, Aarfl

37 °C =659 cells from n =3 biological replicates Two-way ANOVA using Sidak’s
multiple comparison, WT versus Aarf123 °C**P=0.0032, WT versus Aarf137 °C
**P=0.001.g, Measurements of TAG in the WT and AyarfI strains grown at 23 °C
or shifted to 37 °C. Mean and standard deviation are shown from n = 3 biological
replicates; unpaired two-tailed ¢-test, ***P = 0.0002; ****P= 0.00000396. Source
numerical dataare available in source data. See also Extended Data Fig. 4.
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atsites on mitochondria where either fusion or fission occurs. Second,
Arfl regulates mitochondrial function by controlling the flow of FAs
and metabolites from LDs to peroxisomes/mitochondriain yeast and
inmammalian cells (Fig. 8j).

Previously, roles for Arfl and the COPI coat in peroxisome biogen-
esisand function and on LDs have been established** ">, However,
the Arfl function wereveal hereisindependent of COPI. For example,
coatomer mutants did not accumulate LDs. Likewise, peroxisome
biogenesis appeared unaffected, but they were non-functional in
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yarfI-11. This functional defect is due to (1) strongly reduced acyl-CoA
import into peroxisomes and (2) the almost complete absence of
the acyl-CoA oxidase Pox1. We propose that FA remain stored in LDs
because they cannot be metabolized in peroxisomes. This scenariois
supported by the finding that deletion of Pox1 or Pxal in yeast leads
to increased TAG levels in LDs®. Strikingly, abolishing peroxisome
biosynthesis had less severe consequences than blocking 3-oxidation.
It is conceivable that, in the absence of peroxisomes, an alternative
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Fig.7|yArflregulates LD-associated functions and B-oxidation. a, Schematic
of TAG synthesis and breakdown on LD. Key enzymes involved in TAG synthesis
(Dgal), hydrolysis (Tgl4), and FA activation (Faal) used in our co-IP experiments
areshowningreen.b,d,e, Co-IP of yArfl-GFP and yArf1-11-GFP with Dgal-6xHA
(b), Tgl4-6xHA (d) and Faal-6xHA (e). Strains were grown at 23 °C or shifted to

37 °C.c, Co-localization of yArf1-GFP and yArf1-11-GFP with the diacylglycerol
acyltransferase Dgal tagged with 3xmCherry grown at 23 °C or shifted to 37 °C
for 30 min. Arrows indicate sites of co-localization or juxtaposition between

the yArfl/yArfl-11and Dgal on the ER or on LD. Scale bars, 5 um. f, Peroxisome
biogenesis followed by microscopy using the peroxisomal marker Pex3 fused to
mCherry in the yARFI1 and yarfI-11 strains grown at 23 °C or shifted to 37 °C (left).
Quantification of peroxisomes per cell in each strain and condition (right). Mean

and standard deviation are shown; yARF1 + Pex3-mCherry 23 °C =1,496 cells,
yARFI + Pex3-mCherry 37 °C =1,070 cells, yarfI-11 + Pex3-mCherry 23 °C =1,025
cells, yarf1-11 + Pex3-mCherry 23 °C = 970 cells from n = 3 biological replicates.
Scalebars, 5 pm. g, Schematic of TAG mobilization to synthesize acetyl-CoA

by peroxisomal 3-oxidation in yeast. Relevant proteins monitoredin h are
shown. Vic-FA, very-long-chain FAs. h, Immunoblot analysis of all B-oxidation
proteins, both acyl-CoA transporters and the Vic-FA transporter genomically
fused to 6xHA in the yARFI and yarfI-11 strains grown at 23 °C or shifted to 37 °C.
Pgklwas used as loading control. i, Relative fold changesin protein levels from
immunodetections done in h. Mean and standard deviation are shown fromn =3
biological replicates. Source numerical dataand unprocessed blots are available
insource data. See also Extended Data Fig. 5.

from LDs to the ER and from there to mitochondria. This pathway
would only be activated in the absence of peroxisomes and since
peroxisomes, albeit non-functional, are still present in arfI-11, FA
transfer is blocked entirely. In the presence of peroxisomes, neutral
lipids accumulate inthe ER, if transfer into LDs is abolished®**°. At any
rate, as aconsequence of reduced acyl-CoA importinto peroxisomes
and the absence of Pox1, the transfer of acetyl-CoA to mitochondria
isreduced, which leads to substrate depletion for the TCA cycle and
ultimately toreduced ATP production, whichin turn causes mitochon-
drial fragmentation. We propose that the two ways by which Arf1-11
interferes with mitochondrial morphology and function drives cell
death. Remarkably, the roles of Arflin acyl-CoA flow from LDs to
mitochondriais conserved from yeast to mammals. While 3-oxidation
occursin peroxisomes in yeast, it is also a mitochondrial functionin
mammalian cells.

mArfland yArflare found at contact sites between LDs and mito-
chondria, LDs and peroxisomes and at tripartite contacts, suggesting
that Arfllocally regulates organellar contacts. Moreover, the hyper-
active yArfl-11 increased contacts between mitochondria, LDs and
the ER. We and others have indicated that Arfl and Arfl-11are present
on LDs*. Here we show that yArfl co-precipitates with Dgal, which
also participates in ER-LD tethering in mammalian cells®”. Thus, even
though co-immunoprecipitation (co-IP) does not allow us to distin-
guishbetweendirectandindirectinteractions, Arfl could beinvolved
intheregulation of tethering or TAG synthesis, or both. Likewise, Arfl
mightfunctionin LD-peroxisome tethering. The tethersbetween LDs
and peroxisomes remain elusive. It has been speculated that proteins
required for lipolysis and acyl-CoA production could act as potential
tethers on LDs®®. Consistent with this possibility, yArfl co-precipitated
with the triglyceride lipase Tgl4 and the acyl-CoA synthetase Faal. In
addition, yArfl-11and mArfl-11had a negative effect on Red-C12 transfer

into peroxisomes/mitochondria and on TAG mobilization from LDs.
We also detected Arfl at contacts between LDs and mitochondria.
Perlipins PLIN1and PLINS5, MIGA2 and the mitofusin MFN2 were impli-
cated as tethers in LD-mitochondria contacts in adipose tissue® "',
The perilipin/mitofusin tether has been proposed to be conserved
between yeast and mammals’. Interestingly, in yeast arfI-11 cells the
mitofusin Fzol formed aggregates, aphenotype that was alleviated by
overexpression of Cdc48 (ref. 26).

We provide evidence that Arflis present at bi- and tripartite orga-
nellar contacts involving mitochondria, peroxisomes and LDs, inboth
yeastand mammalian cells. InyarfI-11, the contacts between mitochon-
dria, LDs,and the ERare increased, often involving all three organelles.
We cannot detect peroxisomes in our EM method. It is tempting to
speculate, however, that contact sites might exist in which all four
organelles come together. We envisage Arfl to be a regulator of all
these contact sites. How Arflregulates proteins at these contacts sites
orwhether Arflacts directly orindirectly on the TAG synthase Dgaland
thelipase Tgl4 or how it can assert its effects on peroxisomal proteins
in trans remain to be established.

Strikingly, Arfl appearsto be aJack of all trades. Historically, Arfl
has been mostly implicated in vesicle transport pathways. We have
previously shown that Arfl is also involved in mRNA transport and
metabolism?. Moreover, Arflis also present on the ER, peroxisomes,
LDs and mitochondria®2%2¢4%¢2, While most small GTPases have mostly
rather precise set of effector molecules that they recruit, Arfl could be
much more promiscuous, since some of the processesitisinvolvedin
may not require either COPl or clathrin orits adaptors. At least, Arfl’s
roles in mitochondria dynamics®® and FA efflux from LDs appear to be
independent of the COPI vesicle coat. A recent study found that COPI
does affect mitochondrial function and LD size in a process that is
apparently not linked to TAG synthesis but rather afeedback from ROS

Fig. 8| Acetyl-CoA transfer loss leads to mitochondria fragmentation.

a, Mitochondrial morphology imaged in the yARFI and yarfI-11 strains grown
at23 °Cor shifted to 37 °C and treated with either DMSO or the FA synthesis
inhibitor cerulenin. Scale bars, 5 um. b, Quantification of the mitochondrial
phenotypes observed in a. Mean and standard deviation are shown;
YARF1+DMSO0 23 °C =751 cells, yARF1 + DMSO 37 °C = 935 cells, yARFI + cerulenin
23 °C=501cells, yARFI + cerulenin 37 °C = 654 cells, yarf1-11 + DMSO 23 °C = 616
cells, y arfl-11 + DMSO 37 °C = 740 cells, y arfl-11 + cerulenin 23 °C = 471 cells,

y arfI-11 + cerulenin 37 °C = 667 cells from at least n = 3 biological replicates.

¢, Metabolic pathway leading to TAG synthesis. FAs are used to produce
phosphatidicacid (PA), which can be further converted to diacylglycerol (DAG)
and to TAG inside LDs by the Lrol and Dgal enzymes. The FA synthesis inhibitor
cerulenininhibits TAG synthesis. d, Schematic of the experiment doneine.

Yeast cells are first grown for 30 min at 37 °C, treated with BODIPY Red-C12

for another 30 min at 37 °C, washed and imaged. e, Acetyl-CoA transfer to
mitochondria monitored in the yeast ARFI and arfI-11 strains grown at 37 °C using
the fluorescent FA BODIPY Red-C12. Co-localization of GFP signal (mitochondria)
over Red-C12 one was measured using Mander’s co-localization index. Mean

and minimum to maximum are shown, box ranges from the first (Q1-25th
percentiles) to the third quartile (Q3-75th percentiles) of the distribution; yARF1

37°C=115cells, yarfi-1137 °C =123 cells from n = 3 biological replicates; Unpaired
two-tailed ¢-test, ****P=0.00000000000000L1. f, Schematic representation of
the FA pulse-chase assay. Cells were stained with BODIPY Red-C12 for16 hinCM,
washed and chased for 9 hin nutrient-depleted medium (HBSS). Then before
imaging, cells were stained for 30 min with the MitoView dye. g,h, ARFI KO cells
expressing mArfl-GFP or mArfl-11-GFP were pulsed with BODIPY Red-C12 for

16 h,incubated 1 hin CM, transferred in HBSS (0 h; g) and chased HBSS for 9 h (h).
BODIPY Red-C12 wasinitiated 24 h after mArfl or mArfl-11transfection. Scale bar,
10 pm. Scale bar inlays, 2 um. i, Relative BODIPY Red-C12 localization measured
by Pearson’s co-localization index. Mean and minimum to maximum are shown,
box ranges from the first (Q1-25th percentiles) to the third quartile (Q3-75th
percentiles) of the distribution; ARFI KO + mArf1 0 h =114 cells, ARF1 KO + mArfl-
110 h=122cells, ARFIKO + mArf19 h =145 cells, ARFI KO + mArfl-119 h =153

cells from n =3 biological replicates; two-way ANOVA using Sidak’s multiple
comparison test, ***P=0.000000000000001. NS, not significant.

Jj, Schematic of the model we propose for Arfl role in FA metabolization and

how this affects maintenance of mitochondria morphology. For more details,

see Discussion. Source numerical data are available in source data. See also
Extended Data Figs. 6-10.
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production”. Thus, Arfl may affect mitochondrial morphology and
function in COPI-dependent and COPI-independent ways. Certainly,
more studies arerequired to reveal the full repertoire of Arfl function.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
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Methods

Strains, media and plasmids

Yeast strains were either grown in rich media composed of 1% w/v
yeast extract, 1% (w/v) peptone, 40 mg I adenine, 2% (w/v) glucose
(YPD) or 2% glycerol (YPGly), or in synthetic complete medium (HC)
composed of 0.17% (w/v) yeast nitrogen base with ammonium sulfate
and without amino acids, 2% (w/v) glucose and mixtures of amino acids
(MP Biomedicals) depending on the auxotrophies used for selection.
Unless otherwise indicated, cells were grown at 23 °Cand a subset was
shifted to 37 °C for 30 min before analysis. Inhibition of FA synthesis
was done by treating cells with cerulenin (10 pg ml™; Alexis Biochemi-
cals, Lausen, Switzerland) for 6 h, or with equal volume of dimethyl
sulfoxide (DMSO) as a control. Solid media contained 2% (w/v) agar.
YPD plates with SFAs contained 1% Brij58 (Fluka), 0.5 mM palmitic
acid and 0.5 mM stearic acid (Sigma). Non-supplemented plates con-
tained only YPD and 1% Brij58. YPD plates containing 0.33 M acetate
pH 6 were prepared by adding 3 M sodium acetate (Ambion) to 1 litre
sterilized YPD. ATP synthase activity was inhibited by adding 0.5 pg pl™
oligomycin to YPGly plates. Cloning into the pGFP33 plasmid was
performed using the Gibson assembly kit (NEB). ARFI point mutations
were generated with the Quick-change Mutagenesis kit (NEB) and KLD
(Kinase, Ligase and Dpnlenzymes) reactions, primers were generated
with the NEBaseChanger website (http://nebasechanger.neb.com).
For LD anchoring of Arfl, we subcloned the first 143 amino acids (PAT
domain) of the yeast perilipin PIn1 (ref. 43).

Cell culture

ARFIKOHeLaa cellswere established, mycoplasmatested and described
elsewhere*'. HeLa cells were grown in high-glucose Dulbecco’s modified
Eagle’s medium (Sigma-Aldrich) with 10% foetal bovine serum (FBS,
Biowest), 2 mM L-glutamine, 100 U mlI™ penicillin G and 100 ng mI™
streptomycin, 1 mM sodium pyruvate at 37 °C and 7.5% CO.,. For tran-
sient cell transfections, cells were plated into six-well plates to reach
70% confluency the following day and transfected with 1 pg plasmid
DNA complexed with Helix-IN transfection reagent (OZ Biosciences).

Yeast transformation

Three units of OD, (optical density at 600 nm) of yeast cells were
grown in appropriate YPD or HC media to mid-log phase. Cells were
spundown and washedin1volume of 1x TEand 10 mM LiAc. The pellet
wasthenresuspendedin350 pl of transformation mix (1x TE,100 mM
LiAc, 8.5% (v/v) single-stranded DNA and 70% (v/v) PEG3000), incu-
bated with DNA (PCR product or plasmid) for 1 h at 42 °C, spun down
(30sat10,000g at room temperature) and resuspended in 100 pl
of YPD or HC media, and cells were plated onto selective media and
incubated at 23 °C or 30 °C. Genomic tagging was done according to
standard procedures™.

HeLacell lines survival assay

Cellswere seeded in12-well plates at a density 0of 55,000 cells per well,
whichwas confirmed by re-counting. Every 24 hfor 6 consecutive days,
cellsfrom one well for each cell line were trypsinized, and resuspended
in phosphate-buffered saline (PBS) complemented with 2% FCS, and
GFP fluorescence from 100,000 cells per sample was measured by a
Fortessa flow cytometer. After 3 days, all cell lines were trypsinized,
diluted to 1:10 and transferred into fresh media.

Microscopy

Fluorescence and DIC images were acquired with an ORCA-Flash 4.0
camera (Hamamatsu) mounted on an Axio Imager.M2 fluorescence
microscope with a 63x Plan-Apochromat objective (Carl Zeiss) and an
HXP 120C light source with ZEN 2.6 software. Image processing was
performed using OMERO.insight client, and analysed with Fiji software.
Measurement of number and length of contact sites on TEM images was
done with Fiji software.

High-resolution images were acquired with an ORCA-Flash 4.0
camera (Hamamatsu) mounted on a FEI-MORE microscope witha1l00x
U Plan-S-Apochromat objective (Olympus).

To image Pex11-mScarlet strains, high-resolution imaging was
performed at 23 °C and 37 °C using an automated inverted fluores-
cence microscope system (Olympus) harbouring a spinning disk
high-resolution module (Yokogawa CSU-W1 SoRa confocal scanner
withdouble microlenses and 50 pum pinholes). Images of cells in 96-well
plates were made using a 60x oil lens (numerical aperture 1.42) and a
Hamamatsu ORCA-Flash 4.0 camera. Allimages were takenin a Z-stack
using cellSens software. Best focal planes were deconvoluted using
cellSens software, and single planes or Z-projections of maximum
intensity images were processed with the Fiji software.

InHelLa cell lines, mitochondria were stained by immunofluores-
cence using TOM20 antibody (1:200, Santa Cruz sc-17764) as marker,
GM130 antibody (1:1,000, Cell Signalling 12480S) was used as Golgi
marker, B-COP (1:500, gift from the Wieland lab) as COPI vesicles
markerand CLIMP63 (1:1,000, gift from the Haurilab) as ER marker. Sec-
ondary mouse (1:500) and rabbit (1:500) Alexa-Fluor 568 (A10037 and
110042, respectively, Invitrogen) antibodies were used and mounted
with Fluoromount-G mounting medium (Thermo Fischer) containing
4/,6-diamidino-2-phenylindole. Images were acquired usinga LSM700
Upright confocal laser-scanning microscope with the Zen 2.6 software
(Zeiss) equipped withaPlan-Apochromat 63x/1.4 oil-immersion objec-
tive lens and two photomultiplier tubes.

To image mArfl at LD-mitochondria and peroxisomes-mito-
chondria contact sites in HeLa cells, Arf1 KO cells were transfected
with Arf1-EGFP and mPlum-PTS1. LDs and mitochondria were stained
with Lipi-Blue (Dojindo Laboratories) staining and MitoTracker Deep
Red (Invitrogen) dye respectively. Cells were imaged at 37 °C with a
Zeiss Axio Observer wide-field microscope with a Plan-ApochromatN
63x%/1.40 oil DIC M27 objective and a Photometrics Prime 95B camera.
Filters with standard specifications for GFP, TexasRed and Cy5 were
used toimage Lipi-Blue, Arfl-EGFP, mPlum-PTS1and MitoTracker Deep
Red dye, respectively. Z-stackimages were deconvolved with Huygens
Professional software using the standard deconvolution method.

Protein extraction and immunoblot analysis

For yeast cells, 10 ml of mid-log grown cultures were lysed at 4 °C in
breaking buffer containing 50 mM Tris-HCIpH 8,300 mM NaCl, 0.6%
Triton X-100, 1 mM dithiothreitol (DTT) and 9 M urea, supplemented
with half-volume of glassbeads (0.25-0.5 mm; ROTH). Cell debris and
unbroken cells were pelleted by centrifugation 3,000g for 5 min at
room temperature. Equal protein concentration wereloaded on12% or
15% SDS-PAGE and transferred onto 0.45 um nitrocellulose membranes
(Amersham). Membranes were blocked with TBST (20 mM Tris, 150 mM
NaCl, pH7.6 and 0.1% Tween20) with 5% non-fat dry milk for 30 minand
incubated with anti-HA primary antibody (1:5,000, Eurogentec 16B12)
or anti-Pgkl primary antibody (1:5,000, Invitrogen clone 22C5D8)
overnight at 4 °C, followed by 2 h incubation with horseradish per-
oxidase (HRP)-conjugated secondary antibody (1:10,000; anti-mouse,
Invitrogen 31430) in TBST. Chemiluminescence signals were detected
using Immobilon Western HRP Substrate (Millipore) and imaged using
aFusionFX (Vilber Lourmat).

Alternatively, before Gga2®T interaction, yeast cells were resus-
pended in 1 ml of 0.2 M sorbitol, 25 mM KPO, pH 7, 2 mM ethylenedi-
aminetetraacetic acid (EDTA), 0.6% Triton X-100, 1x Halt proteases
inhibitor cocktail (Thermo Scientific), transferred to Corex glass tubes
filled with 500 plglass beads (0.25-0.5 mm; ROTH) and broken 15 min
by vortexing at 4 °Cwith 30 sintervals onice. Unbroken cells and debris
were pelleted at 3,000g for 5 minat 4 °C and supernatants (SNs) were
transferredintonew 1.5 ml Eppendorftubes and pelleted at100,000g
for 30 minat4 °CinaTLA100-3 rotor. One millilitre of SN (§100) was
saved for each sample, and the pellets (P100) were resuspended in
500 pl of Lysis buffer.
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Hela cell were lysed in 20 mM Tris-HCI pH 7.5, 150 mM Nacl,
10 mM MgCl,, 1% Triton X-100, 2 mM phenylmethylsulfonyl fluoride
(PMSF) and protease inhibitors, separated by 15% SDS-PAGE and
transferred to Immobilon-P polyvinylidene difluoride membranes
(Millipore). Membranes were blocked with TBST (20 mM Tris, 150 mM
NaCl, pH 7.6 and 0.1% Tween20) with 5% non-fat dry milk for 1 h and
incubated with primary antibody in TBST with 1% milk overnight at
4 °C:anti-Arf1(1:2,500, Abnova MAB10011), and anti-actin (1:100,000,
Sigma-Aldrich MAB1501). After washing, the membranes were incu-
bated with HRP-conjugated secondary antibody (1:10,000; anti-rabbit,
Sigma-Aldrich A0545 or anti-mouse, Sigma-Aldrich A0168) in TBST
with 1% milk. Chemiluminescence signals were detected using Immo-
bilon Western HRP Substrate (Millipore) and imaged using a FusionFX
(Vilber Lourmat).

Co-IP

Yeast cells were grown to mid-log phase, and 4 x 108 cells were lysed
at 4 °Cin IP buffer containing 25 mM Tris-HCI pH 7.5; 150 mM NacCl,
2mM EDTA, 0.6% Triton X-100, 1 mM DTT, 1x protease inhibitor, sup-
plemented with 100 pl glass beads (0.25-0.5 mm; ROTH). Cell debris
and unbroken cells were pelleted by centrifugation 3,000g for 5 min
at 4 °C. The SN was then supplemented with 25 pl anti-GFP magnetic
beads (Chromotek) and incubated 1 h at 4 °C under rotation. Beads
were thenwashed four timesin IP buffer, and proteins were eluted with
2x Laemmli buffer at 95 °C for 5 min.

Arfl-Gga2 recruitment

Gga2®T expression and purification. One litre of Escherichia coli
BL21 strains harbouring the pGEX4-GST-GGA2%"" were induced with
0.5 mM isopropyl B-D-1-thiogalactopyranoside and cells were trans-
ferred from37 °Cto 30 °Cfor 3.5 h. Cells were then pelleted at 4,000g
at room temperature for 10 min, resuspended in 20 ml ice-cold 1x
PBS/5 mM EDTA buffer (2.7 mM KCI, 1.5 mM KH,PO,, 137 mM NacCl,
5.6 mM Na,HPO,, 1.4 mM NaH,PO, and 5 mM EDTA/NaOH pH 8.0)
containing 1 mM PMSF and 1x Halt protease inhibitors. The resus-
pended cells were lysed by sonication seven times for 10 s (50% duty)
onice, cleared at 6,000gat 4 °C for 30 min. The SN was transferred to
ultracentrifuge tubes and further cleared at 100,000g for 1 h at 4 °C.
Toisolate GST-fusion proteins the SN was added to 500 pl glutathione
Sepharose magnetic beads and incubated for1h at4 °Cunder rotation.
Glutathione Sepharose beads were spun down at 500g for 5 min and
washed three times with 15 ml ice-cold 1x PBS/5 mM EDTA and twice
with 1 ml 1x PBS/5 mM EDTA on a magnetic stand. Bound proteins
were eluted by three consecutive treatments with 250 pl reduced
glutathione buffer (20 mMreduced glutathione and 100 mM Tris-HCI
pH 8.0) at 4 °C for 10 min incubation each time. SNs were dialysed in
2.5 litre dialysis buffer (10 mM HEPES/NaOH pH 7.8,1 mM MgCl,,1 mM
DTT and 0.2 mM PMSF) with slow stirring overnight at 4 °C. The next
day, samples were centrifuged for 1 minat 20,000g at 4 °C to remove
precipitates. The SNswere frozenin liquid nitrogenin aliquots of 80 pg
protein and stored at -80 °C.

Gga2°®"T pre-loading on glutathione magnetic beads. Purified
GST-GGA2%T was loaded onto glutathione (80 pg per tube). To do
s0, 200 pl of resuspended glutathione magnetic beads were taken,
vortexed for 10 s and washed twice in 500 and 400 pl 1x PBS, 0.5 mM
EDTA on a magnetic stand. Beads were then resuspended in 200 pl
lysis buffer (0.2 M sorbitol, 25 mMKPO,pH 7,2 mMEDTA, 0.6% Triton
X-100 and 1x Halt proteases inhibitor cocktail), and pure GST-GGA2°A"
was added. Binding was done for 30 min on a rotating stand at 4 °C,
followed by one wash in 300 pl lysis buffer, and final resuspension in
400 pllysis buffer.

Binding and elution. S100 and P100 fractions of yeast cells were incu-
bated with pre-bound GGA2°" on beads for 1 h on a rotating wheel at

4 °C.Washeswere done three times in 50 pllysis buffer, and elution was
donebyadding 30 pl of Laemmli 2x to the beads and 5 minincubation
at 95 °C. Foreachgel, 10 pl per lane was used for the lysis, flow-through
and elution samples.

TEM

Cells were grown to mid-log phase and fixed into the YPD media
with 0.2% glutaraldehyde and 3% formaldehyde final concentration
overnight at 4 °C. The next day, cells were pelleted and washed three
times with 0.1 M HEPES buffer pH 7 and incubated for 30 min in 1%
NaJO, in HEPES buffer, washed three times, and free aldehydes were
quenched with 50 mM NH,Cl in HEPES buffer for 30 min. After that,
pellets were dehydrated through a series of methanol (50%, 70%, 90%)
then infiltrated with LR Gold resin (Polysciences) according to the
manufacturer’sinstructions and allowed to polymerize at -10 °Cunder
an ultraviolet lamp for 24 h. Sections of 60-70 nm were collected on
carbon-coated Formvar-Ni grids. Sections were blocked with PBST
(PBS +0.05% Tween20) + 2% bovine serum albumin (BSA) for 15 min
andincubated 3 hatroom temperature with anti-GFP antibody (1:100,
6556 Abcam) in PBST/BSA. Sections were washed 5 x 5 minwith PBS and
incubated with goat anti-rabbit secondary antibody (BBI) coupled to
10 nm gold 1:100 in PBST/BSA for 2 h, washed 5 x 5 min with PBS and
3 x2min H,0, and stained for 10 min in 2% Ur acetate and 1 minin Pb
citrate (Reynold’s solution). Sections were viewed with a Philips CM100
electron microscope.

Mitochondria fusion and fission dynamics
Yeast cells were grown tomid-log phasein YPD media, and switched to
37 °Cfor30 minwhenindicated. Movies were acquired either with an
Axio Imager.M2 (ARFI 23-37 °C and arfI-11 at 37 °C) or the FEI-MORE
(arfl-11at 23 °C), over a period of 2 min with sequential image acquisi-
tion.Images fromthe FEI-MORE were further deconvolved in standard
mode using the Huygens Pro software. Movies were assembled with the
Fiji software and singleimages prepared on the OMERO.insight client.
To analyse mitochondria dynamicsin WT and ARFI KO HeLacells
parental and ARF1KO cells were seeded on asix-well plate. For rescuing
the absence of Arfl phenotype, we transfected the KO cells with 1 pg
Arf1-EGFP or Arf1-11-EGFP constructs using Helix IN transfection rea-
gent. After overnightincubation, cells were reseeded on Ibidi four-well
imaging chambers and imaged the next day. Just before imaging, mito-
chondria were stained with 250 nM MitoTracker Deep Red for 30 min
following the provider’s instructions. Staining solution was replaced
withimaging medium containing OxyFluor anti-phototoxicity agent.
Cells were imaged with Olympus Spinning Disk confocal SpinSR
microscope equipped with Yokogawa CSU-W1 confocal scan head using
UPL Apo 100x/1.5 oil immersion objective. To avoid phototoxicity,
we used 640 nm laser with 1% laser power. During aquisition, seven
Z-stacks with 120 nm optical steps were taken for 2 minin every 3 s.
Time-lapse movies were deconvolved with Huygens Remote Manager
using Good’s Roughness Maximum Likelihood Estimation, 50 itera-
tions, quality control criteria 0.0002. Fusion and fission events were
quantified in10.01 x 10.01-sized region of interest in each cell for1 min
using FlJI software.

Fluorescent FA pulse-chase
Yeast cells were grown to mid-log phase in HC complete medium at
23 °C, then switched to 37 °C for 30 min. Following this, 1.5 x 10 cells
were incubated with 50 pM BODIPY 558/568 C12 (Invitrogen) for 30 min
at37°C,washedtwicein1xPBS, 7.5 uMBSA and resuspendedin 20 pl1x
PBS, 7.5 uM BSA supplemented with 20 pul 0.4% Trypan blue in 1x PBS.
Images were taken with the FEI-MORE microscope, and deconvolved
instandard mode using the Huygens Pro software.

FA pulse-chase experimentsin HeLa cells were performed accord-
ing to Rambold et al.". In short, transfected cells were plated into
eight-wellimaging chambers (Miltenyi) and incubated for at least 6 h
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to let the cells adhere. Then their CM was replaced with CM contain-
ing 1 uM BODIPY 558/568 C12 (Invitrogen) and incubated overnight.
Cells were washed three times with CM, incubated for 1 h in CM and
then chased for9 hin CM orin HBSS. Mitochondria were labelled with
200 nM MitoView Fix 640 (Biotinum) for 20 min before imaging. Just
beforeimaging, CM or HBSS was replaced with imaging buffer contain-
ing 25 mM dextrose supplemented with 10% FBS or 5 mM dextrose,
supplemented with 0.2% FBS, respectively.

Cellswereimaged at 37 °C using aninverted Axio Observer micro-
scope (Zeiss) witha Plan-Apochromat N 63x/1.40 oil DIC M27 objective
and aPhotometrics Prime 95B camera. Filters with standard specifica-
tions for GFP, dsRed and Cy5 were used to image EGFP, Bodipy 558/568
and Mitoview 640, respectively.

LD staining
Neutral lipids of mid-log grown cells in YPD media were stained with
1l of the lipophilic fluorophore ReadiStain Lipid Green (InVivo Bio-
systems) for 30 min at 23 °C and 37 °C. Cells were then washed three
times in HC complete medium and prepared for microscopy.
Transfected HeLa cells were plated into eight-well imaging cham-
bers (Ibidi, ibiTreat p-Slide) the day before imaging to reach 50-70%
confluency the following day. Just before imaging, cells were rinsed with
pre-warmed PBS and replaced with imaging buffer (4.5 g 1" dextrose,
1mM CaCl,, 2.7 mM KCl and 0.5 mM MgCl, in PBS supplemented with
0.2% FBS) containing 400 ng mI™ Nile Red (Sigma) and incubated for
10 min before starting imaging. The dye was present during imag-
ing. Confocal images were acquired at 37 °C with Olympus Fluoview
FV3000 system, using an UPLSAPO 60x%/1.30 objective with silicone
oil, resulting in an xy pixel size of 0.1 um. Laser intensities were at
0.5-3% for both 488 (GFP) and 561 (DsRed) wavelengths. Sampling
speed was 8.0 ps per pixel with a zoom factor of 2.0. All images for
corresponding experiments were processed with the same settings
to ensure comparable results.

Total RNAisolation and qRT-PCR

Total RNA were extracted from 25 ml of mid-log grown cultures. Cell
pellets were mixed with 300 pl AE buffer (50 mM NaOAC and 10 mM
EDTA, pH 6) and 50 pl of 20% SDS. Then 300 pl of phenol-chloroform
isoamyl alcohol pH 4.5 was added to the mixture, and tubes were vor-
texed for 15 s. Then samples were incubated at 65 °C for 5 min and
flash-frozen in liquid nitrogen. Samples were centrifuged for 10 min
at 20,000g at 4 °C. The upper aqueous phase was recovered and put
in a new low-binding tube with 200 pl phenol-chloroform isoamyl
alcohol. Tubes were again vortexed for 10 s, centrifuged for 10 min at
20,000gat 4 °C and the aqueous layer recovered. To that phase, 20 pl
3 M sodium acetate and 600 pl ethanol was added, and the mixture
was chilled at -80 °C for 2 h. Samples were then centrifuged 20,000g
for30 minat4 °C,and RNA pellets washed with 75% ethanol. Air-dried
RNAs were dissolved in 50 pl water.

Four micrograms of total RNA was subjected to reverse transcrip-
tion (200 ng pl™ final RNA concentration) with the MegaScript reverse
transcription mix usingrandom (0.5 pg) and oligo-dT primers (0.5 pg)
(Promega). Reactions were thenincubated 5 minat 25 °C, followed by
1hat62°Cand15minat75°C. Using 100 ng of complementary DNA,
qPCR was carried out using the GoTaq master mix. Oligonuceotides
sequences are available as Supplementary Table 3.

Lipid extraction from yeast cell pellets

Lipid extraction and analysis were performed in triplicates. Frozen cell
pellets (5 x 108 cells) were taken from —80 °C and 500 pl glass beads
were added, then20 pl of yeastinternal standard mix and 20 pl choles-
terolwereadded (see below), followed by 600 plH,0,1.5 mlmethanol,
then vortexed for 1 min. Then 0.75 ml chloroform was added, and the
samples were vortexed at high speed for 6 min. The solution was trans-
ferred to a13 x 100 mm screw-capped glass tube, and the beads were

washed with 0.6 ml chloroform:methanol (1:2). Following vortexing,
the solution was combined with the first extraction. Then 0.4 ml H,0
was added and mixed by vortexing. Samples were centrifuged for
10 min at 4,000 r.p.m. (3,220g) and most of the aqueous phase was
removed, followed by transfer of the organic phase to fresh 13 x 100
tubes without taking interface. Then 0.4 ml of artificial upper phase
(chloroform:methanol:water (3:48:47, v/v/v)) was added and mixed by
vortexing. After centrifugation for10 minat4,000 r.p.m.and removal
of most of the aqueous phase, the organic phase was transferred to
mass spectrometry (MS) vials. Then 0.3-0.4 ml was transferred to a
vial insert (filled up) for analysis using the Thermo Q-Exactive Plus.
Theextractsininserts were dried inthe Centrivap (Labconco) and the
extractsin vials under flow of N,. Internal standards used were PC31:1
(7.5 nmol per sample), PE31:1 (7.5 nmol per sample), PI31:1 (6 nmol
per sample), PS31:1 (4 nmol per sample), CL56:0 (4 nmol per sample),
C17Cer (1.2 nmol per sample), C8GC (2 nmol per sample) and choles-
terol (20 nmol per sample).

Sterol analysis by gas chromatography-MS

Lipid extracts from approximately 40% of the total sample was dis-
solvedin 0.3 ml chloroform:methanol (1:1), and 5 pl was loaded onto
a gas chromatograph-mass spectrometer (Varian 320 MS) fitted
with afusedsilica capillary column (15 m x 0.32 mm inner diameter,
Macherey Nagel ref. 726206.15). The gas chromatography program
started at 45 °C for 4 min, then a gradient to 195 °Cat 20 °C min™, to
230°Cat4°Cmin™, to 320 °Cat 10 °C min™, to 350 °C at 6 °C min™*
followed by a return to 45 °C at 100 °C min. Data were collected
in the centroid mode. The different sterol species were identified
by their retention times and mass spectra using the NIST database
and ergosterol and cholesterol standards. Peaks were integrated
and amounts calculated with correction for the yield of the internal
standard, cholesterol, and using standard curves of cholesterol and
ergosterol concentrations.

Lipid analysis by electrospray MS using the TSQ Vantage

Lipid analysis using nanoflow infusion (Advion Nanomate) and mul-
tiple reaction monitoring (TSQ Vantage, Thermo) was performed as
described”. All runs were performed in duplicates with all transitions
measured three times for a total of at least six measurements for each
lipid species.

TAG analysis using the UHPLC-MS using the Q-Exactive Plus

Dried samples were resuspended by sonicating in 100 pL of lig-
uid chromatography-MS-grade chloroform:methanol (1:1, v/v).
Reversed-phase ultrahigh-performance liquid chromatography
(UHPLC)-high-resolution MS analyses were performed using a
Q-Exactive Plus Hybrid Quadrupole-Orbitrap mass spectrometer
coupled to an UltiMate 3000UHPLC system (Thermo Fisher Scien-
tific) equipped with an Accucore C30 column (150 x 2.1 mm, 2.6 pm)
and its 20 mm guard (Thermo Fisher Scientific). Samples were kept
at 8 °Cin the autosampler, 10 pl was injected and eluted with a gra-
dient starting at 10% B for 1 min, 10-70% B in 4 min, 70-100% B in
10 min, washed in 100% B for 5 min and column equilibration for an
additional 3 min. Eluents were made of 5 mM ammonium acetate and
0.1% formic acid in water (solvent A) or in isopropanol/acetonitrile
(2:1, v/v) (solvent B). Flow rate and column oven temperature were
respectively at 350 pl min™ and 40 °C. The mass spectrometer was
operated using a heated electrospray-ionization source in positive
polarity with the following settings: electrospray voltage: 3.9 kV (+);
sheath gas: 51; auxiliary gas: 13; sweep gas: 3; vapourizer temperature:
431°C; ion transfer capillary temperature: 320 °C; S-lens: 50; resolu-
tion:140,000; m/zrange: 200-1,000; automatic gain control: 1 x 10%;
maximum injection time: 50 ms. The following setting was used in
Higher-energy C-trap dissociation fragmentation: automatic gain
control: 2.5 x 10%; maximum injection time: 120 ms; resolution: 35,000;
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(N)CE: 30. Xcaliburv.4.2 (Thermo Fisher Scientific) was used for data
acquisition and processing. Major TAG species were quantified after
removing background and normalization, and was presented as ratio
tosampleno.1, respectively.

TAG analysis by thin liquid chromatography

ARF1and arfI-11 strains were grown overnight at 23 °Cin YPUAD media,
and diluted to 0.2 optical density (OD) in the morning. When cells
reached OD 0.7, cells were treated either with cerulenin (10 pg ml™) or
with the corresponding volume of DMSO. After 30 min of incubation
at23°C, 1.5 x 10° cells were collected. Then cells were shifted to 37 °C
and 1.5 x 108 cells were collected after 30 and 60 min of incubation.
Lipids were extracted as described above. Dried lipid extracts were
thawed and resuspended in 20 pl chlorophorm. Triolein (18:1 TG;
AvantiPolar Lipids) was used as aninternal marker. Samples were then
spotted onto thin-liquid chromatography silica plates (aluminium
sheets gel 60; Sigma-Aldrich), and neutral lipids separted by running
intwo successive chambers containing petroleum ether/diethyl ether
(1:1,v/v) and petroleum ether/diethyl ether (49:1, v/v). For detection,
plates were dipped into a solution containing MnCl,, methanol and
sulfuric acid (0.63 g MnCl,4H,0, 60 ml water, 60 ml methanol, 4 ml
concentrated sulfuric acid) for 1 min and heated at 110 °C for 3 min.
Plates were then scanned and analysed using the Fiji software.

ATP measurements

FRET measurement. ATP levels were measured in single cells grown
to mid-log phase using a FRET-based nanosensor expressed from a
cen/ars plasmid, pDR-GW AT1.03YEMK, (Addgene no.28004). Images
were acquired with the Axio Imager.M2, using dedicated CFP, YFP and
FRET CFP-YFP filters. Regions of interest were measured with the Fiji
software.

Biochemical assay. ATP quantitation was performed using the
BacTiter-Glo Cell viability assay (Promega). Cells were resuspended
in TE buffer pH 7 containing 0.7 M sorbitol and 10° cells were used
for each assay. Luminescence was measured right after mixing cells
with BacTiter-Glo bufferin 96x flat-white plates (Greiner) on a Tecan
Infinite M100OPro with 10 s orbital shaking (2 mmwide, 350 r.p.m.).

Mitochondrial activity measurements

Mitochondria were isolated from WT and mutant strains grown for
five to six generations in 2 litres of YPGly at 23 °C or 28 °C by enzy-
matic method”. The cultures contained 2-5% of p7/p° cells. The values
reported are averages of two biological repetitions. Respiratory, ATP
synthesis activities and the variations of inner membrane potential
were measured using freshly isolated, osmotically protected mito-
chondria buffered at pH 6.8. The oxygen consumption was meas-
ured in an oxygraph with Clarck electrode (Heito, France) at 28 °C
in thermo-stabilized cuvette. Reaction mixes for assays contained
0.15 mg ml” of mitochondria,4 mM NADH, 150 uMADP, 12.5 mM ascor-
bate, 1.4 mM N,N,N,N,-tetramethyl-p-phenylenediamine and 4 uM
carbonyl cyanide m-chlorophenyl hydrazone (CCCP). The rates of
ATP synthesis were determined under the same experimental condi-
tions in the presence of 750 uM ADP; aliquots were withdrawn from
the oxygraph cuvette every 15 s and the reaction was stopped with
3.5% (w/v) perchloric acid, 12.5 mM EDTA. The ATP in samples was
quantified using the Kinase-Glo Max Luminescence Kinase Assay
(Promega) and aBeckman Coulter’s Paradigm Plate Reader. Variations
in transmembrane potential (Ag) were evaluated in the respiration
buffer containing 0.150 mg ml™ of mitochondria and the Rhodamine
123 (0.5 pg mI™), with A, of 485 nm and A,,, of 533 nm under constant
stirring using a Cary Eclipse Fluorescence Spectrophotometer (Agilent
Technologies)”. For the ATPase assays, mitochondria kept at —80 °C
were thawed and the reaction was performed in absence of osmotic
protectionand at pH 8.4 (ref. 78).

Statistics and reproducibility

Allexperiments were performed at least in three independent biologi-
calreplicates. Unpaired two-tailed ¢-test or two-way analysis of variance
(ANOVA) were calculated for each experiment using GraphPad Prism9.
Forimage analysis, pictures were taken at random places on coverslips,
analysed inablinded manner whenever possible with Omero webclient.
Allimages are representative images from at least three independent
biological experiments. For westernblot, loading controlswererunona
separate gelwhenthe protein of interest had asimilar molecular weight.

Reporting summary
Furtherinformation onresearch designisavailable inthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

The authors declare that the main data supporting the findings of this
study are available within the article and its supplementary information
files.Source dataare provided with this paper. All other datasupport-
ing the findings of this study are available from the corresponding
author uponrequest.
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Extended Data Fig.1| yArfl regulates mitochondriafusion and fission.
(A-D) Single time-point images of movies done with strains expressing yArf1-GFP
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2| yArfl-11is ahyperactive mutant present on the ER and
LDs. (A, B) Co-localization of yArf1-GFP (A) and yArf1-11-GFP (B) with the cis-
Golgi marker Mnn9-mCherry grown at 23 °C or shifted to 37 °C. Arrows indicate
sites of co-localization between yArfl/yArfl-11and Mnn9. Scale bar: 5 um. (C, D)
Co-localization of yArf1-GFP (C) and yArfl-11-GFP (D) with the trans-Golgi marker
Sec7-mCherry and Tvp23-mCherry grown at 23 °C or shifted to 37 °C. Arrows
indicate sites of co-localization between yArfl/yArfl-11and the corresponding
markers. (E, F) Transmission electron microscopy of the yArf1-11-GFP strain

grown either at 23 °C (E) or shifted to 37 °C for 30 min (F). yArf1-11-GFP
localizations were highlighted by immunogold labelling, and dotted squares
shows enlargements of yArf-11specific localizations (arrows). Scale bar: 500 nm,
scale bar magnification: 200 nm. (G, H) Co-localization of yArf1-GFP and yArfl1-
11-GFP with the COPI markers Sec21-mCherry (G) and Sec27-mCherry (H) grown
at 23 °C or shifted to 37 °C. Arrows indicate sites of co-localization between the
yArfloryArfl-11and COPI components. Scale bar: 5 um.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article https://doi.org/10.1038/s41556-023-01180-2

A B

Parental ARF1KO  (pa

mArfl MGNIFANLFKGLFGKKEMRILMVGLDAAGKTTILYKLKLGEIVTTIPTIGFNVETVEYKN 60
yArfl MGLFASKLFSNLFGNKEMRILMVGLDGAGKTTVLYKLKLGEVITTIPTIGFNVETVQYKN 60
yarfl-11 MGLFASKLFSNLFGNKEMRILMVGLDGAGKTTVLYKLTLGEVITTIPTIGFNVETVQYKN 60 ArFA| o e e

Kk g rkk Ak g kR KRRk kKRR g KAk R R g 3 KR KRRk g Kk -25

I-55

mArfl ISFTVWDVGGQDKIRPLWRHYFQONTQGLIFVVDSNDRERVNEAREELMRMLAEDELRDAV 120 AACHN] e e o e s e
yArfl ISFTVWDVGGQDRIRSLWRHY YRNTEGVIFVVDSNDRSRIGEAREVMORMLNEDELRNAA 120 ~35
yarfl-11 ISFTVWDVGGQDRIRSLWRHYYRNTEGVIFVVDSNDRSRIGEAREVMORMLNEDELRNAA 120

KAk KK KKk h ARk ghk Khkkkgghh kg hhkhhkkhkk kg *¥kkk 3 KKk KAKKK 3Kk,
mArfl LLVFANKQDLPNAMNAAEITDKLGLHSLRHRNWYIQATCATSGDGLYEGLDWLSNQLRNQ 180
yArfl WLVFANKQDLPEAMSAAEITEKLGLHS IRNRPWFIQATCATSGEGLYEGLEWLSNSLKNS 180
yarfl-11 WLVFANKQDLPDAMSAAEITEKLGLHSIRNRPWFIQATCATSGEGLYEGLEWSSNSLKNS 180

kkkkkkkkkk ghk  hkkkkghhkhkk gk gk kpkkkkkkkxk ghkkkkkgkkkk Kk gk

mArfl K 181
yArfl T 181
yarfl-11 T 181
C ARF1KO+ ARF1KO+ ARF1KO+ D 1507
EV MArf1-GFP mArf1-11-GFP 4

-»- ARF1 KO+EV

S
£
55 E
Arf-GFP > = & 1004 -= ARF1 KO+mArf1
H -+ ARF1 KO+mArf1-11
el P — 25 s
£ 50-
3
=55 ?
ACHN | e e — e — o
o 0 T T T
35 2 6

Days post-transfection

Merge

ARF1 KO+mArf1-GFP
ARF1KO+mArf1-11-GFP

(; P* ga\80
g mm Tubules-dots
‘i 2 60 m Rings-dots
o )
g Rings
5 40 Dots
s
'§ 20
K
g 0

skkk ns
60
2 2 :
s £ S £ .
8 B E 407
bl [~ .
c2 e 3 .
@ 3@ o . o
80 88 204 ¢ L
Eg €5 ¥ t ¢ =
z z® 3.*‘. P T
3 w =
0 1 a'i t 7\
(8]
@Q\o?"* é‘\"& 5\'\
QT &

Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Functional conservation of Arf1-11in mammalian cells.

(A) Alignment of mammalian Arfl (mArfl), yeast Arfl (yArfl) and the yeast arfI-11
(yArfl-11) amino acids sequences. Arfl-11 mutation’s and their corresponding
amino acids in mArfl are shown. (B) Immunoblot analysis of Arfl presencein
parental HeLa cells and the CRISPR-Cas9 ARF1KO cells. For each cell line,

three independent biological replicates were analyzed on the same gel.

(C) Immunoblot analysis of Arf1-GFP presence in ARF1 KO HeLa cells transfected
either withan empty vector (EV), with mArf1-GFP or with mArf-11-GFP. For each
cellline, three independent biological replicates were analyzed on the same
gel. Actin was used as internal control. (D) Cell viability assay as percent of
GFP-positive cells in the total population after transfection of EV, mArf1-GFP

or mArf-11-GFP. Mean and standard deviation are shown from n = 3 biological
replicates. (E, F) Co-localization of mArfl- (E) and mArfl1-11-GFP (F) expressed
inthe ARFI1KO cell line with COPI vesicles done by immunostaining against the

coatomer subunit beta (bCOP). Squares show magnification of a perinuclear
and distal portion of the cell. Scale bars: 10 pum and 5 um (inlays). Images were
acquired 24 h after transfection. (G) Different localizations of mArf1-11 observed
in ARF1KO Hela cell line expressing mArf1-11-GFP. (H) From theimagesin (G),
four phenotypes were identified and their occurrences quantified. 380 cells were
quantified. (I) Mitochondrial fusion and fission events measured in Parental cell
lines, ARFI KO, ARFI KO expressing mArfl- or mArfl-11-GFP. Events were scored
48 h after transfection. Mean and standard deviation are shown, Parental = 31
cells, ARF1KO =53 cells, ARFI KO+mArfl = 41 cells, ARF1 KO+mArfl-11 = 38 cells
from n =3 biological replicates; Statistical analysis were done using a two-way
ANOVA test with Turkey’s multiple comparison test, ****p = 0.000000000048;
***p =0.001; **p = 0.0047. Source numerical data and unprocessed blots are
available in source data. See also Supplementary datal.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Hyperactive Arflinduces triacylglycerol
accumulation. (A) Transmission electron microscopy of yARF1 and yarfi-11
strains grown at 23 °C. Scale bars: 2000 nm. (B, C) Measurements of sterols

(B) and phospholipids (C) in yARFI and yarfI-11 strains grown at 23 °C or

shifted to 37 °C. PC: phosphatidylcholine, PE: phosphatidylethanolamine, PI:
phosphatidylinositol, PS: phosphatidylserine. Mean and standard deviation are
shown from n =3 biological replicates. (D) Transmission electron microscopy
of WT and Ayarf1 strains grown at 23 °C or shifted to 37 °C. Scale bars: 2000 nm.
(E) LipidTox staining of LDs in WT and Ayarf1 strains grown at 23 °C or shifted
to 37 °C.Scale bar: 5 um. (F) Measurements of sterols in WT and AyarfI strains
grown at 23 °C or shifted to 37 °C. Mean and standard deviation are shown

from n =3 biological replicates. (G) Measurements of LD numbers in WT cells
expressing constitutively active yArfl-CA- or dominant negative yArfl1-DN-GFP
using Erg6-mCherry as marker. Mean and standard deviation are shown; WT + EV

23°C =303 cells, WT+yArf1-CA 23 °C = 298 cells, WT+yArf1-DN 23 °C = 289

cells, WT + EV 37 °C =291 cells, WT+yArf1-CA 37 °C = 316 cells, WT+yArf1-DN
37°C =300 cells from n =3 biological replicates. Statistical analysis were done
using a two-way ANOVA test with Turkey’s multiple comparison test, +EV vs +CA
23°C***p=0.000000271; +EV vs +DN 23 °C***p = 0.00000871; **p = 0.0006;
*p=0.022 from n =3 biological replicates. Scale bar: 5 pm. (H) Measurements of
LD numbersin COPI ts-mutants sec21-1, sec27-1, retl-1 and their corresponding
parental strains by LipidTox. Mean and standard deviation are shown; ySEC21-27
23 °C =559 cells, ysec21-123 °C =563 cells, ysec27-123 °C = 560 cells, ySEC21-
2737 °C =557 cells, ysec21-137 °C = 527 cells, ysec27-137 °C = 572 cells, yRET1
23°C =377 cells, yret1-123 °C =553,yRETI 37 °C = 427 cells, yret1-137 °C = 486
cells; Statistical analysis were done using a two-way ANOVA test with Turkey’s
multiple comparison test, **p = 0.0034; *p = 0.0215 from n = 3 biological
replicates. Scale bar: 5 pm. Source numerical data are available in source data.
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Extended Data Fig. 5| yArflregulates LD-associated functions and
3-oxidation. (A) Growth test of yARFI and yarfI-11 strains, deprived of the LRO1/
DGA1 (Alrol Adgal) or of PEX34 (Apex34), onrichmedia (YPD), rich media lacking
saturated fatty acids (SFA) and containing cerulenin (Cer) (non-sup), containing
SFA or SFA and cerulenin at 23 °C. (B) Co-localization of yArf1-GFP and yArf1-11-
GFP with Lrol-3xmCherry grown at 23 °C or shifted to 37 °C for 30 min. Arrows
indicate yArfl/yArfl-11 co-localizing or juxtaposed to Lrol. Scale bar: 5 pm.

(C, D) Invivo TAG mobilization assay performed on yARFI and yarfI-11 strains.
Cellular TAG levels evidenced by thin-liquid chromatography extracted from
cells grownin the presence of cerulenin or DMSO (C) were measured (D). Mean
and standard deviation from at least n = 3 biological replicates are shown.

(E) Peroxisome numbers evaluated by microscopy using Pex11-mScarletin the
YARFI-and yarfl-11-GFPstrains grown at 23 °C or shifted to 37 °C. Peroxisome
numbers per cell were quantified in each strain and conditions. Mean and

standard deviation are shown; yArfl+Pex11-mScarlet 23 °C = 289 cells,
yArfl+Pex11-mScarlet 37 °C = 431 cells, yArfl-11+Pex11-mScarlet 23 °C = 200
cells, yArfl-11+Pex11-mScarlet 37 °C = 304 cells from n = 3 biological replicates.
Scale bar:5 pm. (F) Co-immunoprecipitation of yArfl-GFP and yArf1-11-GFP with
Pex13-6xHA. Strains were grown at 23 °C or shifted to 37 °C. (G) High-resolution
microscopy of YARFI- and yarfI-11-GFP strains expressing Pex11-mScarlet grown
at23 °Cor shifted to 37 °C. Arrows indicate Arfl partially co-localizing with, or
juxtaposed to peroxisomes. Scale bars: 5 um. (H) mRNA levels measurement of
POX1, PXA1and PXA2inyarfI-11 compared to yARFI grown at 37 °C by qRT-PCR.
Fold changes were measured by the 27**“method. Mean and standard deviation
from n =3 biological replicates are shown. (I) Growth test of yARF1, yarfI-11, Alrol
Adgal or Apex34 strains, on YPD or media supplemented with 0.3 M sodium
acetateat 23 °Cand 30 °C. Source numerical data and unprocessed blots are
available in source data.
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Extended Data Fig. 6 | See next page for caption.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-023-01180-2

Extended Data Fig. 6 | Acetyl-CoA transfer loss leads to mitochondria
fragmentation. (A) Lipid droplets morphologies and Ergé localization imaged in
the yARFI and yarfI-11 parental strains (LROI DGAI) or in strains deprived of LRO1
DGA1 (AlrolAdgal) grown at 23 °C or shifted to 37 °C. Scale bar: 5 pm.

(B) Mitochondrial morphologies imaged in the parental or AlrolIAdgal yARFI and
yarfI-11 strains grown at 23 °C or shifted to 37 °C. Scale bar: 5 um.

(C) Quantification of the mitochondrial phenotypes observed in (B). Mean and
standard deviation are shown; yARF123 °C =1213 cells, yarf1-11 23 °C = 948 cells,
YARFI1 AlrolAdgal 23 °C = 804 cells, yarfI-11 AlrolAdgal 23 °C = 1832 cells, yARF1
37 °C =937 cells, yarfI-1137 °C = 732 cells, yARF1 Alro1Adgal 37 °C = 640 cells,
yarfI-11 AlrolAdgal 37 °C = 988 cells from n = 4 biological replicates.

(D) Lipid droplets morphologies and Ergé localization imaged in the yARFI and
yarfI-11 strains grown at 23 °C or shifted to 37 °C and treated with either DMSO

or the fatty acid synthesis inhibitor cerulenin for 6 h. Scale bar: 5 um. (E) Cell
growth monitoring of yARF1 and yarfI-11-GFP strains treated with DMSO or with
cerulenin at 23 °C and shifted to 37 °C as seen in (D). Mean and standard deviation
from n =3 biological replicates are shown. (F) Mitochondrial morphologies
were imaged in the parental WT cells in which peroxisomal biogenesis was
abolished (4pex3 Apex19), or cells lacking enzymes of the 3-oxidation ApoxI or
Apotl. All strains were grown at 23 °C or shifted to 37 °C, and Tom70-GFP was
used as a mitochondrial marker. Mitochondrial phenotypes observed were
quantified and mean and standard deviation are shown. yARFI137 °C =166 cells,
yARFI Aperoxisomes 37 °C =180 cells, yARF1 Apox1 37 °C = 574 cells, yARF1
Apot137 °C =539 cells from n = 3 biological replicates. Scale bar: 5 um. Source
numerical data are availablein source data.
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Extended Data Fig. 7 | Acetyl-CoA transfer is modulated by yArfl
localization. (A, B) Red-C12 transfer to mitochondriain yAarfI + LD-anchored
(A) or ER-anchored strains (B) grown at 37 °C. Cox4-mTaqBFP2 was used as
mitochondrial marker. mTaqBFP2 colocalization over Red-C12 measured using
Mander’sindex. Two-way ANOVA test using Turkey’s multiple comparison test,
****p=0.00000215; *p = 0.001. Mean and min to max are shown, box ranges from
first (25" percentiles) to third quartile (75" percentiles); (A) LD-yArfl-GFP =187
cells, LD-yArf1-11-GFP =167 cells, LD-yArfl-CA-GFP = 169 cells and (B) ER-

yArfl =224 cells, ER-yArfl-11 = 234 cells from n = 3 biological replicates. Scale bar:
2 pum. (C) Red-C12 transfer to mitochondria in yARFI and Aperoxisomes strains
using Tom70-GFP as a mitochondrial marker. GFP colocalization over Red-C12
measured using Mander’s index. Student unpaired two-tailed ¢-test. *p = 0.0315.
Mean and min to max are shown, box ranges from first (25" percentiles) to third
quartile (75™ percentiles); yARFI = 200 cells, yARF1 Aperoxisomes =185 cells
fromn =3 biological replicates. Scale bar: 2 pm. (D) Mitochondrial morphology

inWT (PEX34) or Apex34 strains grown at 23 °C or shifted to 37 °C. Mean and
standard deviation are shown; yARFI23 °C = 689 cells, yARF137 °C = 698 cells,
yarfI-1123 °C =743 cells, yarfl-1137 °C = 517 cells, yARF1Apex34 23 °C =1740 cells,
YARF1Apex3437 °C =1592 cells, yarfl-11Apex34 23 °C = 1546 cells, yarfl-11Apex34
37°C =1622 cells from n =3 biological replicates. Scale bar: 5 um.

(E) TEM of yARFI and yarfI-11 strains grown at 37 °C for 30 min. LD: lipid droplet;
M: mitochondria. Scale bars: 1000 nm. (F) LD-mitochondria contacts quantified
based on TEM images (E). n =130 cells (yARF123 °C), n =136 cells (yARF137 °C),
n=138cells (yarf1-1123 °C), n =156 cells (yarf1-11 37 °C). (G, H) ER-mitochondria
contacts quantification (G) and length (H) based on (E). Image in (H) shows an
example of ER-mitochondria contact. Means are shown. Unpaired two-tailed
T-test, YARF1vsyarf1-1123 °C***p = 0.00000638; yARF1 vsyarfi-1137 °C
****p=0.0000000000072.n =101cells (yYARF123 °C),n =139 cells (yARF137 °C),
n=155cells (yarfI-1123 °C), n =104 cells (yarfI-1137 °C). Source numerical data
areavailablein source data.
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Extended Data Fig. 8| OXPHOS activity and ATP synthesis are impaired
inyarfl-11. (A) Growth test of yARFI and yarfI-11 strain on rich media (YPD),
onrespiratory media (YPGly) or with oligomycine (YPGly+Oligo) at 23 °Cand

30 °C. (B, C) Membrane potential measured onisolated mitochondria by
Rhodamine-123 at 23 °C or 30 °Cin yARFI and yarfI-11 strains in the presence of
external ADP (B) or to test ATP-driven proton pumping (C). (D, E) ATP synthesis
(D) and ATPase rate (E) measured onisolated mitochondria from yARF1 and
yarfI-11 strains grown at 23 °C or 30 °C. Means are shown from n = 2 biological
replicates and 3 technical replicates and (E) n = 4 biological replicates.

(F) Intracellular ATP levels quantified in yARF1 and yarfI-11 strains grown at 23 °C
or shifted to 37 °C. FRET ratios correspond to relative ATP levels. Median and
individual values are shown. Unpaired two-tailed T-test, yARF1vsyarf1-1123 °C
****p=0.000000000000001; yARF1vsyarfl-1137 °C***p = 0.0000000000372;
yARF123°C =332cells, yARFI137 °C =332 cells, yarfi-1123 °C = 362 cells, yarfI-11

37°C =409 cells from n =4 biological replicates. Scale bar: 5 um. (G) Relative ATP
levels (RLU) measured by Luciferase assay in yARFI and yarfI-11 strains. Two-way
ANOVA using Turkey’s multiple comparison test, 30 min ***p = 0.00000295;

120 min ***p=0.000000000000028; ***p = 0.0001. Mean and standard
deviation are shown from n = 6 biological replicates. (H) ATP synthesis rate
measured onisolated mitochondria from WT and AyarfI strains grown at 23 °C or
30 °C.Means are shown from n = 2 biological replicates and 3 technical replicates.
(I) Respiration rate measured on isolated mitochondria from yARF1 and

yarfI-11 strains grown at 23 °C or 30 °C. Two-way ANOVA using Sidak’s multiple
comparison test. NADH + CCCP yARFI vsyarfI-1130 °C***p = 0.00000000097,
Asc/TMPD + CCCPyARF1 vsyarfl-1130 °C **p =0.000000000014, **p = 0.0186.
Median and standard deviation are shown from n = 4 biological replicates.

(J) Respiration coupled to oxygen respiration (P/O) and percentage of Rho 0 and
Rho-minus were measured. Source numerical data are available in source data.
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(A-C) High-resolution microscopy of yArfl-CFP strain expressing Erg6-YFP as LD
marker, Pex3-mCherry as peroxisomal marker and MitoTracker Deep Red FM to
stain for mitochondria. Cells were grown at 23 °C or shifted to 37 °C for 30 min.
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Sample size Sample size was chosen in each case according to experimental design. All cell biology experiments were performed at least in 3
independent biological repeats. Exact numbers are given in the figure legends.

Data exclusions  No data was excluded from any analyses reported in this study.
Replication At least 3 independent experiments were performed per condition. All experiments were shown to be reproducible.

Randomization  No randomization was used. All the samples were prepared with known composition and contained appropriate controls, which mitigates the
influence of co-variates.
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Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
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Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:
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Yes

|:| Public health

|:| National security

|:| Crops and/or livestock
|:| Ecosystems

|:| Any other significant area
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Experiments of concern

Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
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Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session Provide a link to an anonymized genome browser session for “Initial submission" and "Revised version" documents only, to

8 Ak enable peer review. Write "no longer applicable" for "Final submission" documents.
(e.g. UCSC) bl iew. Write "no | licable" for "Final submission" d
Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.
Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot

number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community

repository, provide accession details.




Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

& A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology

Sample preparation ARF1 KO Hela alpha cells transfected with either ARF1-EGFP, ARF1-11-EGFP or empty EGFP vector were seeded in 12-well
plates at a density of 5500 cells/well. Every 24h for 6 consecutive days, cells from one well for each cell line were trypsinized
and resuspended in PBS complemented with 2% FCS.

Instrument BD LSR Fortessa Analyzer

Software FlowJo Version 10.9.0

Cell population abundance GFP intensity of 100.000 cells were measured per sample (single cells were 97-98% of the initial cell population).

Gating strategy To discard the cell debri from the initial cell population FSC/SSC gating was applied. Single cells were determined by SSC-A/

SSC-W and by FSC-A/FSC-W gating. From the single cell population GFP+ cells were gated by GFP-A/SSC-A and the GFP+ cells
were counted in each sample.

& Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state, event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ] used [ ] Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).




Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | Whole brain [ | ROI-based [ | Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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