
RESEARCH PAPER

The ARL2 GTPase regulates mitochondrial fusion from the intermembrane space
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ABSTRACT
Mitochondria are essential, dynamic organelles that regularly undergo both fusion and fission in response
to cellular conditions, though mechanisms of the regulation of their dynamics are incompletely
understood. We provide evidence that increased activity of the small GTPase ARL2 is strongly correlated
with an increase in fusion, while loss of ARL2 activity results in a decreased rate of mitochondrial fusion.
Strikingly, expression of activated ARL2 can partially restore the loss of fusion resulting from deletion of
either mitofusin 1 (MFN1) or mitofusin 2 (MFN2), but not deletion of both. We only observe the full effects
of ARL2 on mitochondrial fusion when it is present in the intermembrane space (IMS), as constructs driven
to the matrix or prevented from entering mitochondria are essentially inactive in promoting fusion. Thus,
ARL2 is the first regulatory (small) GTPase shown to act inside mitochondria or in the fusion pathway.
Finally, using high-resolution, structured illumination microscopy (SIM), we find that ARL2 and mitofusin
immunoreactivities present as punctate staining along mitochondria that share a spatial convergence in
fluorescence signals. Thus, we propose that ARL2 plays a regulatory role in mitochondrial fusion, acting
from the IMS and requiring at least one of the mitofusins in their canonical role in fusion of the outer
membranes.
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Introduction

Mitochondria are essential organelles that generate ATP
through respiration and play key roles in lipid metabolism, cal-
cium regulation, and apoptosis. They are morphologically het-
erogeneous and highly dynamic, with the regulation of
dynamics playing an integral part in these crucial cellular func-
tions. Mitochondrial shape is regulated by 2 processes, fission
and fusion, yet our understanding of the mechanisms and regu-
lation of these processes is incomplete. Central players in these
processes are 4 large GTPases: DRP1, MFN1/2, and OPA1.
Recruitment of DRP1 from cytosol to the outer membrane is
involved in mitochondrial fission.1,2 Fusion is mediated by the
structurally and functionally homologous MFN1 and MFN2,
which are transmembrane proteins that promote mitochondrial
fusion at the outer membrane. OPA1 is an inner mitochondrial
membrane protein that promotes inner membrane fusion.3-7

The importance of fission and fusion is evident by the number
of diseases associated with errors in these processes. Mutations
in MFN2 cause Charcot-Marie-Tooth Type 2A,8 while muta-
tions in OPA1 lead to dominant optic atrophy.9,10 Mice lacking
MFN1 or MFN2 are embryonic lethal,5 and a conditional
knockout of MFN2 leads to defective cerebellar development.11

In the cell, mitochondrial fusion is important for maintenance
of ATP production, and mitochondria elongate during starva-
tion and stress.12-15 Mitochondrial fusion is important for
mixing of mitochondrial contents,16,17 and maintenance
of mitochondrial DNA.11,18 Thus, better understanding of the
mechanisms and means of regulation of mitochondrial

dynamics is important to our understanding of cell biology and
human diseases.

To date, only a handful of proteins have been shown to reg-
ulate fusion, despite the fact that such a pathway is necessary to
communicate between the energetic state inside the organelle
and external factors, or to link inner and outer mitochondrial
membrane events. Bax stimulates mitochondrial fusion via
MFN2,19 and MIB negatively regulates the activity of both
mitofusins.20 In addition, fusogenic activity of OPA1 is regu-
lated by several proteases.15,21-24 However, more regulators of
mitochondrial fusion must exist, given its importance to cell
physiology.

ARL2 is a member of the ARF family of regulatory
GTPases25 that is very highly conserved, ubiquitous across
eukaryotes, predicted to be present in the last eukaryotic com-
mon ancestor,26 and essential in multiple eukaryotes.27-29 ARL2
regulates essential functions at several places in the cell. In the
cytosol, ARL2 is in a complex with the tubulin folding chaper-
one cofactor D (TBCD), and together they regulate tubulin
folding.30-33 ARL2 and cofactor D are also at centrosomes, with
links to recruitment of g-tubulin ring complex, tubulin poly-
merization, and mitotic spindle organization.34,35 ARL2 can
also regulate traffic of farnesylated or N-myristoylated pro-
teins.36,37 Finally, we have documented roles for ARL2 in mito-
chondria and the presence of a small pool of cellular ARL2
inside mitochondria.38,39

ARL2 only partially localizes to mitochondria, though in a
regulated fashion.39,40 Depletion of ARL2 by siRNA causes 3
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mitochondrial phenotypes: mitochondrial fragmentation, an
increase in perinuclear clustering of the organelle, and a dra-
matic (»50%) loss in cellular ATP.38 Expression of the domi-
nant negative mutant ARL2[T30N] phenocopied the
morphology and motility defects, but not ATP loss, caused by
ARL2 siRNA. These observations lead us to propose at least 2
different pathways involving ARL2 in mitochondria: one affect-
ing ATP levels and the other morphology and motility. We
extend our previous findings here to document that ARL2 regu-
lates mitochondrial fusion, that it does so from the IMS, and
that it displays a highly distinctive staining profile along
mitochondria, showing a spatial convergence with mitofusins.

Results

ARL2 regulates mitochondrial fusion

Mitochondrial morphology results from a balance of fission
and fusion. Disruption of either of these processes leads to
abnormal mitochondrial morphology, with consequences to
functions.3 We previously reported that loss of ARL2 activity,
resulting from either siRNA or expression of the dominant
inactivating point mutant ARL2[T30N], caused mitochondrial
fragmentation in several different cultured cell lines.38 This
fragmentation could be reversed by blocking fission via co-
expression with DRP1[K38A], indicating that fusion was
occurring in these cells. However, DRP1[K38A] also reversed
fragmentation caused by impaired fusion due to the deletion of
fusion proteins MFN1 or MFN25. Based on these results, we
cannot exclude the possibility that a decrease in the rate of
fusion was occurring in ARL2[T30N] expressing cells and caus-
ing mitochondrial fragmentation, similar to cells null for MFN1
or MFN2. Therefore, to more directly assess the mechanism by
which changes in ARL2 activity affect mitochondrial morphol-
ogy, we monitored mitochondrial fusion in live cells using
mitochondria-targeted photoactivatable GFP (mito-PAGFP),
as described previously,41,42 and under Experimental Proce-
dures. In summary, cells were co-transfected with mito-PAGFP
and a mitochondrial marker (mito-dsRed), each of which was
efficiently imported into mitochondria. A region of interest
(ROI) was then photoactivated, and fluorescence within the
entire cell was monitored by live cell imaging for 40 minutes to
determine the speed with which the activated mito-PAGFP
(green) signal mixed with the mito-dsRed in all mitochondria.
A decrease in the rate of spreading of mito-PAGFP fluores-
cence has been well documented to be a clear indication of a
defect in the rate of mitochondrial fusion.41,42 Cells were co-
transfected with mito-PAGFP, mito-dsRed, and either ARL2 or
ARL2[T30N]. In cells receiving empty vector or wild type
ARL2, the GFP signal was spread throughout the cell within
40 minutes (Fig. 1A). In contrast, expression of ARL2[T30N]
resulted in a dramatic loss in the rate of spreading of mito-
PAGFP under the same conditions and time frame (Fig. 1A).
We quantified the rate of spreading of activated mito-PAGFP
by determining the percentage of red (mito-dsRed) pixels that
were also green, as described previously.43,44 The difference in
this ratio at 10 min intervals up to 40 minutes after photoacti-
vation is reported as the percent increase in mitochondrial
fusion over that seen immediately after photoactivation

(Fig. 1B). Cells receiving empty vector or ARL2 had a 30% and
31% increase in mitochondrial fusion, respectively, in agree-
ment with previous reports.43,44 In contrast, cells expressing
ARL2[T30N] showed marked decreases in the rate of fusion at
every time point, with only a 13% increase at the last time point
(Fig. 2B). These results support the conclusion that expression
of ARL2[T30N] results in a loss in the rate of mitochondrial
fusion.

In that same study, we also found that ARL2[T30N], along
with ARL2 siRNA, caused perinuclear clustering and a loss in
plus-end directed mitochondrial motility, in addition to mito-
chondrial fragmentation, though the loss in motility occurred
at later time points (30 hr) than did fragmentation (24 hr).38

To minimize the effects of mitochondrial motility defects on
the mito-PAGFP assay, we excluded from our analyses cells
that displayed any hint of perinuclear clustering of mitochon-
dria. To further ensure that mitochondrial motility was not
compromised, we also performed the mito-PAGFP assay and
imaged cells every 30 seconds, to better observe mitochondrial
movement. We observed apparently normal mitochondrial
motility in ARL2 and ARL2[T30N] expressing cells (movies s1
and s2), in contrast to the near complete arrest in mitochon-
drial motility that occurs at later time points, as documented
previously.38 Thus, the decrease in the rate of fusion we
observed with ARL2[T30N] does not appear to be secondary to
a loss in mitochondrial motility.

Dominant activating and inactivating mutants of ARL2
have opposite effects on mitochondrial morphology

As the loss of ARL2 activity was found to be associated with a
net fragmentation of mitochondria, we hypothesized that
increasing ARL2 activity would cause an increase in tubulation
of the organelle, as a result of increased fusion. Increased mito-
chondrial fusion is also less commonly observed than is frag-
mentation,45 providing stronger support for a specific role in
the regulation of mitochondrial morphology. Like other regula-
tory GTPases, simple overexpression of ARL2 has no discern-
ible phenotypes as it is highly regulated by its activators
(guanine nucleotide exchange factors (GEFs) and GTPase acti-
vating proteins (GAPs)). Thus, we used wild type ARL2
throughout as a control for effects of protein overexpression.
ARL2[Q70L] is homologous to ARF1[Q71L],46,47 and RAS
[Q61L]48-50 in that the loss of the critical glutamine results in
several orders of magnitude decreases in GAP-stimulated
GTPase activity, with resulting sustained activation of the
GTPase. Expression of the dominant activating mutant, ARL2
[Q70L], was found to cause a profound increase in mitochon-
drial tubulation, as seen in Fig. 2A (bottom panels). Overex-
pression of wild type ARL2 has no effect on mitochondrial
morphology, as cells appear indistinguishable from untrans-
fected cells or those receiving empty vector (Fig. 2A,B). Mito-
chondria in HeLa cells expressing ARL2[Q70L] displayed
obviously longer mitochondria that were also more intercon-
nected (with more branching and looping structures apparent)
compared with controls (Fig. 2A). The increased length and
interconnectivity made it difficult to locate individual mito-
chondria in these cells. We found that 19 and 21% of control
cells, receiving empty vector or ARL2 respectively, contained
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elongated mitochondria, compared with 66% of cells expressing
ARL2[Q70L] (Fig. 2B; “elongated”).

Unlike the mitochondrial fragmentation caused by ARL2
[T30N], which was apparent 24 hours after transfection, mito-
chondrial elongation caused by ARL2[Q70L] was not obvious
until 48 hours after transfection, and was still present 72 hours
after transfection. We note that in both ARL2 and ARL2
[Q70L] expressing cells ARL2 staining appeared diffuse in the
majority of cells the day after transfection, and mitochondrial
morphology appeared normal. At later time points, when the
mitochondrial elongation phenotype was most apparent in
ARL2[Q70L] cells, transfected cells had obviously stronger
mitochondrial ARL2 staining. In contrast, mitochondrial stain-
ing of ARL2 was clearly increased in cells expressing ARL2
[T30N] after just 24 hrs. To further investigate these differences
in kinetics, we examined levels of protein expression in whole
cell lysates and after crude fractionation of mitochondria at dif-
ferent times after transfection (Fig. 3A,B). Despite the use of
the same amount of plasmid DNA and a common expression
vector, we found that ARL2[T30N] is present at lower levels
than wild type or ARL2[Q70L] (Fig. 3A). This mutation causes
reduced affinity for nucleotides, resulting in less stable proteins
with shorter half-lives.51 Interestingly, despite its presence in
lower levels in cells, the ARL2[T30N] mutant was found at
higher levels than either wild type or ARL2[Q70L] in the
14,000xg pellet, which contains the mitochondria. Although

not explored further, we speculate that this less stably folded
protein may bind with increasing avidity to heat shock proteins
that assist in mitochondrial import. Thus, in spite of some dif-
ferences observed in the kinetics of cellular effects, the domi-
nant activating and inactivating mutants of ARL2 were found
to have opposite effects on mitochondrial morphology.

ARL2[Q70L] increases mitochondrial fusion
independently of its effects on microtubules

We have previously reported that expression of ARL2[Q70L]
also causes microtubule loss.34 To test the possibility that mito-
chondrial elongation may be secondary to changes in microtu-
bules, we tested a series of point mutations in ARL2 previously
shown to have lost binding to the tubulin co-chaperone cofactor
D (TBCD), with consequent loss of effects on microtubules
when combined with ARL2[Q70L].33 This strategy has previously
been shown to be highly informative for regulatory GTPases, as
key residues in binding to different effectors are often quite dif-
ferent.52,53 We used structures of ARL2 bound to 2 effectors,
BART and PDEd,31,54,55 to target residues for mutation. We
found 2 point mutations, [L3A] and [F50A,] that had essentially
lost all binding to TBCD and effects on microtubules when com-
bined with [Q70L] and expressed in HeLa cells.33 Despite the
loss of effects on microtubules, both ARL2[L3A,Q70L] and
ARL2[F50A,Q70L] retained a similar degree of mitochondrial

Figure 1. Mitochondrial fusion is impaired in cells expressing ARL2[T30N]. (A) HeLa cells expressing mito-PAGFP (0.5 mg), mito-dsRed (0.25 mg), and either empty vector
(left), ARL2 (middle) or ARL2[T30N] (right) (2 mg each) were photoactivated in the ROI shown (white circle, 4 mm diameter; 0 min, top panels), as described under Experi-
mental Procedures. Cells were imaged for up to 40 min (bottom). A single z-plane is shown in each case. Scale bar D 10 mm. Merged images of GFP (green) and dsRed
(red) are shown on the left for both conditions, while the GFP channel only (gray) is shown on the right. (B) Mitochondrial fusion was quantified by determining the per-
centage of pixels within cells that were positive for both green (activated mito-PAGFP) and red (mito-dsRed) signals. The difference in this ratio between 0 min and 10,
20, 30, or 40 min is shown as the percent increase in mitochondrial fusion, as described previously (41–44). N D 15 cells for empty vector, 14 for ARL2 and ARL2[T30N].
Error bars represent standard error of the mean (SEM).
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elongation (56% and 48%, respectively) as the ARL2[Q70L]
mutation alone (66%; Fig. 2A,B). Together, these data demon-
strate that changes in ARL2 activity in cells correlate with mito-
chondrial morphology, with more activity linked to elongation
and less activity linked to fragmentation, even under conditions
in which effects of ARL2 on microtubules were markedly
reduced. Results from the use of mitochondrial leader sequences
to drive ARL2 proteins inside mitochondria, also without affect-
ing microtubules (see below), further support the conclusion that

effects of ARL2 mutants on mitochondrial dynamics cannot be
solely the result of indirect effects on microtubules.

ARL2 regulates mitochondrial fusion from
the intermembrane space (IMS)

We previously reported that the majority of mitochondria-
associated ARL2 localizes to the IMS39 based upon differential
solubilization of purified rat brain mitochondria, though noted

Figure 2. Activating and inactivating mutants of ARL2 have opposing effects on mitochondrial morphology. (A) HeLa cells were transiently transfected with empty vector
control (pcDNA3.1) or plasmids (2 mg) directing expression of ARL2, ARL2[T30N], ARL2[Q70L], ARL2[F50A, Q70L], or ARL2[L3A, Q70L]. Cells were fixed 1 day (ARL2[T30N])
or 3 d (all others) after transfection and stained for HSP60, as described under Methods. 2D projections of z-stacks acquired by confocal microscopy are shown, with the
exception of the cell expressing ARL2[T30N], where a single z-section is shown. Scale bar D 10 mm. (B) HeLa cells were transiently transfected with ARL2 plasmids, fixed
3 d later, and stained for ARL2 and HSP60. Transfected cells were scored for mitochondrial elongation, as described under Experimental Procedures. N D 625 for empty
vector, 606 for ARL2-expressing cells, 601 for ARL2[Q70L], 601 for ARL2[Q70L, F50A], and 600 for ARL2[Q70L, L3A]. For all panels, error bars represent SEM, and the aver-
ages from 3 independent experiments are shown.
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its presence also in a pellet that contained matrix proteins.
Later we found additional evidence that some ARL2 is present
in the matrix, using different concentrations of digitonin to sol-
ubilize either the outer or inner membrane of fixed cells, fol-
lowed by immunofluorescence.38 To determine its site of action
in regulating mitochondrial fusion, we used strong N-terminal
leader sequences to direct ARL2 specifically to the IMS or
matrix. Each of the 2 mitochondrial localization sequences
(MLS) used here have been shown previously to direct fusion
proteins to the appropriate site and are cleaved following
import, allowing a ready means of monitoring import in immu-
noblots of whole cell lysates. The MLS from ornithine carba-
moyltransferase (OCT, residues 1–32) was used to direct ARL2
proteins to the matrix,56,57 and the MLS from SMAC/Diablo
(SMAC, residues 1–59) was used to direct them to the IMS.58,59

Each MLS was fused upstream of ARL2, with insertion of an
HA epitope tag between the leader and the ARL2 sequences.
The generation of these constructs and documentation of their
expression and processing upon mitochondrial import have

been described recently.60 The vast majority (estimated at
>90% by visual inspection) of OCT-HA-ARL2 and SMAC-
HA-ARL2 was determined to be imported, based on their
cleavage to a faster migrating species in SDS gels within
24 hours of transfection.60

We also took advantage of our observation that addition of
even a short (e.g., 9 residue HA) epitope tag to the N-terminus
of ARL2 was sufficient to prevent its import into mitochondria.
Like other members of the ARF family, the N-terminus of
ARL2 forms an amphipathic a helix.55 While the ARFs are N-
myristoylated and their activation is tightly linked to transloca-
tion onto a membrane surface, ARL2 is not.39 Because only a
small fraction of total cellular ARL2 is found inside mitochon-
dria, its N-terminus may contain a MLS that is blocked by addi-
tion of residues at that end, while addition of the same tag at
the C-terminus should not. To test this, we co-expressed either
HA-ARL2 or ARL2-HA with mito-GFP in cells. Cells were later
briefly (1 minute) permeabilized immediately before fixation to
wash out cytosolic ARL2 and facilitate visualization of the
mitochondrial pool of ARL2, as described under Experimental
Procedures. Following washout, HA staining was clearly
observed in cells expressing ARL2-HA, and this staining over-
lapped extensively with that of mito-GFP (Fig. 4, left panels).
In contrast, almost no mitochondrial HA staining was observed
in cells expressing HA-ARL2 after washout (Fig. 4, right pan-
els), despite its expression at comparable levels with ARL2-HA.
Deletion of the N-terminal 9 residues from ARL2 also pre-
vented mitochondrial import. Together, these data are consis-
tent with the N-terminus of ARL2 containing a mitochondrial
import sequence and provide a useful tool for analyzing effects
of ARL2 mutants that cannot enter mitochondria.

We determined whether exogenously expressed proteins
that are restricted in cellular distribution to the cytosol (HA-
ARL2[T30N]), matrix (OCT-HA-ARL2[T30N]), or IMS
(SMAC-HA-ARL2[T30N]) were equally capable of causing
mitochondrial fragmentation, similar to untagged ARL2
[T30N]. We found that only SMAC-HA-ARL2[T30N] retained

Figure 3. ARL2[T30N] is expressed to lower levels and is less stable than ARL2 or
ARL2[Q70L], but a larger fraction is in mitochondria. (A) HeLa cells were transfected
with empty vector, or ones driving expression of ARL2, ARL2[Q70L] or ARL2[T30N].
Cells were harvested 24, 48, or 72 hrs later. Lysates (5 mg total protein) were
resolved using SDS-PAGE and immunoblotted for ARL2 (top 2 panels) or actin, as a
loading control (bottom panel). Overexposure of the ARL2 immunoblot (middle
panel) reveals low levels of ARL2[T30N] at each time point, though vanishing
amounts at 72 hrs. (B) HeLa cells expressing the same proteins as in (A) at 24 hrs
were fractionated as described under Experimental Procedures. Equal volumes of
supernatants after centrifugation at 14,000xg (S14; lanes 1–4) or pellets (P14; lanes
5–8) were immunoblotted for ARL2 (top 2 panels), OPA1 (mitochondrial marker,
middle panel), or actin (cytosolic marker, bottom panel).

Figure 4. HA-ARL2 is not imported into mitochondria. HeLa cells were co-trans-
fected with mito-GFP and either ARL2-HA or HA-ARL2. Cytosolic staining of overex-
pressed ARL2 constructs was reduced by permeabilizing cells with 0.05% saponin
in PBS for one minute immediately before fixation. Cells were then stained for the
HA epitope. Single planes of representative cells are shown and reveal the near
complete absence of import of HA-ARL2 into mitochondria (lower right panel).
Scale bar D 10 mm.
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the ability to fragment mitochondria to a similar extent as
untagged ARL2[T30N], as shown in Fig. 5A and quantified in
Fig. 5B. Because SMAC-HA-ARL2[T30N] promoted mito-
chondrial fragmentation, despite retention of the N-terminal
HA tag after import and cleavage of the SMAC leader, we con-
clude that this N-terminal extension did not interfere with
ARL2 functions at that location. Expression of SMAC-HA-
ARL2[T30N] caused mitochondrial fragmentation in 52% of
transfected HeLa cells, compared to 58% of cells expressing
untagged ARL2[T30N]. In contrast, expression of ARL2, HA-
ARL2, or SMAC-HA-ARL2 had little or no impact on mito-
chondrial morphology (Fig. 5B), while OCT-HA-ARL2[T30N]
had an intermediate effect.

We also used a series of variable strength CMV promoters to
drive ARL2 expression, both with and without MLSs.60 This
series of truncations of the CMV promoter, with the largest
truncation (CMVD6) resulting in the lowest level of expres-
sion,61 allowed us to test effects of protein expression levels.
We found CMVD6 to express several different proteins to less
than »10% the levels observed with CMVD060. Even expres-
sion of SMAC-HA-ARL2[T30N] off the weakest promoter
(CMVD6) caused 43% of cells to have fragmented mitochon-
dria. This is in contrast to controls (empty vector or wild type
ARL2), SMAC-ARL2, and HA-ARL2[T30N], which never
exceeded 12% of expressing cells to display fragmented mito-
chondria, even when expressed under the strongest promoter
(CMVD0). Expression of OCT-HA-ARL2[T30N] also pro-
moted fragmentation, though to only intermediate levels
(46%), even with the strongest promoter (Fig. 5B).

A strong preference for IMS localized ARL2[T30N] in caus-
ing fragmentation is further supported by the fact that, when
expressed off the same promoter (CMVD0), SMAC-HA-ARL2
expressed to much lower levels than wild type ARL2 (which
was equal to OCT-HA-ARL2)(Fig. 5C, D). Given the strength
of the effects seen using IMS targeting promoted by the SMAC
MLS and the relative inactivity in this assay of cytosolic or
matrix localized proteins, we conclude that ARL2 is most active
in regulating mitochondrial morphology from the IMS. We
performed similar studies looking at the site of action of ARL2
[Q70L] in promoting fusion but focused on testing this in
mouse embryo fibroblasts (MEFs), because of the availability of
several invaluable knockout lines (see below).

Fusion defects in MEFs deleted for mitofusins
are partially reversed by ARL2[Q70L]

Mitochondrial fusion is mediated by, and dependent upon, 3
large, dynamin-related GTPases. Mitofusins 1 and 2 (MFN1,
MFN2) have overlapping roles in outer membrane fusion, and
OPA1 regulates inner membrane fusion.3 While the roles of
OPA1 and MFNs can be uncoupled in mammalian cells,16 a
pathway from OPA1 to specifically MFN1 has been proposed.62

From the IMS, ARL2 has direct access to both mitochondrial
membranes so could potentially influence the MFNs, OPA1, or
an unknown component in the fusion pathway. To assess the
roles of these established modulators of fusion in ARL2 actions
and move toward a molecular mechanism for ARL2, we tested
for the dependence of ARL2 promoted elongation on MFN1,

Figure 5. ARL2[T30N] acts from the IMS to fragment mitochondria. (A) HeLa cells were transfected with the indicated plasmid (2 mg), shown along the top, fixed one day
after transfection and stained for ARL2 and HSP60. Single planes of representative cells are shown. Insets are 2.5x the size of the larger image shown. Scale bar D 10 mm.
(B) Cells treated as described in part A were quantified for mitochondrial fragmentation. The average of 5 experiments is shown, and error bars represent SEM. N D 1035
cells for empty vector, 1005 for ARL2-expressing cells, 1214 for ARL2[T30N], 1023 for OCT(1–32)-HA-ARL2[T30N], 1020 for SMAC(1–59)-HA-ARL2[T30N], 1023 for HA-ARL2
[T30N], 1008 for SMAC(1–59)-HA-ARL2, and 1001 for CMVD6 SMAC(1–59)-HA-ARL2[T30N]. (C) HeLa cells were transfected with empty vector, ARL2, or SMAC-HA-ARL2
and lysed 24 hours later. Lysate (20 mg) was immunoblotted for ARL2 and a tubulin, as a loading control. Nonadjacent lanes from the same blot are shown. (D) Same as
C, except cells were transfected with OCT-HA-ARL2. All constructs were expressed from the CMVD0 promoter, unless stated otherwise.
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MFN2, or OPA1. We used the previously characterized,
immortalized MEF lines established from mfn1¡/¡, mfn2¡/¡,
mfn1¡/¡mfn2¡/¡, and opa1¡/¡ mice. Each of these displayed
fragmented mitochondria due to defective fusion.4,5,24,63

Strikingly, expression of ARL2[Q70L] was sufficient to par-
tially reverse the fragmentation of mitochondria resulting from
deletion of MFN1 or MFN2, but not when cells have lost both
MFNs or OPA1. For these experiments, we used the scoring
criteria described under Experimental Procedures (examples
shown in Fig. 6I), and as described previously.19 When mfn2¡/

¡ MEFs received empty vector, 26% of cells displayed tubular
mitochondria – the remaining cells had mitochondria that
were completely fragmented (44%) or displayed short tubes
that were distinct from the normal, tubular mitochondrial mor-
phology (30%). Expression of ARL2[Q70L] restored tubular
morphology in 55% of transfected cells (Fig. 6A, B). In most
cells expressing ARL2[Q70L], we saw obviously longer mito-
chondria that also contained looping structures, similar to what
we observed in HeLa cells (compare Fig 2A and Fig. 6A). To
exclude effects on microtubules, we also expressed ARL2[F50A,
Q70L] in mfn2¡/¡ MEFs and found that it also reversed mito-
chondrial fragmentation (Fig. 7D). Cells overexpressing ARL2
also regained tubular morphology, to a similar extent as cells
expressing ARL2[Q70L]. However, ARL2 expressing cells only
occasionally displayed elongated mitochondria with looping
structures, and typically only in the cells displaying the stron-
gest ARL2 expression (compare Fig. 6A, middle and right pan-
els). The majority of ARL2 expressing cells had a
mitochondrial morphology that was similar to that found in
wild type MEFs. Though we note the differences between elon-
gated and normal morphology, both were scored as tubular
mitochondria in our assay. This effect was transient, as reversal
of fragmentation in mfn2¡/¡ MEFs was evident at 24 hours
post-transfection but was gone by 48 hours.

ARL2[Q70L] was also able to reverse mitochondrial mor-
phology in cells deleted for MFN1, though it did so at some-
what later times after expression. We note that cells lacking
MFN1 were more fragmented than those lacking MFN2 and
had essentially no tubular mitochondria (compare Fig. 6A and
C or quantification in Fig 6B and D). At its peak, 16% of ARL2
[Q70L] expressing mfn1¡/¡ MEFs displayed tubular mitochon-
dria, clearly more than the 0% seen with empty vector or 3% in
cells overexpressing ARL2 (Fig. 6C, D). The number of cells
displaying the intermediate mitochondrial morphology (“short
tubes”) was also increased (32%), compared with cells receiving
empty vector (11%) or expressing ARL2 (18%). Combining
these 2 categories, ARL2[Q70L] reduced mitochondrial frag-
mentation in 48% of transfected cells, compared with 11% of
cells receiving empty vector or 21% expressing ARL2 (Fig. 6D).
Thus, ARL2[Q70L] approached the ability of MFN2-myc to
reverse the fragmentation of mitochondria seen in MEFs
deleted for MFN1 (Fig. 6D). To ensure that loss of microtubules
was not contributing to the reversal of fragmentation observed
in mfn1¡/¡ MEFs, we expressed ARL2[F50A, Q70L], which
lacks binding to TBCD and effects on microtubules (Fig. 2A)
(33), and found that it also promotes mitochondrial elongation
to a similar extent as ARL2[Q70L]. This effect was reproducible
in repeated experiments and quantified in one representative
experiment in which we found that ARL2[F50A, Q70L] and

ARL2[Q70L] each caused elongation in 20% of transfected
mfn1¡/¡ MEFs.

We next asked if ARL2[Q70L] could also reverse fragmenta-
tion in the absence of both mitofusins. We obtained lower
transfection efficiencies and expression of ARL2 or ARL2
[Q70L] in mfn1¡/¡ mfn2¡/¡ MEFs. As a result, we needed to
use higher laser power to image these cells, resulting in a higher
background of cytosolic ARL2 in our images (Fig. 6E). Expres-
sion of neither ARL2 nor ARL2[Q70L] reversed the fragmenta-
tion at 24, 48, and 51 hours after transfection. In contrast,
transient expression of either MFN1-myc or MFN2-myc
reversed fragmentation in a large percentage (> 80%) of trans-
fected cells (Fig. 6F).

Expression of ARL2[Q70L] was also unable to reverse frag-
mentation in cells lacking OPA1. We expressed ARL2 or ARL2
[Q70L] in opa1¡/¡ MEFs and found no reversal of fragmenta-
tion at either 24 or 48 hours. Similar to mfn1¡/¡mfn2¡/¡

MEFs, lower expression of ARL2 was observed, so we used
higher laser power to image cells (Fig. 6G). In contrast, the
transient expression of epitope-tagged OPA1 restored tubular
morphology in 46% of transfected cells, and at least partial
reversal was seen in another 27% of transfected cells (Fig. 6H).
Expression of ARL2[T30N] or ARL2[Q70L] also had no effect
upon the proteolytic processing of OPA1 (Fig. 6J), which is
linked to its role in fusion.15,23 Thus, reversal of fragmentation
by ARL2[Q70L] requires at least one MFN and OPA1, though
it does not appear to act via changes in the processing of OPA1.

Dominant mutants of ARL2 act from the IMS to promote
fusion in MEFs

ARL2[T30N] was most active in inhibiting fusion in HeLa cells
when targeted to the IMS (Fig. 5A), so we next asked if fusion
could also be promoted by ARL2[Q70L] from the same com-
partment in MEFs. We expressed SMAC-HA-ARL2[Q70L] off
of the weakest promoter (CMVD6) in mfn2¡/¡ MEFs, and
observed reversal of fragmentation (Fig. 7A). Due to the low
levels of ARL2 expressed, we were unable to identify transfected
cells by ARL2 staining. Consequently, we co-expressed GFP to
mark transfected cells. When quantified, 47% of GFP express-
ing cells (also receiving SMAC-HA-ARL2[Q70L]) displayed
tubular mitochondria, compared with 27% of GFP expressing
cells also receiving empty vector (Fig. 7B). In contrast, OCT-
HA-ARL2[Q70L] was unable to increase tubular mitochondria
(26%), even when expressed from the strongest (CMVD0) pro-
moter. Cytosolic ARL2 (HA-ARL2[Q70L]) was equally ineffec-
tive (28%; Fig. 7B). Thus, we conclude that the dominant active
mutant of ARL2 promotes fusion in MEFs, acting most effec-
tively when directed to the IMS.

To further ensure that activated ARL2 is increasing fusion in
MEFs in a mitofusin-dependent fashion and independent of
changes in microtubules, we repeated both testing of microtu-
bule densities and the mitochondrial fusion assays, described
above, in mfn2¡/¡ MEFs. When cells expressing each construct
were stained with antibodies to tubulin, we found that none of
them caused the loss of microtubules (Fig. 7C) that is so promi-
nent in cells expressing ARL2[Q70L].34 Cells receiving empty
vector displayed 13% fusion over the 40 min imaging window.
In contrast, ARL2 (31%), ARL2[F50A, Q70L] (31%), or
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Figure 6. ARL2 or ARL2[Q70L] expression reverses fragmentation in mfn1¡/¡ and mfn2¡/¡ MEFs. (A) mfn2¡/¡ MEFs were transfected with 5 mg empty vector, or the same
vector driving expression of ARL2 or ARL2[Q70L], fixed 24 hours later, and stained for ARL2 and HSP60. Note the presence of tubular mitochondria, except in control cells
(left panels). (B) Cells treated as described in A were scored for mitochondrial morphology. N D 612 for empty vector, 602 for ARL2 expressing cells, 600 for ARL2[Q70L],
602 for MFN2-myc, 604 for MFN1-myc. (C) Same as in A, except mfn1¡/¡ MEFs were transfected, then fixed and stained 51 hours later. (D) Results from C were scored for
mitochondrial morphology. N D 622 for empty vector, 614 for ARL2-expressing cells, 607 for ARL2[Q70L], 612 for MFN2-myc, 606 for MFN1-myc. (E) mfn1¡/¡ mfn2¡/¡

MEFs were treated as described in A, fixed 24 hours later. (F) These cells were then quantified as before; N D 611 for empty vector, 602 for ARL2, 603 for ARL2[Q70L], 609
for MFN2-myc, and 605 for MFN1-myc. (G) opa1¡/¡ MEFs were treated as described in A, fixed 24 hours later, and quantified for mitochondrial morphology and shown in
(H); N D 620 for empty vector, 606 for ARL2, 603 for ARL2[Q70L], 605 for OPA1-myc/his. (I) Representative cells from the categories used to score mitochondrial morphol-
ogy in MEFs are shown. Left 2 images are wild type MEFs, right image is a mfn1¡/¡ MEF. Scale bar D 10 mm. For all panels, z-stack projections are shown, scale bar D
10 mm, the averages from 3 experiments are shown, with SEM. (J) HeLa cells were transfected with empty vector, ARL2, ARL2[Q70L], or ARL2[T30N]. Cells were harvested
one day later and lysates (40 mg) were immunoblotted for OPA1. Nonadjacent lanes from the same blot are shown. No differences in processing of OPA1 were apparent
in at least 2 independent experiments.
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SMAC-HA-ARL2[Q70L] (27%) each promoted more pro-
nounced increases in fusion (Fig. 7D,E). We conclude that
ARL2 stimulates fusion in MEFs deleted for MFN2, that it does
so acting from the IMS, and that it acts independently of any
effects on microtubules.

ARL2 localizes to regularly spaced puncta that display
spatial convergence with MFN1/2-myc along mitochondria

In order for increased ARL2 activity in the IMS to reverse frag-
mentation resulting from the loss of either mitofusin, we pos-
ited that it results in increases in the activity of the remaining
mitofusin. To begin to explore this model, we asked if ARL2
and mitofusins share physical proximity. Because standard

epifluorescence lacks the resolution to distinguish between
mitochondrial compartments, we performed structured illumi-
nation microscopy (SIM) on cells stained for endogenous
ARL2 and mitochondrial proteins. COS7 cells were chosen for
these experiments because they are large, flat, and have strong,
endogenous, mitochondrial ARL2 staining. We noted earlier
that confocal images of endogenous ARL2 in a variety of cul-
tured cells showed mitochondrial staining that was more punc-
tate in appearance than expected for a protein freely diffusible
in the IMS.40 Reconstructions of 3-dimensional SIM images
sharpened these differences, and we observed that ARL2 local-
izes to discrete puncta along mitochondria (Fig. 8A). We noted
an evident periodicity to these puncta, so we used ImageJ to
perform line scan analyses. This confirmed the periodicity and

Figure 7. ARL2[Q70L] increases mitochondrial fusion from the IMS in mfn2¡/¡ MEFs. (A) mfn2¡/¡ MEFs were transfected with GFP (1 mg) and either CMVD0 HA-ARL2
[Q70L], CMVD0 OCT-HA-ARL2[Q70L], or CMVD6 SMAC-HA-ARL2[Q70L] (4 mg). Cells were fixed and stained for HSP60. Z-stack projections are shown. (B) Mitochondrial
morphology in GFP expressing cells was scored using the categories shown in Figure 6I. The average of 3 experiments C/¡ SEM is shown. N D 607 for empty vector, 604
for HA-ARL2[Q70L], and 602 for both CMVD0 OCT-HA-ARL2[Q70L] and CMVD6 SMAC-HA-ARL2[Q70L]. (C) MEFs were transfected as in (A) and stained for a-tubulin. (D)
mfn2¡/¡ MEFs expressing mito-PAGFP (2 mg), mito-dsRed (1 mg), and either empty vector (top left), ARL2 (top right), ARL2[F50A, Q70L] (bottom left), or CMVD6 SMAC-
HA-ARL2[Q70L] (bottom right) (3 mg) were photoactivated in the ROI (white circle; 0 min, top panels), and imaged as described in Figure 1A. A single z-plane is shown in
each case. Merged images of GFP (green) and dsRed (red) are shown on the left for both conditions, while the GFP channel only (gray) is shown on the right. Note the
slow spread of mito-PAGFP in control cells (top left), consistent with an impaired rate of fusion in mfn2¡/¡ MEFs. (E) Results from D were quantified as in Fig. 1B. N D 10
cells for all conditions, with bars indicating SEM. Representative images are shown. All scale bars D 10 mm.
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revealed a regularity in spacing of »0.4 mm (Fig. 8B). These
ARL2-positive puncta were also observed in HeLa cells and dis-
played similar spacing. In this case however, cytosolic ARL2
staining obscured the mitochondrial puncta unless it was
removed by cell permeabilization before fixation (data not

shown), due to a weaker signal from mitochondrial ARL2 in
that cell line. We also observed punctate mitochondrial staining
in MEFs, though we found them also more difficult to image
compared with COS7 cells, because they are not as flat. ARL2
puncta were evident after fixation with either 2% or 4% PFA, as

Figure 8. ARL2 localizes to puncta along mitochondria that display regularity in spacing, and mitofusins share these properties. (A) COS7 cells were stained for ARL2 and
imaged using 3-dimensional SIM, as described under Experimental Procedures. Two representative examples of mitochondria are shown from each of 3 different cells. (B)
Pixel intensity was measured using ImageJ along the lines shown in 3 different cells, revealing that ARL2 puncta repeat at a regular interval of »0.4 mm. (C) For the left 2
panels, COS7 cells were stained for ARL2 (green) and either TOM20 or Complex V subunit a (red). For the rightmost panel, COS7 cells were transfected with OPA1-myc/
his and stained for ARL2 (green) and myc (red). A representative mitochondrion with merged ARL2 and staining for each protein is shown. (D) COS7 cells were transfected
with either MFN1–10xmyc or MFN2–16xmyc (0.5 mg), stained for ARL2 and myc, and imaged using 3-dimensional SIM. Myc staining (red) localizes to puncta that align
with endogenous ARL2 puncta (green). A representative cell is shown in each case. (E) Line scan analysis from the image shown in D show that MFN1-myc puncta display
a similar regularity in spacing as ARL2. All scale bars D 1 mm.
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well as after permeabilization with either Triton X-100 (0.1%,
10 minutes at room temperature) or methanol (5 minutes at
¡20). Dual labeling was performed with several mitochondrial
markers, including cytochrome c, TOM20, HSP60, a subunit of
each of complexes I (NDUFA9), III (UQCRC2), or V (subunit
a), DRP1, or mic60/mitophilin. Though each localized to mito-
chondria, none of the markers showed staining patterns similar
to that of ARL2 (TOM20 and complex V subunit a are shown
as examples in Fig. 8C). We also examined co-staining with
ARL2 after expression of MFF-GFP, DRP1-YFP, or SMAC(1–
59)-HA-GFP, and again we found no evidence of spatial con-
vergence in the fluorescence intensities with ARL2 positive
puncta. The ARL2 effector BART localizes to mitochondria,39

and it also appeared as diffuse staining that did not align with
ARL2 puncta.

In marked contrast to the negative data for a large number
of mitochondrial proteins described above, we found that mito-
fusins display similarities to ARL2 staining of discrete puncta
along mitochondria, with similar spacing and pixel intensities.
We were unable to find an antibody to either MFN1 or MFN2
that was useful in such studies, so we expressed C-terminal
myc-tagged MFN1/2 (MFN1–10xmyc and MFN2–16xmyc
(5)), and stained for myc in fixed COS7 cells. Note that as C-
terminal fusions the myc epitopes in these constructs are pre-
dicted to reside outside of mitochondria, facing the cytosol.64

Because overexpression of mitofusins can lead to hyperfusion,
perinuclear clustering, and even fragmentation at higher lev-
els,65,66 we transfected a low amount (0.5 mg) of either plasmid.
This minimized expression while maintaining a transfection
efficiency of »40–50%. Only cells that displayed normal mito-
chondrial morphology were imaged. MFN1–10xmyc and
MFN2–16xmyc each localize to puncta (Fig. 8D) along mito-
chondria and displayed very similar staining patterns to each
other and to ARL2 (Fig. 8E). When co-staining for endogenous
ARL2 and either MFN1/2-myc, we found that the puncta
appeared to be adjacent to each other. We also noted that the
ARL2 signal often appeared as if sandwiched in between mito-
fusin puncta, and this pattern was true for both MFN1-myc
and MFN2-myc. This adjacent staining pattern is consistent
with the localization of ARL2 to the IMS and the myc tags on
mitofusins on the outer membrane, facing cytosol. Further sup-
porting this interpretation, SMAC-HA-GFP pixel intensities
also appeared maximal in between MFN2-myc puncta, though
SMAC-HA-GFP appeared diffuse and not punctate. MFN
puncta also appeared to display the same periodicity as ARL2
puncta, as they typically were found adjacent to ARL2 puncta
(Fig. 8E). This pattern of MFN-myc localization also was con-
sistent across varying levels of MFN-myc expression. The
punctate staining suggests that ARL2 and MFNs are concen-
trated in loci in the IMS or outer membrane, respectively, and
that they share a physical proximity.

We also tested whether OPA1 aligned with ARL2 puncta
along mitochondria in COS7 cells. We first examined endoge-
nous OPA1 and found that OPA1 also formed puncta along
mitochondria. However, OPA1 puncta repeat along mitochon-
dria at less uniform, and thus different, intervals from ARL2
puncta. These OPA1 positive puncta also did not show any
consistent spatial correlation with ARL2; i.e., they appeared
next to ARL2 puncta as well as in between ARL2 puncta. We

next expressed OPA1-myc/his in COS7 cells, though it caused
mitochondrial fragmentation in some cells and elongation in
others. Staining of these COS7 cells with the myc antibody
showed that OPA1-myc/his appeared similar to endogenous
OPA1 staining, in that they displayed no obvious regularity in
spacing and were not correlated with puncta that were positive
for ARL2 by SIM (Fig. 8C).

Thus, we conclude that ARL2 and MFNs display a novel
localization along mitochondria, each demonstrating punctate
staining with a periodicity of »0.4 mm. These were not
observed for several other mitochondrial proteins, including
those that should mark cristae (Complex V subunit a), the
TOM complex, sites of mitochondrial fission, the MICOS com-
plex, the matrix, or the soluble fraction in the IMS.

Discussion

We identify ARL2 as a novel regulator of mitochondrial fusion,
acting from the IMS and capable of promoting fusion through
a mitofusin-dependent pathway. The findings that dominant
mutants with opposite effects on ARL2 activity have opposing
effects on mitochondrial morphology support a role for ARL2
in regulating mitochondrial fusion. We show that ARL2[T30N]
causes mitochondrial fragmentation as a result of a reduction
in the rate of fusion and that expression of ARL2[Q70L] leads
to elongation of mitochondria with increased fusion. By target-
ing ARL2 constructs to different sub-mitochondrial compart-
ments or to the cytosol, we show that its effects on
mitochondrial morphology are most evident when directed to
the IMS. By either targeting ARL2 to mitochondria or using a
second site mutation that prevents effects on microtubules, we
show that effects on mitochondria are independent of the pre-
viously documented effects of ARL2 mutants on microtubules.
The finding that expression of ARL2[Q70L] is sufficient to par-
tially restore fusion in MEFs deleted for either MFN1 or
MFN2, but not both, is consistent with ARL2 promoting fusion
in a fashion that requires at least one mitofusin. Using SIM, we
also discovered that ARL2 localizes to discrete, regularly-spaced
puncta along mitochondria that present a spatial convergence
to staining of mitofusins. The mitofusins are also punctate in
appearance, with very similar spacing and proximity to ARL2.
This is in marked contrast to staining observed for several other
markers of known mitochondrial complexes. Thus, we specu-
late that there exists a novel protein complex involved in fusion
that includes at least ARL2 and mitofusins.

Our observations reveal that increasing or decreasing ARL2
activity using dominant mutations influences mitochondrial
morphology in opposite ways. Expression of ARL2[T30N]
causes mitochondrial fragmentation and the loss of fusion
(Fig. 1). In contrast, expression of ARL2[Q70L] promotes mito-
chondrial elongation and increased fusion (Fig. 2). These data
provide strong support for a role for ARL2 in the regulation of
mitochondrial morphology. These dominant mutants are
homologous to those used extensively in ARF family and RAS
superfamily research. Our observations that the activating
mutant of ARL2 promotes fusion and that the inactivating
mutant causes fragmentation, as a result of a decrease in the
rate of fusion, are completely consistent with a model in which
ARL2 acts as a classical regulatory GTPase to regulate fusion.
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The fact that the 2 mutants use different mechanisms, and act
on targets either upstream or downstream of ARL2, can lead to
differences in the kinetics of associated phenotypes. This is par-
ticularly true of the dominant negative mutant, ARL2[T30N],
which is expressed to lower levels and more rapidly lost in cells.
Despite this, it is more rapidly imported into mitochondria
than the wild type or dominant activating mutant (Fig. 3). The
fact that the ARL2 GAP, ELMOD2,38,67-69 also localizes to
mitochondria and that its knockdown causes mitochondrial
fragmentation and loss of motility38 also support our model
that ARL2 is acting in mitochondria as a canonical regulatory
GTPase.

Because inhibition of mitochondrial fission can mimic
activation of fusion, and vice versa, it can be difficult to
clearly distinguish mechanisms and pathways for regulators.
We now believe that we misinterpreted our earlier experi-
ments that depended solely upon expression of a dominant
negative mutant of DRP138. Expression of DRP1[K38A]
reverses mitochondrial fragmentation observed in mfn1¡/¡

or mfn2¡/¡ MEFs (which have impaired rates of fusion
(5)), but has no effect in mfn1¡/¡mfn2¡/¡ or opa1¡/¡ MEFs
(which have no fusion activity (4)). Consistent with such
studies, the reversal we observed with DRP1[K38A] may
have been caused by ongoing fusion in ARL2[T30N] cells
over the course of our experiment, even though those cells
had lower rates of fusion compared with controls. To test
this possibility, we measured fusion by monitoring the rate
of mito-PAGFP spreading throughout the mitochondrial
network over a much shorter (40 min) time window, as
previously documented and characterized.43,44,70,71 Expres-
sion of ARL2[T30N] dramatically slowed the spread of
mito-PAGFP (Fig. 1), while expression of ARL2[Q70L]
increased it (Fig. 7D, E). These data strongly link increased
ARL2 activity with increases in mitochondrial fusion and
decreased ARL2 activity with a decreased rate of fusion.
They are also consistent with our previous observation that
depletion of ARL2 via siRNA causes fragmentation.38

Though our results lead us to propose that ARL2 promotes
fusion, we cannot completely exclude the possibility that it
also can impact mitochondrial fission.

To begin to address the mechanism by which ARL2 can alter
mitochondrial fusion, we must first dissect these novel effects
from previously established roles for ARL2 in regulating tubu-
lin and microtubules.28,30-32,34,72-75 Based upon fractionation of
cultured cells and mammalian tissues, we have estimated that
only »5–10% of cellular ARL2 is found in mitochondria. The
vast majority of ARL2 is in the cytosol, complexed to the tubu-
lin chaperone cofactor D (TBCD), or at centrosomes.30,33,34,39

There are several other proteins with roles outside of mitochon-
dria acting on different pathways inside mitochondria, includ-
ing STAT3,76,77 MEF2D,78 fumarase,79 several DNA repair
proteins,80 and others.79,81-85 Nevertheless, when studying a
protein with multiple cellular roles (the term “moonlighting
roles” is increasingly used), it is important to resolve the differ-
ent actions to allow functional and mechanistic studies of each.
This can be particularly challenging when essential cellular
functions are involved or when the 2 actions may yield similar
phenotypes. Because movement of mitochondria along micro-
tubules can facilitate fusion, we used multiple approaches to

resolve effects of ARL2 on mitochondrial morphology from
those on microtubules.

We were initially able to separate the effects of ARL2[T30N]
from mitochondrial temporally, because mitochondrial pheno-
types resulting from expression of ARL2[T30N] occurred
24 hours after transfection, whereas the microtubule effects did
not appear until 48 hours after transfection.38 However, the
more overt phenotypes (loss of microtubules, changes in mito-
chondrial morphology or motility) may be late manifestations
of earlier, more subtle changes. To better discriminate effects of
ARL2 on mitochondria from those on microtubules, we identi-
fied 2 mutations ([L3A] and [F50A]) which disrupt its binding
to TBCD and prevent its effects on microtubules.33 In that ear-
lier study, we found that [L3A] or [F50A] nearly completely
eliminated both binding to TBCD and the effects on microtu-
bules in cells, when combined with the activating [Q70L] muta-
tion.33 In marked contrast, when we assayed ARL2[L3A, Q70L]
or ARL2[F50A, Q70L] for effects on mitochondria, we found
that they all caused mitochondrial elongation to a similar extent
as ARL2[Q70L] (Fig. 2), despite their inability to alter microtu-
bules. This is taken as very strong evidence that effects of ARL2
on mitochondria cannot be purely secondary to effects on
microtubules or tubulin. In addition, during the course of iden-
tifying the site of action of ARL2 on mitochondrial morphol-
ogy, we used MLS leaders that strongly drove the fusion
protein to different mitochondrial compartments. When we
targeted ARL2[T30N] or ARL2[Q70L] to the IMS using the
SMAC MLS, we found that each had comparable activity to the
untagged mutant in altering mitochondrial dynamics (Figs. 5
and 7), with no effects on microtubules (Fig. 7C). Using either
SMAC-HA-ARL2[Q70L] (Fig. 7A,D,E) or ARL2[F50A, Q70L]
(Fig. 7D,E), we were able to preserve microtubules and show
that dominant activating ARL2 stimulates fusion in mfn2¡/¡

MEFs using the mito-PAGFP assay (Fig. 7D,E) to a similar
extent as wild type ARL2, which has no effect on microtu-
bules.33,34 Therefore, we believe that we have cleanly resolved
the effects of ARL2 on mitochondrial fusion from those on
microtubules and have also developed important tools for
others wishing to study the mitochondrial functions of ARL2.

To return to the question of mechanism by which ARL2 can
alter mitochondrial fusion, we investigated its site of action.
We used N-terminal fusions of previously characterized MLSs
to drive ARL2 to different compartments and assess conse-
quences to mitochondrial morphology. We show that ARL2
[T30N] most readily causes mitochondrial fragmentation when
targeted to the IMS. Only SMAC-HA-ARL2[T30N] was able to
cause mitochondrial fragmentation to a similar extent as
untagged ARL2[T30N]. The observations that SMAC-HA-
ARL2 did not cause fragmentation, and that SMAC-HA-ARL2
[T30N] still was able to promote fragmentation when expressed
from a greatly weakened CMV promoter, CMVD661, supports
the conclusion that fragmentation is not due to saturation of
the IMS or mitochondrial import system. This conclusion is
further strengthened by the observation that while the wild
type and [Q70L] mutant proteins are expressed to comparable
levels, ARL2[T30N] is always found at lower levels due to its
relative instability, resulting from its decreased affinity for gua-
nine nucleotides. Similarly, CMVD6 SMAC-HA-ARL2[Q70L]
promoted elongation to a similar extent as untagged ARL2
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[Q70L] (Fig. 7). Therefore, we conclude that ARL2 acts from
the IMS to promote mitochondrial fusion.

We found that addition of even a small epitope tag to the N-
terminus (Fig. 4) or deletion of the N-terminal 9 residues of
ARL2 (unpublished observation) prevents its import into mito-
chondria. We also show that 2 different point mutants in the
N-terminus result in loss of a subset of ARL2 functions.33 From
these data, we conclude that the N-terminus is involved in both
mitochondrial import and acts as a third GTP-sensitive
“switch” for this GTPase, comparable to the canonical switch I
and II in all regulatory GTPases.86 This conclusion is consistent
with the use of N-terminal amphipathic helices (a hallmark of
members of the ARF family of regulatory GTPases87,88) serving
as mitochondrial import sequences89-91 and X-ray crystal struc-
tures that show the ARL2 N-terminus binds directly to effec-
tors.54,55 In a related manuscript,40 we provide further evidence
that the fraction of cellular ARL2 at mitochondria changes in
response to stressors. We currently lack details of the mecha-
nism(s) by which ARL2 import is regulated, though we specu-
late that changes in localization provide the cell a means of
communication between different essential processes, e.g.,
mitotic spindle formation and energy metabolism.

With the evidence that ARL2 can alter fusogenic activities in
cells, we turned to MEFs as a model due to the availability of
several lines with different gene deletions. Remarkably, expres-
sion of ARL2[Q70L] reverses fragmentation resulting from the
loss of either MFN1 or MFN2, but not both. We interpret these
data as evidence that ARL2 can increase the activity of either
mitofusin to promote fusion, but it requires at least one mitofu-
sin to act. The promotion of outer membrane fusion by mitofu-
sins involves both cis-oligomerization (by proteins in one
mitochondrial outer membrane) as well as MFN-MFN binding
in trans.92 The kinetics of reversal varied between the different
MEF lines, with reversal in mfn2¡/¡ MEFs observed at 24 hours
after transfection and gone by 48 hours, while reversal of frag-
mentation in mfn1¡/¡ MEFs was more delayed, optimal at
48 hrs. Given that the same plasmid is used for reversal of each,
we believe that this difference in kinetics is a reflection of the
previously described92 differences in fusogenic properties of
MFN1 and MFN2. While the 2 proteins share 60% identity93

and a level of functional redundancy, they differ in that MFN2
has additional metabolic roles4, 94-97 and plays a role in mito-
chondria/ER tethering,98 though this is contested.99,100 The
fusion activity of MFN1, still present in the mfn2¡/¡ MEFs, is
probably higher than that of MFN2, as evidenced by the higher
percentage of cells with tubular morphology in mfn2¡/¡ MEFs
(26%) compared with mfn1¡/¡ MEFs (0%). This is also consis-
tent with MFN1 having better tethering and fusion activity in
vitro.92 We speculate that the higher fusogenic activity of
MFN1 over that of MFN2 in MEFs also explains our result that
overexpression of wild type ARL2 was able to partially reverse
fragmentation in mfn2¡/¡, but not mfn1¡/¡ MEFs. ARL2
[Q70L] was unable to reverse fragmentation in mfn1¡/¡mfn2¡/

¡ MEFs, demonstrating that fusion/elongation mediated by
ARL2[Q70L] is dependent on the presence of a mitofusin, as
previously shown for mitochondrial fusion in general.4 ARL2
[Q70L] was also unable to reverse fragmentation in opa1¡/¡

MEFs. The lack of reversal by ARL2 in either mfn1¡/¡mfn2¡/¡

or opa1¡/¡ MEFs is consistent with these cells having

absolutely no fusion activity, in contrast to mfn1¡/¡ and
mfn2¡/¡ MEFs which retain some fusion activity.4,5 Both the
reversal of fragmentation and increase in mito-PAGFP spread
in mfn2¡/¡ MEFs are consistent with the interpretation that
ARL2 reverses fragmentation in mfn2¡/¡ MEFs by stimulating
a mitofusin-dependent pathway. To the best of our knowledge,
only 2 other proteins reverse fragmentation when expressed in
either mfn1¡/¡ or mfn2¡/¡ MEFs (besides the mitofusins them-
selves, and DRP1[K38A], which blocks fission5). Expression of
Bax restores tubular morphology in mfn1¡/¡ but not mfn2¡/¡

MEFs,19 and expression of OPA1 causes elongation in mfn2¡/¡

but not mfn1¡/¡ MEFs.6 Therefore, ARL2 is unique not only in
that it can reverse fragmentation in these MEFs, but that it can
do so through a pathway that includes either MFN1 or MFN2.
Elongation induced by ARL2[Q70L] is also distinct from the
previously described stress-induced mitochondrial hyperfusion
(SIMH)14 as ARL2[Q70L]-mediated elongation occurs in both
mfn2¡/¡ and mfn1¡/¡ MEFs, whereas SIMH can occur in
mfn2¡/¡ but not mfn1¡/¡ MEFs. Additionally, proteolytic
cleavage of OPA1 is observed during SIMH, and we detect no
changes in OPA1 processing with expression of ARL2[Q70L]
We conclude that increasing ARL2 activity can lead to
increased fusogenic activity of mitochondria through a mecha-
nism that requires the canonical fusogens, MFN1/2, and OPA1.

In the hopes of better refining the localization of ARL2 in
mitochondria, we used the higher resolution capabilities of
SIM. We showed that ARL2 and mitofusins localize to puncta
along mitochondria displaying regularity in spacing, while 9
other mitochondrial proteins, including those that localize to
the matrix, the IMS, the inner membrane, or the outer mem-
brane, do not. Most proteins displayed diffuse staining along
mitochondria (TOM20, cytochrome C, HSP60, BART, SMAC-
GFP), while those in puncta (DRP1, MFF, OPA1) did not show
any clear relationship to ARL2. MICOS puncta, previously
observed by STED microscopy,101 repeat at a much smaller
interval than 0.4 mm and were difficult to identify by SIM.
Double labeling of endogenous ARL2 and MFN-myc showed
ARL2 puncta commonly adjacent to and between MFN-myc
puncta. We believe this observation is consistent with ARL2
associating with specific components accessible to it in the
IMS, most likely at the outer membrane. Because we observed
puncta that were positive for mitofusins and displayed both the
same regularity in spacing as ARL2 and appeared adjacent to
ARL2, we speculate that there exists a novel complex at which
both ARL2 and mitofusins are found. MFN2 puncta have been
described previously, and mutation of a residue involved in
nucleotide binding disrupts this localization102 During apopto-
sis, MFN2 forms puncta that co-localize with Bax and DRP1103

These observations support the idea that mitofusins may con-
tribute to one or more complexes along the outer membrane.
We believe that there is functional significance to the close spa-
tial pairing of MFN-myc and ARL2 puncta in such a putative
structure, though we currently lack direct evidence to support
such a conclusion. Further studies are planned to develop and
test this hypothesis.

To summarize, we provide evidence that ARL2 can regulate
mitochondrial fusion from the IMS and that it requires the
presence in cells of at least one of the 2 mitofusins and OPA1.
The only other proteins implicated in regulating fusion from
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the IMS are proteases embedded in the inner membrane that
cleave OPA1.21-24 The little that was described previously about
regulation of mitofusins occurs from the cytosol and outer
membrane. Our data provide preliminary support for the exis-
tence of a novel structure or protein complex that contains at a
minimum ARL2 and mitofusins and that may serve as the site
of fusion coordination or nucleation. Further study of ARL2
and this putative protein complex will build upon these obser-
vations and help define the molecular mechanisms of mito-
chondrial fusion and its regulation in health and disease.

Experimental procedures

Antibodies & reagents

Rabbit polyclonal antibody directed against human ARL2 has been
described previously.39 The following antibodies were purchased:
HA (Covance MMS-101P), HSP60 (Enzo Life Sciences ADI-SPA-
807), cytochrome C (BD Biosciences 556432), TOM20 (BD Bio-
sciences 61228), a-tubulin (Sigma T9026), myc (Invitrogen R950–
25), OPA1 (BD Biosciences 612606), Complex V subunit a (Mito-
sciences MS502), NDUFA9 (Mitosciences MS111), UQCRC2
(Mitosciences MS304), actin (Sigma A3853).

Cloning and constructs

The following plasmids were generously gifted: MFN1–10xmyc
and MFN2–16xmyc in pcDNA3.1 (David Chan, Caltech, (5)),
OPA1-myc/his in pcDNA3.1 (Heidi McBride, McGill), mito-
PAGFP (Richard Youle, NIH, Addgene plasmid #23348,70),
mito-dsRed (James Zheng, Emory), GFP-MFF (Gia Voeltz,
University of Colorado, Addgene plasmid #49153104), DRP1-
YFP (Alexa Mattheyses, Emory). ARL2, ARL2[T30N], and
ARL2[Q70L] in pcDNA3.1 were described previously.34

[F50A] and [L3A] mutations were introduced into ARL2
[Q70L] in pcDNA3.1 using QuickChange (Stratagene) and
sequence-verified. CMVD0 OCT-HA-ARL2 and CMVD0
SMAC-HA-ARL2 were also made in our laboratory as
described previously Newman et al.60

Cell culture

Cells were grown in DMEM supplemented with 10% fetal
bovine serum (Invitrogen, Carlsbad, CA) and 2 mM glutamine
at 37�C in the presence of 5% CO2. Cells were originally
obtained from the ATCC and are not cultured beyond 30 pas-
sages. Cell density, feeding, and plating schedules were identical
between all conditions in every experiment, with a target of
70% cell density for data collection. Wild type and mfn1¡/¡,
mfn2¡/¡, mfn1¡/¡mfn2¡/¡, opa1¡/¡ MEFs were a generous gift
from David Chan (California Institute of Technology).5,24,63

Cells were screened for mycoplasma regularly by staining with
Hoechst 33342 DNA dye, usually in conjunction with immuno-
fluorescence experiments (described below).

Transfection

Cells at 90% density or higher were transfected in 6 well plates
using the following protocols. Both the amount of DNA and
the ratio of Lipofectamine: DNA were separately optimized for

ARL2 expression in HeLa and COS7 cells. A ratio of 2 mg Lipo-
fectamine: 1 mg DNA yielded the highest transfection effi-
ciency. ARL2 plasmids (2 mg) were diluted in 250 mL Opti-
MEM (Invitrogen). Lipofectamine 2000 (4 mg; Invitrogen) was
diluted in a separate tube containing 250 mL Opti-MEM, vor-
texed briefly, and incubated at room temperature for 5 minutes.
The tubes were mixed and incubated 20 minutes. Cell culture
medium was changed to 1.5 ml of Opti-MEM, and transfection
complexes (500 mL) were added dropwise to the cells. After
4 hours, cells were trypsinized and replated onto coverslips,
typically at a 1:3 split. For time points of 48 hours or longer
after transfection, fresh medium (1 mL) was added before addi-
tion of transfection complexes, and the transfection was
allowed to go for 24 hours, after which cells were typically split
1:4 onto coverslips. In both cases, cells were allowed to attach
overnight before fixation. This transfection typically resulted in
»70% of cells overexpressing ARL2 and »50% expressing
ARL2[T30N] or ARL2[Q70L] when assayed 48 hours from the
start of transfection.

MEFs were transfected using a similar protocol, though we
found optimal ARL2 expression was obtained using a 3:1 ratio:
15 mg Lipofectamine 2000 and 5 mg DNA per well. Following
transfection, cells were replated 1:4 (mfn1¡/¡, mfn2¡/¡) or 1:2
(mfn1¡/¡mfn2¡/¡, opa1¡/¡) onto coverslips such that MEFs
were at »90% confluence the next day. This protocol typically
resulted in »40% of MEFs expressing MFN1-myc or MFN2-
myc, »20% expressing ARL2, »10% expressing ARL2[Q70L],
and 1–5% expressing OPA1-myc/his, as determined by immu-
nofluorescence imaging of fixed cells. These differences are
likely the result of differences in protein expression and anti-
body sensitivities rather than plasmid uptake. Slightly lower
(»10–20%) transfection efficiencies were observed in mfn1¡/

¡mfn2¡/¡ and opa1¡/¡ MEFs, perhaps related to their
increased doubling time and increased susceptibility to stress.

Immunofluorescence

Cells were grown on matrigel (BD Biosciences #356231) coated
coverslips. Cells were fixed in a pre-warmed (37�C) solution of
4% paraformaldehyde in PBS (140 mM NaCl, 3 mM KCl,
10 mM Na2HPO4, 2 mM KH2PO4, pH 6.75); and permeabilized
with 0.1% (v/v) Triton X-100 in PBS for 10 minutes at room
temperature. Alternatively, cells were permeabilized with either
0.02% or 0.1% (w/v) digitonin in PBS for 10 minutes at room
temperature to differentially permeabilize the outer and inner
mitochondrial membrane, respectively, as described previ-
ously105,106 For labeling of mitochondria with Mitotracker, cells
were incubated in MitoTracker Red CMXRos (100 nM,
Thermo Fisher #M7512) for 30 minutes before fixation. Incu-
bation with primary antibodies was performed in filtered PBS
containing 1% (w/v) BSA at 4�C overnight, followed by
4 £ 5 minute washes in PBS. Secondary antibodies (1:500,
Alexa fluorophores, Invitrogen) were incubated in the same
buffer for 1 hour at room temperature, following 4 £ 5 minute
washes in PBS. Secondary antibody was removed by 2 £ 5 min-
ute washes in PBS. DNA was then stained with Hoechst 33342
for 4 minutes, followed by 2 £ 5 minutes washes in PBS and
mounting onto slides using Prolong Antifade (Invitrogen).
Images were acquired using an Olympus FV1000 microscope
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and Olympus Fluoview v1.7 software, using 488 and 543 laser
excitation and a 100x oil objective (1.45 NA). Z-stacks were
acquired with a step size of 0.37 mm, which were converted to
average image intensity projections using ImageJ where indi-
cated. The following antibody dilutions were used: ARL2
(1:2000), HSP60 (1:5000), myc (1:1000), HA (1:2000), TOM20
(1:5000), cytochrome C (1:1000), a tubulin (1:2000), OPA1
(1:100), NDUFA9 [Complex I] (1:100), UQCRC2 [Complex
III] (1:100), Complex V subunit a (1:100).

Effects of protein expression on mitochondrial morphology
were scored by visual inspection of fixed, stained cells. To
quantify consequences of protein expression on mitochondrial
morphology in MEFs, the following categories were used: 1)
Fragmented D mitochondria appear spherical with no long or
branched structures evident, 2) short tubes D mitochondria
appear shorter than in wild type controls but not spherical and
show minimal interconnectivity, 3) tubular D mitochondria
appear long and thread-like, with branching. Examples of each
of these are shown in Figure S2. A cell was assigned to a cate-
gory if an estimated 50% or more of its mitochondria fit one of
these descriptions, as described previously.19 For quantification
of elongation in HeLa cells, we used the following categories: 1)
elongated D the majority of mitochondria appear intercon-
nected and individual mitochondria are difficult to discern, 2)
tubular D individual mitochondria are easily discernable but
the majority are not fragmented, 3) fragmented D most mito-
chondria appear small and spherical. A cell was excluded from
analysis if it appeared to be dying, as defined by cell rounding
with membrane blebs and fragmented nuclear staining; these
cells typically had the highest levels of expression in the cell
population. Only transfected cells were scored, and were identi-
fied as follows: 1) ARL2 over-expressing cells were identified by
ARL2 staining (ARL2 staining appears obviously brighter than
surrounding cells in the field) or 2) MFN1/2-myc by detectible
mitochondrial myc staining.

Live cell imaging

HeLa cells were transfected with 0.5 mg mito-PAGFP, 0.25 mg
mito-dsRed, and 2 mg of either ARL2 WT or ARL2[T30N],
and replated onto 35 mm MatTek dishes (#P35GC-1.5–14-C)
following 4 hours of transfection, as described above. For
experiments in mfn2¡/¡ MEFs, cells were transfected with 2 mg
mito-PAGFP, 1 mg mito-dsRed, and 3 mg of the indicated plas-
mid. Prior to imaging, the medium was changed to DMEM
with 25 mM HEPES plus 10% FBS, and without phenol red
(Invitrogen #21063). Live cell imaging was performed using a
Nikon A1R confocal microscope, enclosed in a temperature
control chamber at 37�C, using a 100X (NA 1.49) oil objective.
A circular region of interest (4 mm diameter) for photoactiva-
tion was selected near the nucleus.71 Photoactivation was
achieved by excitation with 405 nm laser (35% power) for 6
cycles for a total duration of 2.16 seconds. Images were
acquired at 1024 £ 1024 pixels at 0.5 frames/second during
photoactivation. Images were then acquired every 10 minutes
over 40 minutes. GFP and dsRed were sequentially excited with
488 and 561 laser lines. Imaging data were collected using
Nikon Elements software. Quantification of the mito-PAGFP
mitochondrial fusion assay was performed as described

previously44 using ImageJ. A cell was excluded from analysis if
it 1) had less than a 10-fold increase in GFP signal following
photoactivation, or 2) moved from the field of view during
imaging. In addition, only cells with fragmented mitochondria
were selected when imaging cells transfected with ARL2
[T30N]. Masks for each channel were created, and thresholding
was performed using “Otsu dark” in ImageJ. The number of
pixels within each mask for both GFP and dsRed was mea-
sured, and calculated as a ratio of GFP signal to dsRed signal.
The difference in this ratio between 0 min. (immediately after
photoactivation) and 10, 20, 30, or 40 min. after photoactiva-
tion is reported as percent increase in mitochondrial fusion.

Structured Illumination Microscopy (SIM)

For SIM experiments, the minimal amount of transfected DNA
was determined for each construct for both optimal expression
and minimal effects on mitochondrial morphology. COS7 cells
were transfected with 0.5 mg MFN1-myc, MFN2-myc, or 2 mg
of OPA1-myc/his. A ratio of 2 mg Lipofectamine 2000: 1 mg
DNA was used for all constructs. Cells were imaged on a Nikon
N-SIM using 3-dimensional SIM using a 100X (NA 1.49) oil
objective. Cells were selected based on an apparently normal
mitochondrial morphology, and a range of expression for each
construct was examined. Fluorophores were excited by 488 and
561 laser lines. For each cell, a widefield image was obtained in
addition to raw SIM data. Reconstruction was achieved using
the Nikon Elements software, and reconstruction parameters
suggested by the software were adjusted with reference to the
widefield image, to avoid described previously artifacts (for
examples see http://www.gelifesciences.com/gehcls_images/
GELS/Pdf%20documents/2015–05–06-Pellett-Bitesizebio-Semi
nar.pdf).

Mitochondrial fractionation

Mitochondria were fractionated using a previously published
protocol107 Cells were washed twice in PBS, incubated for
10 minutes in 5 mM EDTA in PBS, and collected. Cells were
pelleted and washed in TD buffer (25 mM Tris-HCl, pH 7.4,
0.7 mM Na2HPO4, 133 mM NaCl, 5 mM KCl). Cells were
resuspended in RSB buffer (10 mM Tris-HCl pH 7.4, 10 mM
NaCl, 1.5 mM CaCl2, protease inhibitors (Sigma #P-2714)), to
a final volume of about 10x the volume of the cell pellet, and
incubated on ice for 10 minutes before homogenization with a
Dounce glass/glass tight homogenizer (30 strokes). Lysis of cells
was verified using trypan blue. MS buffer, prepared as a 2.5X
stock, was added to yield a final concentration of 1x MS (5 mM
Tris-HCl pH 7.4, 210 mM mannitol, 70 mM sucrose, 5 mM
EDTA pH 8). Unbroken cells and nuclei were removed by cen-
trifugation (10 min., 1000xg), after which mitochondria were
pelleted from the post-nuclear supernatant (20 min., 14,000xg).

Western blotting

Cells were harvested by rinsing twice with PBS, collected by
incubation in 5 mM EDTA in phosphate buffered saline (PBS;
140 mM NaCl, 3 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4,
pH 6.75), and pelleted in a microfuge (14,000 rpm, 4�C). Cells
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were lysed in 1% CHAPS, 25 mM HEPES pH 7.4, 100 mM
NaCl, and protease inhibitors (Sigma #P-2714) on ice for
30 minutes, and the S14 was obtained by clarifying lysates by
centrifugation for 30 minutes (14,000 rpm, 4�C). Protein con-
centrations were determined by Bradford Assay (Bio-Rad)
using bovine serum albumin as standard. Protein samples
(20 mg/well) were separated on 15% polyacrylamide gels and
wet-transferred to nitrocellulose membranes (Bio-Rad #162–
0112) at 70V for 2.5 hours. Western blotting procedures were
performed at room temperature. Membranes were blocked in
blotto (5% (w/v) dry milk, 50 mM Tris pH 8, 2 mM CaCl2,
80 mM NaCl, 0.2% (v/v) Tween-20, 0.02% sodium azide) for
1 hour. When probing for ARL2, membranes were blocked in
an alternate blocking buffer (10% goat serum, 5% Tween-20 in
PBS), freshly filtered through a 0.2 mm membrane. Membranes
were then incubated with primary antibody in blocking buffer
at 4�C overnight. Removal of excess primary antibody was per-
formed by washing the membranes in PBST (PBS with 0.1%
Tween-20) 3 times for 10 min each. HRP-conjugated secondary
antibodies (GE cat #NA934V, #NA931V) were diluted 1:5000
in PBST and incubated with the membrane for 1 hour at room
temperature. Excess secondary antibody was removed by wash-
ing the membranes in PBST 3 times for 10 min each. Excess
Tween-20 was removed by quickly rinsing membranes 3 times
in PBS, followed by 2 £ 5 minute washes in PBS. Blots were
incubated in luminol containing solution (0.1 mM Tris-HCl
pH 8.0, 1.2 mM luminol, 0.2 mM p-coumaric acid, 0.009%
hydrogen peroxide) for 1 min before exposure to film. The fol-
lowing antibody dilutions were used for western blotting: ARL2
(1:1000), a tubulin (1:2500), actin (1:2000), OPA1 (1:1000).
For blotting of OCT or SMAC-HA-ARL2, data were instead
collected using the Odyssey Infrared Imager, and membranes
were incubated in anti-rabbit 790 secondary antibody (Invitro-
gen A11374) or anti-mouse 800 secondary antibody (Rockland
610–745–002), diluted 1:10,000 in PBST. Immunoblotting with
antibodies to a tubulin or actin was performed in each case as a
loading control to confirm equal total protein loaded per lane,
in agreement with total protein assays.

Reproducibility

Every experiment described has been independently repeated at
least twice. For quantification of immunofluorescence experi-
ments, experiments were independently repeated at least 3 times,
and at least 200 cells per condition were analyzed per experi-
ment. Error bars represent standard error of the mean (SEM).

Abbreviations

ARL2 ADP-ribosylation factor-like 2
BN-PAGE blue native polyacrylamide gel electrophoresis
DRP1 dynamin related protein 1
IMS intermembrane space
MFN1/2 mitofusin 1/2
mito-PAGFP mitochondria targeted photoactivatable GFP
MLS mitochondria localization sequence
OCT ornithine carbamoyltransferase (or the 32 resi-

due leader sequence derived from the human
protein)

OPA1 optic atrophy 1
SEM standard error of the mean
SIM structured illumination microscopy.
SMAC (second mitochondria-derived activator of cas-

pases, or the 59 residue leader sequence derived
from the human protein; aka Diablo)
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