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The small GTPase Arf1 modulates mitochondrial
morphology and function
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Abstract

The small GTPase Arf1 plays critical roles in membrane traffic by
initiating the recruitment of coat proteins and by modulating the
activity of lipid-modifying enzymes. Here, we report an unexpected
but evolutionarily conserved role for Arf1 and the ArfGEF GBF1
at mitochondria. Loss of function of ARF-1 or GBF-1 impaired
mitochondrial morphology and activity in Caenorhabditis elegans.
Similarly, mitochondrial defects were observed in mammalian
and yeast cells. In Saccharomyces cerevisiae, aberrant clusters
of the mitofusin Fzo1 accumulated in arf1-11 mutants and were
resolved by overexpression of Cdc48, an AAA-ATPase involved in
ER and mitochondria-associated degradation processes. Yeast Arf1
co-fractionated with ER and mitochondrial membranes and
interacted genetically with the contact site component Gem1.
Furthermore, similar mitochondrial abnormalities resulted from
knockdown of either GBF-1 or contact site components in worms,
suggesting that the role of Arf1 in mitochondrial functioning is linked
to ER–mitochondrial contacts. Thus, Arf1 is involved in mitochondrial
homeostasis and dynamics, independent of its role in vesicular traffic.
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Introduction

Intracellular trafficking is essential for the correct distribution of

membrane-bound components throughout the cell. Generation of

transport carriers along the secretory pathway is regulated by small

GTPases of the Arf/Sar family. Small GTPases cycle between an

inactive, cytosolic GDP-bound and an active, membrane-associated

GTP-bound state. The exchange of GDP for GTP on Arf proteins is

catalyzed by the SEC7 domain of guanine nucleotide exchange

factors (GEF) (Jackson & Casanova, 2000; Donaldson & Jackson,

2011). Like Arfs, ArfGEFs exist in a dynamic equilibrium between

membrane-bound and cytosolic pools making them a potent deter-

minant of temporal and spatial Arf activation (Jackson & Casanova,

2000; Donaldson & Jackson, 2011). Mammalian BIG1/2 and GBF1

are the ArfGEFs acting at the Golgi apparatus. They are conserved

throughout eukaryotes: the yeast homologues are Sec7 and Gea1/2,

respectively, and in C. elegans AGEF-1 and GBF-1 (Sato et al, 2006;

Balklava et al, 2007; Ackema et al, 2013).

Recently, the contact sites between organelles of the secretory

pathway and mitochondria attracted much attention (Elbaz &

Schuldiner, 2011; Rowland & Voeltz, 2012; Klecker et al, 2014). In

particular, the ER–mitochondrial contact site was found to play

major roles in physiology and disease, including neurodegenerative

disorders. These contact sites are essential for the exchange of phos-

pholipids and Ca2+ between the organelles. In yeast, the ERMES

(ER–mitochondria encounter structure) complex is localized at these

connections and coordinates phospholipid exchange and mitophagy

(Kornmann et al, 2009; Bockler & Westermann, 2014; Klecker et al,

2014). Even though there are no obvious ERMES homologues in

metazoa (Wideman et al, 2013), ER–mitochondria contact site

fractions can be obtained in mammalian tissue (Vance, 1990).

Proteins that have been suggested to play a role in the establishment

of ER–mitochondrial contacts in mammals include the Ca2+-release

channel inositol 1,4,5-trisphosphate receptor (IP3R) on the ER side

and the voltage-dependent anion channel VDAC in the mitochon-

drial outer membrane as well as ER and mitochondria-localized

mitofusin, Mfn2 (Rizzuto et al, 2012). The nature of the proteins

establishing and maintaining the connections remains elusive.

Like the ER, mitochondria are highly dynamic structures that

undergo fusion and fission (Hoppins et al, 2007; Westermann,

2010a). These dynamics reflect a balance between the antagonistic

actions of the dynamin-like GTPases mediating fission (Dnm1 in

yeast, DRP-1 in worms, DRP1 in mammals) and fusion (Fzo1 in

yeast, FZO-1 in worms, mitofusins Mfn1 and Mfn2 in mammals)

(Hales & Fuller, 1997; Smirnova et al, 1998; Hoppins et al, 2007;
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Westermann, 2010b). The finding that yeast cells lacking components

of the secretory pathway frequently exhibit aberrant mitochondria

points to an important role of the endomembrane system in mito-

chondrial dynamics (Altmann & Westermann, 2005). However, only

little is known about the function of secretory pathway components

in dynamics and physiology of mitochondria.

Here, we report that Arf1 and its ArfGEF GBF-1/Gea1/2 are

important for mitochondrial dynamics and function. This conserved

role for activated Arf1 is independent of its function in COPI vesicle

generation. The yeast arf1-11Δarf2 mutation caused clustering/

aggregation of the mitofusin Fzo1. Overexpression of the AAA-

ATPase Cdc48, but not general activation of the unfolded protein

response (UPR) pathway, partially rescued the mitochondrial defects

in arf1-11Δarf2 through the reduction of Fzo1 protein levels. The

clustering/aggregation of Fzo1 in arf1-11Δarf2may be a consequence

of the inability to efficiently recruit Cdc48 and/or of altered mitochon-

drial outer membrane homeostasis. Consistent with this notion,

deletion of GEM1 in yeast or knockdown of VDAC-1 or MIRO-1 in

C. elegans, proteins which can be found on ER–mitochondrial contact

sites (Kornmann et al, 2011; Rowland & Voeltz, 2012; Murley et al,

2013), caused a phenotype similar to Arf1 or GBF-1/Gea1/2 depletion.

Thus, Arf1 plays a role in Fzo1 and mitochondrial homeostasis.

Results

gbf-1(RNAi) but not agef-1(RNAi) affects
mitochondrial morphology

We have previously shown that the ArfGEF GBF-1 is required for ER

morphology, secretion, and endocytosis in C. elegans (Ackema et al,

2013). During these studies, we noticed in our electron micrographs

that the morphology of mitochondria was strongly affected specifi-

cally in gbf-1(RNAi) maturing oocytes (Fig 1A and B). Compared to

mock-treated worms, mitochondria of gbf-1(RNAi) oocytes appeared

dramatically enlarged, sometimes interconnected by thin membrane

tubes (Fig 1B). Intriguingly, this effect was not observed upon

knockdown of another ArfGEF of the secretory pathway, AGEF-1,

suggesting that the phenotype is independent of general secretion

inhibition (Fig 1C).

To corroborate these results, we analyzed the mitochondrial

morphology in adult C. elegans muscle cells by expressing the GFP-

tagged mitochondrial outer membrane protein TOM-70::GFP

(Labrousse et al, 1999). Like in most striated muscle, the mitochon-

drial network is organized in interrupted slightly branched tubules

along the contractile apparatus in C. elegans body wall muscle cells

(Fig 1D). Knockdown of GBF-1 caused disorganization of the mito-

chondrial network and an increase of connections between mito-

chondria in 70% of the cells (Figs 1E, F and 2A). These results

indicate that GBF-1 has a role in maintaining mitochondrial

morphology in at least two different tissues.

Mitochondrial activity is strongly reduced in gbf-1(RNAi) animals

gbf-1(RNAi) worms appeared less active on agar plates (not shown)

and showed a strong reduction in muscle performance in a body

bend assay (Supplementary Fig S1A, Supplementary Movies S1

and S2). This phenotype could be due to reduced mitochondrial

performance or defects in the cytoskeleton. The actin organization

was not altered in body wall muscle cells in gbf-1(RNAi) animals

(Supplementary Fig S1B). To corroborate these results, we tested

whether disruption of the cytoskeleton with low doses of latrunculin

A (LatA) for actin or benomyl for microtubules causes a mitochon-

drial phenotype similar to gbf-1(RNAi) animals. Both treatments

were efficient as judged by partial paralysis (not shown) and

reduced body size (Supplementary Fig S1C). In neither benomyl nor

LatA-treated worms did the mitochondria form the characteristic

hyper-connected disorganized structure that we had observed for

gbf-1(RNAi) (compare Supplementary Fig S1D with Fig 1E). We

conclude that the gbf-1(RNAi)-dependent hyper-connected mito-

chondrial morphology is not caused by disruption of the actin or

microtubule cytoskeleton.

Next, we assessed mitochondrial activity by determining the

sensitivity to reactive oxygen species (ROS) using paraquat, an

enhancer of ROS production (Kondo et al, 2005). Mitochondria with

defects in oxidative phosphorylation complexes are more prone to

free radical damage, and ROS-susceptible worms arrest in develop-

ment when exposed to paraquat. EAT-3 is the C. elegans ortholog of

yeast Mgm1 and mammalian OPA1 dynamin-related GTPases, crucial

for mitochondrial inner membrane fusion. eat-3(RNAi) is known to

cause paraquat sensitivity (Kanazawa et al, 2008). We determined

the survival rate for adult worms and the number of arrested larvae

5 days after hatching on paraquat containing plates. To avoid

“contamination” by progeny from unaffected adults, we used the

sterility-conferring glp-4(bn2) ts-allele (Beanan & Strome, 1992).

Adult gbf-1(RNAi) worms die due to a weak cuticle, which causes

bursting. As a consequence, paraquat-induced developmental arrest

increases the survival of gbf-1(RNAi) worms. gbf-1(RNAi) and eat-3

(RNAi) worms were equally sensitive to paraquat (Fig 2B) (Kanazawa

et al, 2008), supporting a role for GBF-1 in mitochondrial function.

To assess mitochondrial activity more directly, we histochemi-

cally examined the enzymatic activity of cytochrome c oxidase

(COX), complex IV of the respiratory chain (Hench et al, 2011;

Rolland et al, 2013). The intensity of the stain correlates with the

enzymatic activity in the tissue (Jung et al, 2002; Hench et al,

2011). COX activity was severely reduced in all tissues in gbf-1

(RNAi) worms compared to wild-type or agef-1(RNAi) animals

(Fig 2C and E). Taken together, our results suggest that loss of

GBF-1 impairs both mitochondrial morphology and function.

Mitochondrial morphology is dependent on ARF-1.2

GBF1 is a GEF for the small GTPase ARF1 (Peyroche et al, 1996;

Donaldson & Jackson, 2011). We tested whether the C. elegans

ARF1 homologue, ARF-1.2, also influences mitochondrial morphol-

ogy. A hyper-connected network was observed in arf-1.2(RNAi)

reminiscent of the gbf-1(RNAi) phenotype (Fig 2A). The efficiency

of the knockdowns was confirmed by qPCR (Supplementary Fig S2).

ARF-1.2 function on mitochondrial structure was independent from

its role in vesicle formation at the Golgi because knockdown of the

coatomer subunit COPB-1, which is essential for ARF-1-dependent

retrograde transport within the Golgi and back to the ER, did not

affect mitochondrial morphology (Fig 2A), while we observed

embryonic lethality (unpublished observation).

The COX activity in arf-1.2(RNAi) tissues was indistinguishable

from mock-treated worms (Fig 2D and F). This is in agreement
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with the overall phenotype of the arf-1.2(RNAi) worms, which

were fertile and moved normally on the plate. This mild phenotype

is likely due to the existence of another ARF class I/II protein in

C. elegans, ARF-3. In mammalian cells, class I and class II Arfs

have overlapping functions; for example, class I Arf1 and class II

Arf4 and Arf5 can all generate COPI-coated vesicles in vitro

(Popoff et al, 2011). Similarly, yeast Arf1 and Arf2 have redundant

functions (Stearns et al, 1990). These results indicate that mito-

chondrial morphological abnormalities and dysfunction can be

separated as indicated by the partial redundancy of the Arf family

proteins.

GBF-1 and ARF-1 deficiencies do not suppress mitochondrial
fission or fusion defects

The phenotypes of loss of function of ARF-1 and its GEF may reflect

defects in mitochondrial dynamics. We first tested whether ARF-1

function was involved in the regulation of mitochondrial fission

A
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E

Figure 1. GBF-1 affects mitochondrial morphology.

A–C Electron microscopy (EM) of mitochondria in Caenorhabditis elegans oocytes. Wild-type is shown in (A). On the right, a schematic view of the C. elegans proximal
gonad is shown. Oocytes indicated with -2 were used for EM analysis. The depletion of GBF-1 (B) leads to the formation of enlarged mitochondria connected
through thin membrane connections (indicated with white arrowheads). The mitochondria of agef-1(RNAi) worms (C) appear unaffected.

D, E Live imaging of TOM70::GFP in C. elegans muscle cells. In wild-type muscle cells (D), the mitochondrial network is organized in interrupted slightly branched
tubules. gbf-1(RNAi) caused disorganization of the mitochondrial network and an increase of connections between mitochondria (E). N, nucleus.

F Quantification of (D) and (E) of three independent experiments, showing the percentage of muscle cells in a total of N = 392 (Mock) and N = 466 [gbf-1(RNAi)] cells,
with fragmented, tubular or hyper-connected mitochondria. Error bars represent standard deviation.
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Figure 2. GBF-1 is required for mitochondrial morphology and function.

A Live imaging of TOM70::GFP in C. elegans muscle cells. In wild-type, agef-1(RNAi) and copb-1(RNAi) muscle cells, mitochondria show the typical tubular morphology
along the length of the contractile apparatus, while mitochondria in gbf-1(RNAi) and arf-1.2(RNAi) muscle cells formed a hyper-connected network.

B gbf-1(RNAi) worms are ROS sensitive. eat-3(RNAi) served as a positive control. The experiment was performed four times in triplicates of 20 worms each. Standard
deviation is given. For significance testing, one-way ANOVA was used, followed by a Tukey’s test (arrested phenotype at 0.6 mM paraquat: mock versus eat-3(RNAi)
P < 1 × 10�6; mock versus gbf-1(RNAi) P < 1 × 10�6; eat-3(RNAi) versus gbf-1(RNAi) P = 0.79).

C The enzymatic activity of cytochrome c oxidase is decreased in somatic tissues and the gonad of gbf-1(RNAi) worms compared to wild-type and agef-1(RNAi).
Representative examples are shown.

D The enzymatic activity of cytochrome c oxidase was not decreased in arf-1(RNAi) compared to wild-type.
E Light microscopic quantification of the resulting optical density (OD) in the body wall muscles. Standard deviation is indicated by error bars. Mock: n = 20, agef-1

(RNAi): n = 24, gbf-1(RNAi): n = 25. The statistically significant difference as indicated with asterisks between mock and gbf-1(RNAi) (P < 1 × 10�7) was determined by
a t-test (two-tailed, unequal variance).

F Analysis as in (E). Mock: n = 13, arf-1(RNAi): n = 12. Mock and arf-1(RNAi) are statistically significantly different (P < 7 × 10�5). P, pharynx; I, intestine; G, gonad;
E, embryos; M, muscle.
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because partial knockdown of DRP-1 by RNAi (Labrousse et al,

1999) caused a phenotype very similar to gbf-1(RNAi) and arf-1.2

(RNAi) (Fig 3A and C). However, neither concomitant knockdown

of GBF-1 and DRP-1 nor arf-1.2(RNAi) in drp-1(tm1108) loss-

of-function animals altered the described phenotype (Labrousse

et al, 1999; Breckenridge et al, 2008) (Fig 3). This lack of pheno-

typic enhancement may be expected as the drp-1 mutants have

already a very strong phenotype. Moreover, DRP-1 mitochondrial

localization was independent of GBF-1 as overexpressed DRP-1 was

still present on mitochondria in gbf-1(RNAi) muscle cells, without

being able to rescue the hyper-connected phenotype (unpublished

observation). Taken together, our data suggest that DRP-1 acts inde-

pendent of ARF-1.2 and GBF-1.

Next, we tested whether gbf-1 or arf-1.2 would regulate mito-

chondrial morphology through genetic interaction with the mitofusin

fzo-1. Animals with fzo-1 loss-of-function mutations or being

treated with fzo-1(RNAi) have fragmented mitochondria due to

lack of fusion activity (Breckenridge et al, 2008; Rolland et al,

2009) (Fig 3A and B). This phenotype was unaffected by

additional gbf-1(RNAi) or arf-1.2(RNAi) (Fig 3A, B and D). These

findings indicate that there is no genetic interaction between fzo-1

and arf-1.2 or gbf-1.

The defects in mitochondrial morphology caused by GBF-1 loss of
function are conserved from yeast to man

To test whether the effect of ARF1 on mitochondria is evolutionarily

conserved across the animal kingdom, we assessed mitochondrial

morphology in HeLa cells. Because mammalian cells have a large

repertoire of ARF proteins but only one GBF-1 homologue, we

knocked down GBF1, which strongly affected mitochondrial struc-

ture (Fig 4A). We conclude that GBF-1-dependent activation of

A D

B C
E

Figure 3. Epistasis analysis.

A–C Live imaging of worms expressing TOM70::GFP in the muscle cells. fzo-1(tm1133) produces fragmented mitochondria (B). drp-1(tm1108) causes fusion and
formation of blebs in the mitochondrial network (C).

D Quantification of the mitochondrial phenotypes in gbf-1(RNAi) combined with either fzo-1(RNAi) or drp-1(RNAi). Standard deviation is given. Statistically significant
differences of RNAis compared to Mock are indicated by colored asterisks. ns: P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001. For significance testing, one-way ANOVA
was used, followed by a Tukey’s test. The RNAi of GBF-1 did not significantly change the phenotype of drp-1(RNAi) or fzo-1(RNAi) (indicated with the black brackets).
Muscle cells from at least three independent experiments were scored. Mock and gbf-1(RNAi) as shown in Fig 1, drp-1(RNAi): n = 427, drp-1(RNAi) + gbf-1(RNAi):
n = 381, fzo-1(RNAi): n = 454, fzo-1(RNAi) + gbf-1(RNAi): n = 636, fzo-1(RNAi) + drp-1(RNAi): n = 499.

E arf-1.2(RNAi) did not change the drp-1(tm1108) phenotype. Three experiments were counted. drp-1(tm1108) + mock, n = 472; drp-1(tm1108) + arf-1.2(RNAi),
n = 462;. Standard deviation is indicated by error bars.
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ARF-1 is important for maintaining mitochondrial morphology and

function and is conserved up to man.

Next, we asked whether the function of active Arf1 on mito-

chondria is also conserved in the budding yeast Saccharomyces

cerevisiae. GBF-1 and ARF-1.2 each have two functionally redun-

dant homologues in yeast, Gea1 and Gea2, and Arf1 and Arf2,

respectively (Stearns et al, 1990; Peyroche et al, 1996; Spang et al,

2001). Deletion of either pair is lethal. The function of Arf and the

ArfGEF can be assessed using conditional mutants. Strikingly, the

temperature-sensitive (ts) alleles gea1-6Δgea2, gea1-19Δgea2, and

arf1-11Δarf2 formed dense globular mitochondrial structures at the

restrictive temperature (Fig 4B–E and G). In addition, arf1-11Δarf2
mutants had impaired mitochondrial function as indicated by poor

growth on a non-fermentable carbon source (Supplementary Fig

S3B and D). This phenotype was not due to impaired actin-

dependent mitochondrial inheritance (Supplementary Fig S3A).

Like in C. elegans, the yeast ts-alleles of the coatomer subunits

SEC21 and SEC27 established that the Arf1-dependent mitochon-

drial phenotype is independent of COPI transport (Fig 4F and G).

Moreover, the arf1 mutant alleles arf1-17Δarf2 and arf1-18Δarf2
did not share the mitochondrial phenotype (Supplementary Fig

S3C and D, and unpublished observations). The arf1-11 allele
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Figure 4. The role of Arf1 in mitochondrial morphology is conserved and independent of its role in secretion.

A Mitochondrial morphology is affected by siRNA-based knockdown of GBF1 in HeLa cells. Confocal microscopy of fixed cells. Mitochondria are visualized with
MitoTracker, and the nucleus is stained with DAPI.

B arf1-11Δarf2 causes fragmentation of mitochondria. Live confocal microscopy of yeast strains ARF1Δarf2, arf1-11Δarf2 expressing mtGFP and shifted to 37°C for
1 h. Maximum projection of an overlay of the DIC and GFP channels.

C gea1-19Δgea2 gives a similar fragmentation phenotype than arf1-11Δarf2.
D–F Analysis of yeast ts-mutants of the (D) GBF-1 homologues GEA1/2, (E) the small GTPase ARF1 and (F) the coatomer subunit SEC27 carrying a mito-GFP marker at

23°C (permissive temperature) and 37°C (restrictive temperature) by epifluorescence microscopy. For each of three independent experiments, we scored around 100
cells per genotype. Standard deviation is given.

G Mutants in COPI and COPII do not affect mitochondrial morphology. sec21-3 (COPI) and sec23-1 (COPII) displayed a wild-type-like mitochondrial morphology at
37°C. gea1-6Δgea2 shows a similar globular phenotype as gea1-19Δgea2 at 37°C.

The EMBO Journal Vol 33 | No 22 | 2014 ª 2014 The Authors

The EMBO Journal Regulation of mitochondrial dynamics by Arf1 Karin B Ackema et al

2664



mainly affects ER export and cause UPR activation, while arf1-17

and arf1-18 attenuate transport at the cis- and trans-Golgi, respec-

tively (Yahara et al, 2001; Kilchert et al, 2010). Why arf1-11Δarf2
has such a strong ER phenotype in comparison to arf1-17Δarf2
remains unclear, as a direct Arf1 function at the ER is still elusive.

Our data suggest a role for Gea1/2 and Arf1 in mitochondria func-

tion also in yeast. Thus, yeast can be employed as model system

to further study Arf1 function at mitochondria.

DNM1 shows a weak genetic interaction with ARF1 and GEA1/2

The mitochondrial morphological changes upon loss of Arf1 func-

tion were not identical in yeast and C. elegans muscle cells. There-

fore, we repeated and extended the genetic interaction analysis of

Arf1 and its GEF with the mitochondrial fission and fusion media-

tors, Dnm1 and Fzo1, respectively. When we deleted the DRP-1

homologue DNM1 in arf1-11Δarf2, we observed a mixed phenotype

in which the mitochondria formed interconnected globular struc-

tures that looked like beads-on-a-string (Fig 5A and B). Likewise,

Dnm1 overexpression caused a slight rescue of the mitochondrial

phenotype (compare Figs 4E and 5E, F) in arf1-11Darf2 cells. As

reported previously (Sesaki & Jensen, 1999), overexpression of

DNM1 caused fragmentation of mitochondria, which we also

observed. Finally, similarly to the results in C. elegans, Dnm1-GFP

was still localized to mitochondria when Arf1 function was impaired

(Supplementary Fig S4). As a control, we deleted FIS1, which

encodes a protein that recruits Dnm1 to mitochondria (Mozdy et al,

2000). In Δfis cells, Dnm1 no longer localized to the mitochondria,

but formed large accumulations in the cytoplasm (Supplementary

Fig S4). Taken together, we observe a weak genetic interaction

between DNM1 and ARF1 or GEA1/2. Yet, Arf1 does not appear to

directly regulate Dnm1 function.

The arf1-11 and gea1/2 mutant phenotypes were somewhat

reminiscent of a fusion defect. Combining Δfzo1 with arf1-11Darf2
did neither rescue nor enhance the mitochondrial fragmentation

(Fig 5C and D). While strong overexpression of FZO1 leads to

aggregated mitochondria (Fritz et al, 2003), mild overexpression

of FZO1 did not affect wild-type mitochondria morphology but

did also not rescue the arf1-11Δarf2 phenotype (Fig 5G and H).

Thus, we did not detect a genetic interaction between ARF1 and

FZO1.

Arf1 co-fractionates with ER and mitochondria

Arf1 is localized to and has established functions at the Golgi

apparatus but, to our knowledge, has never been localized to mito-

chondria. We explored the possibility that a sub-fraction of Arf1 is

localized on mitochondria and analyzed highly enriched yeast

mitochondria fractions (Meisinger et al, 2000, 2006) (Supplemen-

tary Fig S5A). As observed previously, although most of the ER

was eliminated from the preparations, the fraction with the puri-

fied mitochondria still contained ER due to ER–mitochondria

contact sites, which cannot be resolved (Supplementary Fig S5B).

Most importantly, Arf1 was present in both ER and mitochondrial

fractions, with higher enrichment in the mitochondrial fraction

(Supplementary Fig S5B). Thus, a proportion of Arf1 is localized

on mitochondria and/or ER–mitochondria contacts, supporting a

distinct role in mitochondrial dynamics and function.

Arf1 promotes mitophagy

Recent data suggest that autophagy is initiated at ER–mitochondria

contact sites (Hailey et al, 2010; Hamasaki et al, 2013). In addition,

the ERMES complex has been shown to be important for turnover of

mitochondria (mitophagy) through its involvement in isolation

membrane formation (Bockler & Westermann, 2014). Furthermore,

Arf1 and Gea1/2 were reported to play a role in the expansion of

autophagosomal membranes during macrophagy (van der Vaart

et al, 2010). Therefore, we asked whether Arf1 is required for mito-

phagy. The reporter protein mt-Rosella consists of a mitochondrial

targeting sequence, a pH-sensitive GFP and RFP (Rosado et al,

2008). In mitochondria, the GFP and RFP signals overlap. Upon

mitophagy, the mitochondrial GFP signal disappears due to the pH

drop upon arrival of mitochondrial fragments in the vacuole and

only the red fluorescence persists. Using this assay, we tested two

different alleles of ARF1: one with (arf1-11Δarf2) and one without

(arf1-18Δarf2) aberrant mitochondria (Supplementary Fig S3C and D).

Both arf1 mutants were strongly impaired in mitophagy (Fig 6A and

B). The difference between the two arf1 alleles is that arf1-11 is

defective at the ER, whereas arf1-18 impairs Arf1 function at the

trans-Golgi (Yahara et al, 2001). Although it is conceivable that the

different alleles block distinct stages during mitophagy, Arf1 might

also be essential for autophagy in general. Indeed, both arf1 alleles

were defective in autophagy as monitored by GFP-Atg8 arrival in

the vacuole (Klionsky et al, 2012) (Fig 6C). Taken together, our

data suggest that Arf1 impacts mitochondria by two distinct func-

tions: It affects turnover of mitochondria through its role in auto-

phagy and has an additional, independent role in mitochondrial

dynamics. As arf1-18Δarf2 mutants display normal mitochondrial

morphology but are defective in mitophagy, the role of Arf1 in

mitochondrial dynamics appears to be independent of its role in

mitophagy.

CDC48 overexpression partially restores mitochondrial
morphology in arf1-11Δarf2

To better understand how Arf1 acts on mitochondria, we aimed

to identify Arf1 interacting proteins from enriched mitochondrial

membranes using differential affinity chromatography with

recombinant Arf1. The basis of the approach is that the active

and inactive forms of Arf1 have distinct conformations, which

enables us to isolate proteins that specifically bind to either

conformation. We have used this approach successfully in the

past (Trautwein et al, 2004, 2006). The analysis revealed that the

AAA-ATPase Cdc48 was strongly enriched on the Arf1-GTP

column (Supplementary Table S1). Cdc48 has been described to

be part of the unfolded protein response, the ER- and the

mitochondria-associated degradation pathways (Rabinovich et al,

2002; Caruso et al, 2008; Nakatsukasa et al, 2008; Heo et al,

2010). We tested whether overexpression of CDC48 would rescue

the arf1-11Δarf2 induced mitochondrial phenotype. Overexpres-

sion of CDC48 caused a slight fragmentation of mitochondria in

wild-type cells (Fig 7A), while it partially restored mitochondrial

morphology in arf1-11Δarf2 (Fig 7B). The slight mitochondrial

fragmentation observed in the wild-type might be explained by

reduced Fzo1 levels under these conditions (see below). In spite

of the partial morphological restoration, CDC48 overexpression
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Figure 5. ARF1 interacts genetically with DNM1.

A–H Live imaging of yeast strains expressing mt-GFP at 23 and 37°C. Epistasis experiments of arf1-11Δarf2 the isogenic wild-type together with: (A, B) Δdnm1, (C, D)
Δfzo1, (E, F) overexpression of DNM1 or (G, H) overexpression of FZO1. arf1-11Δarf2 (A) did not enhance the Δdnm1-induced network, but caused a mixed
phenotype. arf1-11Δarf2 (C) did not rescue the Δfzo1-induced fragmentation. The globular morphology of arf1-11Δarf2 (E) was slightly dominant over DNM1 (2l)-
induced fragmentation. No effect of FZO1 overexpression on the arf1-11Δarf2 mitochondrial phenotype was observed (G). Quantification of the phenotypes
presented in (A), (C), (E), and (G) are shown in (B), (D), (F), and (H), respectively. For each of the three experiments, we scored about 100 cells per genotype. Standard
deviation is given.
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did not rescue mitochondrial function in arf1-11Δarf2 (Supple-

mentary Fig S6A).

Next, we asked whether cdc48 mutants would display a mito-

chondrial defect themselves. However, the mutants cdc48-3 and

cdc48-6 did not show any strong alteration in mitochondrial

morphology when shifted to the restrictive temperature (Supple-

mentary Fig S6B and C). Thus, under normal growth conditions, the

level and function of Cdc48 is dispensable for mitochondrial

morphology.

Usually, Cdc48 interacts with a co-factor, which provides spec-

ificity for a particular Cdc48 function. Vms1 was proposed to

constitute such a co-factor in mitochondria-associated degradation

(MAD) under certain stresses (Heo et al, 2010, 2013; Esaki &

Ogura, 2012). MAD is supposed to act similar to ERAD in remov-

ing misfolded proteins from the organelle for subsequent degrada-

tion by the proteasome. We tested whether the rescue of the

arf1-11Δarf2 phenotype by CDC48 overexpression would require

Vms1. Deleting VMS1 did not interfere with the rescue capability

of CDC48 overexpression (Supplementary Fig S6D). However, we

noticed that in Δvms1 cells, the CDC48 overexpression-induced

slight mitochondrial fragmentation phenotype was rescued,

consistent with a role of a Cdc48–Vms1 complex at mitochondria

(compare Supplementary Fig S6D and Fig 7A). Yet, Vms1 is unli-

kely to cooperate with Cdc48 in the rescue of the arf1-11Δarf2
mutant.

Fzo1 is mislocalized in abnormal clusters on mitochondria
in arf1-11Δarf2 cells

In mammalian cells, mitofusins are substrates of MAD through

ubiquitylation in a Cdc48/p97 and Parkin-dependent manner (Youle

& van der Bliek, 2012; Escobar-Henriques & Langer, 2014). There-

fore, we decided to determine Fzo1-GFP localization in dependence

of Cdc48 expression levels. In wild-type cells, Fzo1-GFP was present

throughout the mitochondrial membrane system. Surprisingly,

Fzo1-GFP localization was drastically altered in arf1-11Δarf2 cells

where Fzo1 clustered into bright foci (Fig 7D). Thus, the mitochon-

drial defect might be at least in part due to the mislocalization of

Fzo1 into aberrant clusters that could lead to altered mitochondrial

dynamics and thus function. These clusters were resolved by over-

expression of CDC48, suggesting that the rescuing ability of Cdc48

could be connected to degradation of Fzo1 clusters.

Cdc48 removes abnormal Fzo1 clusters through MAD

To test this hypothesis, we appended Fzo1 with a FLAG-tag and

monitored its levels in different strains by immunoblot. Unexpect-

edly, CDC48 overexpression caused Fzo1 degradation even in ARF1

wild-type cells (Fig 7C), suggesting that Cdc48 is rate limiting for

Fzo1 degradation already under normal circumstances. In arf1-

11Δarf2 cells, Fzo1 concentration was slightly reduced (Fig 7C).

A B

C

Figure 6. Arf1 is involved in mitophagy and autophagy.

A arf1 mutants are defective in mitophagy. Strains expressing mt-Rosella were grown at permissive temperature overnight, diluted, grown to logarithmic phase at the
indicated temperatures, then shifted to starvation in SD-N for 14 h at indicated temperatures and imaged thereafter. Scale bar, 5 lm. Half of the culture was shifted
to restrictive temperature for 1 h and imaged thereafter.

B Quantification of data in (A) from three independent experiments in which at least 100 cells were scored. Standard deviation is given.
C arf1 mutants are defective in autophagy. Strains expressing GFP-Atg8 from its endogenous promoter were cultured as in (A) and starved in SD-N for 5 h. The arrival of

GFP-Atg8 in the vacuole as a readout for autophagy was scored in arf1 mutant cells. Data from three independent experiments in which at least 100 cells were
scored are shown. Standard deviation is given.
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This reduction in Fzo1 levels was drastically enhanced when CDC48

was overexpressed. Our data suggest that the arf1 mutant-

dependent Fzo1 clusters are degraded through Cdc48-dependent MAD.

Given that Cdc48 functions together with the ubiquitin protea-

some system (UPS) in both UPR and MAD, it is conceivable that

activation of UPR could also trigger MAD. Yet, UPR is activated in

arf1-11Δarf2 mutant cells at the restrictive temperature (Kilchert

et al, 2010) and this activation did not prevent the mitochondrial

phenotype. A possible explanation could be that since UPR activa-

tion occurs upon shift to the non-permissive temperature, the delay

to mount the response on the protein level or the amplitude of the

UPR may be insufficient to prevent mitochondrial defects. To

exclude these possibilities, we transformed a plasmid expressing

spliced HAC1 mRNA (Ng et al, 2000) and shifted the cells to the

non-permissive temperature. Hac1 is a transcriptional activator of

UPR response genes, and is itself converted into an active form by a

A B

C

E

D

Figure 7. Overexpression of CDC48 alleviates the mitochondrial defect in arf1-11Δarf2 cells and causes Fzo1 degradation.

A Overexpression of CDC48 causes slight mitochondrial fragmentation in ARF1Δarf2 cells. Quantification of the phenotype from cells expressing mt-GFP from at least
three independent experiments, scoring about 100 cells/experiment.

B Mild overexpression of CDC48 in arf1-11Darf rescues the tubular phenotype at the restrictive temperature. For arf1-11Darf2, four experiments with 1,670 cells were
counted; and for arf1-11Δarf2 CDC48(OE), five experiments (1,520 cells). The statistically significant difference (P < 0.006) was determined by a t-test (two-tailed,
unequal variance).

C Fzo1 levels are reduced upon CDC48 overexpression. Fzo1-FLAG was detected by immunoblotting in lysates from Arf1 wild-type and mutant cells with or without
CDC48 overexpression. Pgk1 serves as a loading control.

D Fzo1-GFP forms bright foci in arf1-11Δarf2 at the restrictive temperature that are resolved by overexpression of CDC48. Mutant and wild-type cells chromosomally
expressing Fzo1-GFP and overexpressing Cdc48 were analyzed by epifluorescence microscopy at the restrictive temperature.

E The Cdc48-dependent mitochondrial rescue is independent of UPR. Expressing the constitutively active Hac1 in arf1-11Δarf2 did not rescue the mitochondrial
phenotype.

Source data are available online for this figure.
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cytoplasmic splicing event of its mRNA. Thus, expression of spliced

HAC1 causes a constitutively active UPR. Under these conditions,

we still observed the same mitochondrial phenotype in arf1-11Δarf2
cells, without having any noticeable effect on wild-type cells

(Fig 7E). Therefore, the function of Cdc48 at arf1-11Δarf2 mitochon-

dria is independent of UPR activation, and activated UPR is not the

cause for the mitochondrial phenotype in arf1-11Δarf2. Taken

together, our results suggest that Fzo1 is partially aggregated or

non-functional in arf1-11Δarf2 cells and is a substrate of Cdc48 and

MAD.

Tethering of ER and mitochondria appears unaltered
in arf1-11Δarf2 cells

An explanation for the clustering of Fzo1 could be a change in the

lipid composition in arf1-11Δarf2. Mitochondrial lipids are imported

from the ER and some are further modified in the mitochondrial

inner membrane. The transfer of lipids is thought to occur at ER–

mitochondrial contact sites. Thus, we wondered whether changes

in mitochondria morphology could be caused by loss of ER–

mitochondrial contact sites. To investigate this possibility, we

employed the yeast artificial ER–mitochondrial tether chiMERA,

which has been shown to be able to restore mitochondrial morphol-

ogy when contact sites are compromized (Kornmann et al, 2009).

This artificial tether consists of one transmembrane domain anchored

in the ER and one in the outer membrane of mitochondria, joined by

a GFP (Kornmann et al, 2009). As previously described (Yahara

et al, 2001), the ER morphology in arf1-11Δarf2 is strongly affected,

which is most likely due to the accumulation of cargo in the ER

because of the transport block in the ER–Golgi shuttle (Fig 8A)

(Nakano & Muramatsu, 1989; Yahara et al, 2001; Spang, 2009).

Given the elaborate ER, most of the mitochondrial fragments were

in close proximity to ER membranes in arf1-11Δarf2 (Fig 8C).

Expression of chiMERA in arf1-11Δarf2 cells did not significantly

restore mitochondrial morphology and did not increase the percent-

age of tubular mitochondria (Supplementary Fig S7A). To analyze

the presence of the contact sites more directly, we determined the

localization of the ERMES component Mdm34 (Kornmann et al,

2009). Again, we did not observe any difference in distribution or

number of spots per cell in the mutant compared to wild-type

(Supplementary Fig S7B). Thus, it appears that tethers between ER

and mitochondria are present in arf1-11Δarf2 cells. Nevertheless, the

possibility remains that these contact sites may have lost part of their

function.

To explore the involvement of contact sites further, we deleted

the conserved Rho-like GTPase Gem1 (Miro1 in mammals; MIRO-1

in C. elegans). Gem1 is part of the ERMES complex and negatively

regulates connections between ER and mitochondria in yeast

(Kornmann et al, 2011; Murley et al, 2013). Intriguingly, Δgem1

showed a phenotype very reminiscent of the one observed in

arf1-11Δarf2 and gea1-19Δgea2 cells at the restrictive temperature

(compare Figs 4 and 8D, (Frederick et al, 2004, 2008). Strikingly,

combining Δgem1 with the arf1-11Δarf2 or gea1-19Δgea2 mutation

enhanced the phenotype dramatically, causing the residual tubules

in Δgem1 to completely collapse into globular structures (Fig 8D

and E). These data suggest that Arf1 and Gea1/2 may have a func-

tion at ER–mitochondrial contact sites and could be involved in

maintaining the functionality of these sites.

ER and mitochondria remain in close proximity in arf-1.2 (RNAi)
and gbf-1(RNAi) animals

We went back to C. elegans to confirm some of our findings from

the yeast system. C. elegans has two isoforms of Cdc48, CDC-48.1

and CDC-48.2. Consistent with the results obtained in yeast, simul-

taneous knockdown of CDC-48.1 and CDC-48.2 did not affect mito-

chondria in body wall muscle cells. Overexpression of CDC-48.1 or

CDC-48.2 resulted in strong phenotypes precluding an analysis in

arf-1.2(RNAi) and gbf-1(RNAi) worms.

Next, we examined ER–mitochondrial connections in C. elegans

muscle cells. The ERMES complex is not conserved in metazoa and

therefore we concentrated on the localization of the ER with respect

to mitochondria. We noticed that the ER organization in C. elegans

muscle cells displays two major patterns: Right underneath the sarco-

meres, the ER is organized in stripes (slice 1), while the ER proximal

to the nucleus is more reticulate (slice 2) (Fig 8F). In contrast, mito-

chondrial organization seems to be location independent. We decided

to assess ER and mitochondrial organizations at both locations. In

wild-type muscle cells, both organelles were in close proximity, with

mitochondrial tubules mainly positioned at the gaps of the ER

network and vice versa (Fig 8F). As described above, in arf-1.2(RNAi)

muscle cells, mitochondria became hyper-connected and the stripe-

like organization was mostly lost (Fig 8G), whereas the ER morphol-

ogy remained unaffected. The effect on the ER of arf1.2(RNAi) or

gbf-1(RNAi) appears to be tissue dependent, because we have found

previously that knockdown of either protein affected ER morphology

in oocytes (Ackema et al, 2013). Despite the change in mitochondrial

morphology, ER and mitochondria were still in close contact, and

thus, physical contact between the organelles may persist.

Knockdown of MIRO and VDAC-1 leads to hyper-connected
mitochondria in C. elegans

Even though the ERMES core components are not conserved in

metazoans, the mammalian homologue of Gem1, Miro1, was found

to localize to ER–mitochondrial contact sites in COS-7 cells

(Kornmann et al, 2011). Therefore, we decided to knockdown

MIRO-1 in C. elegans. miro-1(RNAi) resulted in a strong hyper-

connected mitochondrial phenotype, which resembled the gbf-1

(RNAi) phenotype (Fig 8H and I). A double knockdown of MIRO-1

and GBF-1 did not enhance the phenotype further (Fig 8I). We

consider it possible that the maximal penetrance of the phenotype

already occurred with the single knockdowns and that the difference

in phenotypes in yeast and C. elegans is likely a reflection of

sensitivity and penetrance of the individual phenotypes. In addition,

at least in Drosophila and mammalian cells, Miro1 connects

mitochondria to Kif5 motor proteins (Guo et al, 2005; Glater et al,

2006; Macaskill et al, 2009), indicating that MIRO-1 has also

additional functions in C. elegans. On the other hand, the miro-1

(RNAi) phenotype in the body wall muscle cells resembled the gbf-1

and arf-1.2 knockdown and not the one after benomyl treatment.

We sought another way to interfere with ER–mitochondrial connec-

tions. Unlike in yeast, ER–mitochondrial contact sites are also sites

of Ca2+ exchange in metazoa. The voltage-dependent anion channel

VDAC-1 is located in the mitochondrial outer membrane and

has been shown to be physically linked to the ER Ca2+-release

channel inositol 1,4,5-trisphosphate receptor (IP3R) through Grp75
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(Szabadkai et al, 2006). vdac-1(RNAi) caused hyper-connected mito-

chondria to a similar extent as the knockdowns of miro-1, arf-1.2,

and gbf-1 (Fig 8H and I). We conclude that our data are consistent

with a conserved role of Arf1 and its GEF at ER–mitochondria

contact sites.

Discussion

In this study, we have revealed previously unanticipated and evolu-

tionarily conserved roles of the small GTPase Arf1 and its GEF

GBF-1/Gea1/2 in mitochondrial morphology and function. These

tasks are independent of the previously established responsibilities

in vesicular transport and Golgi structure, pointing to a novel

function of ARF-1.2/Arf1 and its activator GBF-1/Gea1/2.

Activated Arf1 may play multiple roles at mitochondria (Fig 9).

First, Arf1 plays are role in mitochondrial dynamics, influencing the

connectivity of the network. Second, Arf1 is required for mitophagy,

presumably through its role in macroautophagy (van der Vaart et al,

2010; Orlichenko et al, 2012). Isolation membrane formation during

autophagy was proposed to occur at ER–mitochondrial contact sites

(Hailey et al, 2010; Hamasaki et al, 2013). However, this function is

independent of the one in mitochondrial dynamics.

In addition, the arf1-11Δarf2 mutation results in aggregated

Fzo1, which is removed by overexpression of Cdc48. We identified

Cdc48 as an interactor of Arf1-GTP. Thus, a third function could be

the recruitment of the AAA-ATPase Cdc48 to mitochondria to

remove Fzo1 and potentially other mitochondrial outer membrane

proteins. In the wild-type situation, Arf1 would promote recruitment

of Cdc48 to mitochondria to maintain proper Fzo1 homeostasis,

whereas in the mutant situation aberrant Fzo1 would accumulate

because Cdc48 is recruited less efficiently. Cdc48 has a known role

in the quality control of mitochondrial outer membrane proteins in

yeast and worms and promotes degradation of Fzo1 (Heo et al,

2010). Consistently, the mammalian Cdc48 homologue p97

promotes ubiquitylation and proteasome-dependent degradation of

the mitofusins Mfn1 and Mfn2 (Tanaka et al, 2010). Our data are in

agreement with the recently reported role of Cdc48/p97/VCP in the

retro-translocation of mitochondrial outer membrane proteins like

Mcl1 and Mfn1 (Xu et al, 2011; Kim et al, 2013).

In an alternative, mutually non-exclusive scenario, Arf1 could

have a function at ER–mitochondrial contact sites without directly

contacting Cdc48. Our data suggest that contact sites are still present

when Arf1 function is compromised. We envision that lipid transfer

could be impaired at the contact sites resulting in altered lipid

composition of mitochondria, which would be consistent with the

abnormal morphology of both the mitochondrial outer and inner

membranes as revealed by EM in C. elegans and the loss of the func-

tionality of mitochondria in both yeast and worms. Moreover, at

least in C. elegans, knockdown of proteins with a reported function

at ER–mitochondria contact sites display a very similar phenotype.

In mammalian cells, VDAC1 is physically linked to the ER Ca2+-

release channel inositol 1,4,5-trisphosphate receptor (IP3R) (Szabadkai

et al, 2006). Knockdown of VDAC-1 in C. elegans caused a similar

phenotype as gbf-1(RNAi) and arf-1.2(RNAi). Similarly, reducing the

Ca2+-dependent GTPase MIRO-1 also caused hyper-connection of

mitochondria. The yeast homologue, Gem1, is part of ER–mitochondria

contact sites without being a structural component (Kornmann et al,

2011; Stroud et al, 2011; Nguyen et al, 2012; Murley et al, 2013).

Impaired lipid transfer could cause a change in the lipid composition

of mitochondrial membranes and thereby promote aggregation of

Fzo1.

It is also conceivable that the role of Arf1 in mitochondrial

morphology and function is indirect through controlling ER morphol-

ogy (Yahara et al, 2001; Poteryaev et al, 2005) and function. We do

not favor this possibility because we did not observe any defects in

ER morphology in C. elegans muscle cells after arf-1.2 or gbf-1

knockdown, while mitochondria were severely affected under the

same conditions. Unlike in C. elegans oocytes (Poteryaev et al, 2005;

Ackema et al, 2013), the ER did not show any gross abnormalities in

muscle cells upon arf-1.2 (RNAi) or gbf-1(RNAi), yet mitochondrial

function was disturbed in both tissues. Consistently, knockdown of

the mammalian GBF1 left the ER structure intact (Citterio et al,

2008). In yeast, however, ER morphology was clearly perturbed in

arf1-11Δarf2 mutant cells, most likely due to a transport block in the

ER–Golgi shuttle or a defect in lipid homeostasis. Thus, there is no

direct correlation between ER and mitochondrial morphology

defects. A reason for the different ER phenotypes in various tissues

upon loss of Arf1 function could be the difference in the amounts of

cargo that has to be transported through the secretory pathway in

these tissues. High cargo load would cause ER defects, while low

cargo load would not grossly affect ER structure. Moreover, in

tissues with high secretory capacity, the lipid demand would be

higher and hence the mitochondria-derived phosphatidylethanol-

amine, which is an important substrate for synthesis of phosphati-

dylcholine in the ER (Osman et al, 2011; Tatsuta et al, 2014), may

become limiting and cause structural changes in the ER membrane.

The yeast and C. elegans mitochondrial phenotypes are not

identical when Arf1 function is impaired. In C. elegans body wall

muscle cells, we observed a hyper-connected mitochondrial

Figure 8. Analysis of ER and ER–mitochondria contact sites.

A–C The ER is affected in arf1 mutant cells. Confocal images of live yeast cells tagged with a Pho88-mCherry ER marker (A–C) and mtGFP (B, C).
D ARF1 and GEM1 interact genetically. The arf1-11Darf2 or gea1-19Dgea2 globular phenotype is strongly enhanced by the deletion of GEM1 at 37°C.
E Quantification of the arf1-11Darf2Dgem1 and ARF1Darf2Dgem1 phenotypes at 37°C. For each of the three independent experiments, we scored around 100 cells

per genotype. Standard deviation is given.
F, G Single confocal planes of MitoTracker and the ER marker 3ER-YFP in the muscle cells of live worms. MitoTracker is shown in red, ER–YFP in green. Two confocal

planes are displayed for each strain. The first plane (indicated with “1”) corresponds to a layer flanking the sarcomeres at which the ER is organized in stripes; the
second plane (indicated with “2”) is from the level of the nucleus at which the ER is organized in the characteristic reticulate structure. The positions of the
confocal planes are indicated in the schematic drawing of a muscle cell on the right in (F).

H Knockdown of MIRO-1, VDAC-1, and ARF-1.2 results in a similar phenotype.
I Co-feeding with RNAi against GBF-1 and MIRO-1 or VDAC-1 did not enhance the fusion phenotype. Standard deviation is given. Mock and gbf-1(RNAi) as shown in

Fig 1, miro-1(RNAi): n = 479, miro-1(RNAi) + gbf-1(RNAi): n = 398. VDAC-1(RNAi) induces a hyper-connected phenotype in 50% of the muscle cells. VDAC-1(RNAi):
n = 429. Standard deviation is indicated.
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network, while in yeast, the mitochondria were compact and globu-

lar. While we cannot exclude the possibility that Arf1 plays different

roles in C. elegans muscle cells and yeast, we note that removing

the function of MIRO-1/Gem1 gave us phenotypes very similar to

those seen upon loss of Arf1 or GBF-1/Gea1/2. In all cases, the

mitochondria became hyper-connected in worms and globular in

yeast. It is conceivable that the fusion and fission dynamics and the

rate of mitophagy are very different between muscle and yeast cells

and likely correlate with the amount of ATP that needs to be

produced by the different cell types. Therefore, we propose that the

role of Arf1 on mitochondria is conserved from yeast to C. elegans

and man.

Given that ubiquitin-dependent degradation or regulation of

mitochondrial proteins is vital for the maintenance of mitochondrial

function as well as mitochondrial membrane remodeling and

communication with other organelles (Yonashiro et al, 2006;

Karbowski et al, 2007; Neutzner et al, 2008; Escobar-Henriques &

Langer, 2014), it is tempting to speculate that activation and function

of Arf1 are essential for the maintenance of mitochondrial homeosta-

sis. This phenomenon might have been overlooked because secretion

is an equally essential cellular process, and Arf1’s role as a master

regulator of vesicle formation has been established over 20 years ago

(Stearns et al, 1990; Balch et al, 1992; Traub et al, 1993).

Materials and Methods

C. elegans strains and plasmids

Caenorhabditis elegans was cultured and maintained as described

previously (Brenner, 1974) at 20°C. Bristol N2 was used as

wild-type control. For the paraquat assay SS104, glp-4(bn2)I

was used (Beanan & Strome, 1992). drp-1(tm11.8),fzo-1(tm1133)

(Breckenridge et al, 2008; Rolland et al, 2009), and MD2913

(bcEx847) [Pmyo-3::ER::YPF, rol-6(su1006)] were obtained from B.

Conradt. The pmyo-3::TOM70::GFP plasmid (Labrousse et al, 1999)

was co-injected with pRF4 [rol-6(su1006)] (Mello et al, 1991).

RNAi experiments

RNAi was performed as described (Kamath & Ahringer, 2003). For

RNAi feeding, plasmid L4440, containing agef-1 (Y6B3A.1), gbf-1

(C24H11.7), arf1.2 (B0336.2), sar-1 (ZK180.4), copbp-1 (Y25C1A.5),

drp-1 (T12E12.4), or eat-3 (D2013.5) sequences, was retrieved from

the Ahringer library and sequenced to confirm their identity

(Kamath & Ahringer, 2003). An RNAi construct for miro-1

(K08F11.5) was generated by amplification of cDNA using primer

sequences: ceMiro1-3 fw 50-CGTGCTGGGAATACACTCGAC-30 and

ceMiro1-3 re 50-CAGCTAGAGCTACTATGGCAG-30. The PCR was

first cloned using the TOPO TA Cloning kit (Invitrogen) and then

cloned into L4440 using XhoI/HindIII sites. An RNAi construct for

vdac-1 (R05G6.7) was generated by cDNA amplification using

primer sequences: vdac-1 fw 50-ATGGCCCCACCAACCTTCGC-30 and
vdac-1 re 50-GAAGATCTAGTTGGATGGATC-30. The PCR was sub-

cloned using the TOPO TA Cloning (Invitrogen) and cloned into

L4440 using EcoRI. The RNAi construct pBC567(fzo-1; ZK1248.14)

was described earlier (Rolland et al, 2009).

NGM plates containing 1.5 mM IPTG and 25 lg/ml carbenicillin

were inoculated with RNAi bacteria and induced for approximately

12 h at room temperature. Eggs or larvae were cultured at 20 or

25°C until adulthood. For muscle cells, RNAi strains were fed for

2 days at 20°C starting from L2/L3 larvae. For double RNAi experi-

ments, TOM70::GFP L4 larvae were placed on RNAi plates against

miro-1, fzo-1, or drp-1 and incubated at 25°C. The offspring was

picked at L2 larval stage and transferred to double RNAi plates

containing the original RNA together with gbf-1(RNAi) or L4440 as

control. Plates were incubated for another 2 days at 25°C.

Yeast methods

Standard genetic techniques were employed (Sherman, 1991).

Transformations and deletions were performed as described

(Schiestl & Gietz, 1989; Knop et al, 1999). For drop assays, cells

were grown to log phase in liquid YP media with 2% glucose

(YPD). Cells were diluted to OD600 0.1, followed by 10× serial dilu-

tions. Aliquots were spotted onto YPAD or YPAG plates and incu-

bated at various temperatures. Yeast strains are specified in

Supplementary Table S2. For microscopy, cultures were grown in

HC + adenine O/N at 23°C, diluted to early log phase, and grown at

23°C for 4 h in YPAD. Half of each culture was shifted to 37°C for

1 h and imaged thereafter. For quantification, approximately 100

cells were counted in each of at least three individual experiments.

The starvation experiments were performed as described (Bockler &

Westermann, 2014). For quantification of autophagy, the arrival of

GFP-Atg8 in the vacuole was quantified after 5 h of starvation.

Enzyme histochemical analysis

Worms were synchronized by bleaching as described (Bianchi &

Driscoll, 2006). Approximately 600 young adults were embedded.

Figure 9. Model for Arf1 function at ER–mitochondrial contact sites.
Yeast components are pictured. For explanations, see text.
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Worms were washed off the NGM plates using M9 buffer and

embedded in carbowax cryo-embedding media (TissueTek, Sakura

Fintek, Japan). The worm blocks were frozen in pre-cooled isopen-

tane (�20°C) and then stored at �20°C. Seven micrometer sections

were cut with a cryo-microtome, and samples from three experi-

ments were combined on the same glass slide (“Super Frost”,

Menzel, Germany) for co-staining. Enzymatic histochemical reac-

tions for COX were performed and quantified as described, using

the existing macros in ImageJ (Hench et al, 2011). Graphs and

statistics were processed in OpenOffice.

Imaging

For live imaging, adult hermaphrodites were mounted in M9 with-

out anesthetics between the slide and coverslip using Vaseline at the

edges to function as a spacer. Fixed samples were mounted on

uncoated slides in anti-fade reagent CitiFluor (Citifluor Ltd., UK)

with a small rim of Vaseline on the side.

Yeast cells expressing Dnm1-GFP/mtRFP or Pho88-mCherry/

mtGFP were imaged on an Andor Revolution spinning disk confocal

system (Andor Technologies, Northern Ireland) mounted onto an

IX-81 inverted microscope (Olympus, Center Valley, PA), equipped

with iXonEM+ EMCCD camera (Andor Technologies). MitoTracker/

Tom70::GFP and yeast mtGFP experiments were imaged on a Leica

SP5-II-Matrix confocal microscope with a HCX PLAN APO lambda

blue 63× oil objective (Leica Microsystems, Germany) using the

high resonance scanner at 8,000 Hz, 2.5× zoom and 16× line aver-

age (worms) or with normal scanner settings at 1,000 Hz, 15× zoom

and 8× line average (yeast). LAS AF version 2.6.0.7266 software

was used. Images for quantification of yeast and worm phenotypes,

muscle actin staining and Benomyl/LatA experiments were taken on

a Zeiss Axioplan 2 microscope equipped with a Zeiss Axio Cam

MRm camera (Carl Zeiss, Germany) and a Plan Apochromat 63×/

NA1.40 oil objective. Images of HeLa cells were taken with a Zeiss

LSM700 confocal microscope with 10 × 63 magnification and 2×

zoom. ImageJ was used for post-processing and analysis of all

images.

Statistical analysis

All multiple comparisons were tested for statistical significance with

a one-way ANOVA followed by pairwise comparisons with a

Tukey’s test using OriginPro8. In case of percentages, we trans-

formed the data into arcsin values to obtain a normal distribution of

freedom. For the Tukey’s test, a maximum of seven decimal digits

was used to describe the adjusted P-value. Pairwise single compari-

sons were done by using a two-tailed unequal variance t-test.

Supplementary information for this article is available online:

http://emboj.embopress.org
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