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ABSTRACT Mitochondria are essential and dynamic organelles undergoing constant fission
and fusion. The primary players in mitochondrial morphology (MFN1/2, OPA1, DRP1) have
been identified, but their mechanism(s) of regulation are still being elucidated. ARL2 is a
regulatory GTPase that has previously been shown to play a role in the regulation of mito-
chondrial morphology. Here we demonstrate that ELMOD2, an ARL2 GTPase-activating
protein (GAP), is necessary for ARL2 to promote mitochondrial elongation. We show that loss
of ELMOD2 causes mitochondrial fragmentation and a lower rate of mitochondrial fusion,
while ELMOD2 overexpression promotes mitochondrial tubulation and increases the rate of
fusion in a mitofusin-dependent manner. We also show that a mutant of ELMOD?2 lacking
GAP activity is capable of promoting fusion, suggesting that ELMOD2 does not need
GAP activity to influence mitochondrial morphology. Finally, we show that ELMOD2, ARL2,
Mitofusins 1 and 2, Miros 1 and 2, and mitochondrial phospholipase D (mitoPLD) all localize
to discrete, regularly spaced puncta along mitochondria. These results suggest that ELMOD2
is functioning as an effector downstream of ARL2 and upstream of the mitofusins to promote
mitochondrial fusion. Our data provide insights into the pathway by which mitochondrial
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fusion is regulated in the cell.

INTRODUCTION

Mitochondria are vital for a variety of cellular functions in all eukary-
otes. Best known is the generation of ATP, but they are also involved
in maintenance of calcium levels, lipid metabolism, apoptosis, and
cell signaling. Mitochondria are highly dynamic organelles capable
of changing overall morphology from small spheres to highly
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connected, branched networks, and anywhere in between, as a re-
sult of changes in the rate of mitochondrial fission and fusion
(Campello and Scorrano, 2010). These changes are highly corre-
lated with altered mitochondrial functions, such as regulation of ATP
production, apoptosis, and mitophagy (Frank et al., 2001; Tanaka
etal., 2010; Gomes et al., 2011; Mishra et al., 2014).

Known key proteins involved in control of mitochondrial mor-
phology are MFN1/2 (mitofusin 1 and 2), OPA1 (optic atrophy 1),
and DRP1 (dynamin-related protein 1). MFN1/2 are essential for
outer mitochondrial membrane (OMM) fusion by tethering appos-
ing mitochondria (Chen et al., 2003; Eura, 2003; Koshiba et al.,
2004). MFN1/2 are large GTPases that localize to the OMM, and
their activity is dependent on their oligomerization both cis (within
the same mitochondrion) and trans (across mitochondria; Rojo et al.,
2002; Koshiba et al., 2004). OPA1 is necessary for inner mitochon-
drial membrane (IMM) fusion (Zanna et al., 2008). Conversely, DRP1
is required for mitochondrial fission (Smirnova et al., 2001). While
roles for each of these large GTPases in mitochondrial biology
are established, their mechanisms of action and their regulation are
incompletely understood.
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ARL2 (ARF-like 2) is an ancient, very highly conserved, ubiqui-
tously expressed, small regulatory GTPase within the ARF superfam-
ily (McElver et al., 2000; Radcliffe et al., 2000; Antoshechkin and
Han, 2002; Watzlich et al., 2013). ARL2 localizes to the cytosol, cen-
trosomes, nucleus, and mitochondria. Previous work has shown that
cytosolic ARL2 is bound to the tubulin-specific cochaperone cofac-
tor D and is capable of regulating the biogenesis of o3-tubulin (Tian
et al., 2010; Francis et al., 2017a,b). In the nucleus, ARL2 is pro-
posed to play a role in the regulation of STAT3 signaling (Muromoto
et al., 2008). ARL2 has also been implicated in the transport of N-
myristoylated protein cargos to the primary cilium (Ismail et al.,
2011; Watzlich et al., 2013).

ARL2 is the only member of the ARF or RAS superfamily shown
to function inside mitochondria. We have previously shown that al-
terations in ARL2 activity affect the morphology, motility, and energy
metabolism of mitochondria. Expression of a dominant negative
ARL2 mutant (ARL2[T30N]) causes mitochondrial fragmentation and
perinuclear clustering (Newman et al., 2014). Conversely, expression
of a dominant active ARL2 mutant (ARL2[Q70L]) causes mitochon-
drial elongation as a result of an increase in the rate of fusion
(Newman et al., 2017a). ARL2 small interfering RNA (siRNA) also
causes fragmentation, reduction of cellular ATP to <50% of controls,
and ultimately cell death (Newman et al., 2014). Other data reveal
that ARL2 regulates mitochondrial fusion specifically from the IMS,
upstream of the MFNs, and that ARL2 and MFN1/2 localize to
puncta that display the same periodicity in spacing along mitochon-
dria (Newman et al., 2017a).

Like all regulatory GTPases, ARL2 activity is predicted to be con-
trolled by the actions of guanine-nucleotide exchange factors
(GEFs) and GTPase-activating proteins (GAPs). Additionally, effec-
tors are the immediate downstream targets of regulatory GTPases
that preferentially bind to the activated form to initiate biological
responses; consequently, they have been the first focus in studies of
GTPase-regulated pathways. In the ARF family, GAPs consistently
have been found to have effector functions (East and Kahn, 2011),
further highlighting their importance. ELMOD2 was purified in our
lab based on its ARL2 GAP activity and found to be a member of a
protein family with three members in humans (Bowzard et al., 2007).
ELMOD?2 localizes to mitochondria, the ER, and lipid droplets (East
et al., 2012; Newman et al., 2014; Suzuki et al., 2015).

There are several parallels between ARL2 and ELMOD?2. EL-
MOD?2 is the only ELMOD protein that localizes to mitochondria
(Newman et al., 2014), and ARL2 is the only ARF family member (out
of ~30 in mammals) similarly found inside mitochondria. Like ARL2
siRNA, ELMOD2 siRNA causes mitochondrial fragmentation and
perinuclear clustering (Newman et al., 2014). Like ARL2, ELMODZ2 is
ancient—predicted to be present in the last eukaryotic common an-
cestor (East et al., 2012). The fact that we earlier purified ELMOD2
based on its ability to promote hydrolysis of GTP bound to ARL2
and can reconstitute this activity with purified components demon-
strates that the two proteins bind directly to each other. Finally, we
previously demonstrated that ARL2 mitochondrial staining intensity
changes as a result of various growth conditions and stressors and
that mitochondrial ELMOD2 follows the same trends (Newman
et al., 2017b). These similarities between ARL2 and ELMOD?2 led us
to study the potential role of ELMOD?2 in mitochondria further.

RESULTS

Knockout of ELMOD2 causes mitochondrial fragmentation
We previously demonstrated that knockdown of human ELMOD?2 in
Hela cells, using siRNAs, results in mitochondrial fragmentation
(Newman et al., 2014). However, knockdown via siRNA is inherently
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incomplete and transient. To test the effect of complete loss of
ELMOD2, we generated clonal ELMOD2-null lines using CRISPR-
Cas9 in immortalized mouse embryonic fibroblasts (MEFs). As de-
scribed in detail under Materials and Methods, we used two differ-
ent guide RNAs to generate indels in exons encoding ELMOD2,
near the N-terminus, that would result in frame-shifting mutations in
both alleles. Screening for indels was done by DNA sequencing. For
simplicity’s sake, we will refer to these lines as nulls, recognizing the
possibility that a short (77 amino acids or fewer) N-terminal frag-
ment, completely lacking the ELMO domain, may be expressed,
and could exert a cellular effect. We generated 10 ELMOD2-null
lines, one heterozygous line (only one allele frameshifted), and three
clonal wild-type (WT) lines (or lines that went through the CRISPR
transfection and cloning process but were found to have no muta-
tions at the predicted guide cut site). Our prediction, based on
earlier siRNA data, was that ELMOD2-null MEFs would display
fragmented mitochondria.

We scored mitochondrial morphology in our null and both clonal
and parental WT MEFs (Figure 1, A and B). In all WT MEF lines, the
vast majority of cells have mitochondria with a predominantly tubular
morphology (average of all four WT lines = 87%). In these lines, only
a small proportion of cells display mitochondria that appear short (av-
erage = 6%), fragmented (average = 2%), or elongated (average =
5%). We define mitochondrial fragmentation as mitochondria appear-
ing predominantly as large puncta and lacking in tubulation, whereas
short mitochondria are tubular, but clearly shorter than control tubular
mitochondria. Cells displaying mitochondria that are longer and even
more tubulated than the bulk of cells were classed as elongated.
Although other mitochondrial shapes have been reported, such as
circular mitochondria or mitochondria that appear as doughnuts, we
did not consistently observe these morphologies. The mitochondria
in the sole ELMOD?2 heterozygous line were similar to those observed
in WT lines, with only a modest increase in the proportion of cells with
short mitochondria (15% compared with 6% in WT lines). Across the
ELMOD2-null lines, mitochondrial morphology was far more variable,
but consistently displayed much higher levels of fragmentation. Mito-
chondrial morphology appeared short in 14-42% of cells (average of
all 10 lines = 28%), while the proportion of cells with fragmented mi-
tochondria varied even more widely at 9-71% (average of all lines =
30%). On the average, only 42% of ELMOD2-null cells showed mito-
chondria with a tubular morphology, down from the 87% seen in WT
lines. Conversely, mitochondria were short or fragmented in 58% of
ELMOD2-null lines (averages across all 10 lines), while the average
proportion of WT lines with short or fragmented mitochondria was
only 8%. Thus, despite this clonal variability, there was a marked in-
crease in the percentages of cells displaying less tubular and shorter
or more fragmented mitochondria in cells lacking ELMOD2.

To confirm that the mitochondrial fragmentation observed in the
ELMOD2-null lines results from the loss of ELMOD2 rather than an
off-target effect(s), we reintroduced ELMOD?2 into four of these lines
(two from each of two guides) by lentiviral transduction to express
mouse ELMOD?2 carrying a myc epitope at the C-terminus (EL-
MOD2-myc; Figure 1, A and C). Expression of ELMOD2-myc re-
sulted in a consistent reversal of the mitochondrial fragmentation,
with the mitochondrial morphology in transduced cells appearing
almost identical to those in WT cells. The proportion of cells with
fragmented mitochondria dropped from an average of 28% to an
average of 10%, while the fraction with short mitochondria
decreased from an average of 30% to an average of 9%. Conversely,
tubular mitochondria increased from 42% to 76%. In marked
contrast, expression of ELMOD2-myc in the parental WT, one of the
clonal WTs, or the ELMOD2 heterozygous line had little to no effect
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FIGURE 1: Knockout of ELMOD2 causes mitochondrial fragmentation. Three WT, one heterozygous ELMOD2~, and
ten homozygous frameshifted ELMOD2-null immortalized MEF lines were generated by CRISPR. From this collection,
two WT, the one ELMOD2*- (het), and four ELMOD2~ (null) lines were each transduced with lentivirus expressing GFP
(negative control) or mouse ELMOD2-myc, as described under Materials and Methods. (A) Cells were fixed 24 h after
plating and stained for HSP60. HSP60 staining of one representative WT (clone #1) is shown. For ELMOD2-null clone #6,
two cells are pictured to demonstrate both the fragmented and short mitochondrial morphologies observed in
ELMOD2-null lines. These same WT and ELMOD2-null lines were also transduced with lentivirus to direct expression of
ELMOD2-myc, treated the same, and imaged. 2D maximal intensity projections of z-stacks are shown. Scale bar =

10 pm. (B) All of the cell lines generated by CRISPR were fixed and stained for HSP60 and scored for the presence of
fragmented, short, tubular, or elongated mitochondria. N = 100 cells per condition. The bars on the far right section
show average values across all WT MEFs and across all ELMOD2-null MEFs. Error bars represent SEM of three
independent experiments. (C) Each of the cell lines transduced with lentivirus expressing ELMOD2-myc was fixed and
stained for both HSP60 and the myc epitope and scored for the presence of fragmented, short, tubular, or elongated
mitochondria. N = 100 cells per condition. The bars on the far right show average values across both WT MEFs
expressing ELMOD-myc and across all ELMOD2-null MEFs expressing ELMOD2-myc. Error bars represent SEM of three

independent experiments.

on mitochondrial morphology. Thus, levels of ELMOD2 activity in-
creased over that found in WT cells do not appear to alter mito-
chondrial morphologies, while expression of ELMOD2-myc reverses
these effects of deletion on mitochondrial morphology. All together,
these results are in agreement with, and go well beyond, the previ-
ously published data showing that loss of ELMOD2 leads to mito-
chondrial fragmentation. In addition, the availability of ELMOD2-
null MEFs allowed us to monitor other aspects of ARL2 and ELMOD2
in homogeneous cell populations, not readily achieved via siRNA.

Loss of ELMOD2 reduces the rate of mitochondrial fusion

The mitochondrial fragmentation observed in ELMOD2-null lines
may be caused by an increase in fission, a decrease in fusion, or
some combination of the two. To begin to address this, we em-
ployed a previously established (Karbowski et al., 2004, 2014;
Zunino et al., 2009) assay for mitochondrial fusion by coexpressing
a mitochondria-targeted photoactivatable GFP (mito-PAGFP) with a
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photostable mitochondrial marker (mito-DsRed; Karbowski et al.,
2014). Photoactivation of a small region of interest (4 pm diameter;
circles in Figure 2A), was followed by monitoring the spread of the
activated GFP (green) over a 40-min window and is expressed as the
percentage increase in pixels having signal from both fluors (green
and red; Figure 2B). Because the activated-GFP signal is inside the
mitochondrial matrix, it requires mitochondrial fusion to spread
throughout the mitochondrial network.

Figure 2A shows examples of cells imaged during this assay; in-
cluding WT, ELMOD2-null, and an ELMOD2-null line expressing
ELMOD2-myc. By visual inspection, it is clear both that there is
much less spreading of the activated GFP in the ELMOD2-null line
than with WT cells at the 40-min time point shown and that this is
reversed upon expression of ELMOD2-myc. The results from two
different clones from each of the conditions shown in Figure 2A
were quantified and the results averaged (Figure 2B). We carried out
the same analysis on MFN2-null MEFs, which have well-documented
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Loss of ELMOD2 decreases mitochondrial fusion. (A) Two WT lines, two ELMOD2-null lines, two ELMOD2-
null lines expressing mouse ELMOD2-myc (one of each is shown), and MFN2-null MEFs (unpublished data) were
cotransfected with mito-DsRed and mito-PAGFP. After 24 h, cells were photoactivated in the ROl shown and imaged
every 10 min over a period of 40 min, as described under Materials and Methods. Merged images of the mito-PAGFP
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the right. Single z-planes are shown. Scale bar = 10 pm. (B) The percentage of pixels positive for both red and green
signal was quantified at each time point, and the increase in overlap (relative to the 0-min time point after
photoactivation) is graphed, as a measure of mitochondrial fusion. N = 10 cells per condition. Error bars represent SEM.
Single and double asterisks indicate statistically significant differences at p < 0.05 and p < 0.01, respectively.

defects in mitochondrial fusion (Chen et al., 2003) and were pre-
dicted to yield a strong effect on fusion. Loss of ELMOD2 had an
effect on mitochondrial fusion comparable to that of loss of MFN2
(Figure 2B), consistent with each protein playing a role in fusion. This
defect in fusion seen in the ELMOD2-null MEFs was largely reversed
by expression of ELMOD2-myc, again arguing that these effects re-
sult from the loss of ELMOD2, rather than off-target effects.

Expression of ELMOD?2 partially reverses mitochondrial
fragmentation in MFN1- and MFN2-null MEFs

MEFs lacking MFN1 or MFN2 typically have a fragmented mito-
chondrial morphology, in contrast with WT MEFs, which display
more tubular mitochondria (Chen et al., 2003; Figure 3A). We previ-
ously demonstrated that overexpression of ARL2 led to a partial re-
versal of this fragmented phenotype in MFN nulls. This reversal was
even more marked in response to expression of the dominant
activating mutant ARL2[Q70L] (Newman et al., 2017a). Because
ELMOD?2 is an ARL2 GAP that also localizes to mitochondria and
loss of ELMOD2 leads to mitochondrial fragmentation (Newman
et al., 2014; Figure 1), we asked whether increased expression of
ELMOD2 can also reverse, in whole or part, the fragmentation re-
sulting from the loss of mitofusins.
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We began testing effects of ELMOD2 overexpression using the
human ELMOD2, as it had been used in our previous biochemical
analyses (Bowzard et al., 2007; East et al., 2012) and human and
mouse ELMOD?2 share 87% identity in primary sequence. However,
we found that human ELMOD2 contains a high percentage of rare
codons (53%), compared with mouse ELMOD2 (15%), which may
contribute to its low levels of expression (Supplemental Figure S1A).
A direct comparison of human and mouse ELMOD2-myc under the
same promoter revealed that mouse ELMOD2-myc achieved
substantially higher expression levels than the human protein in
MEFs (Supplemental Figure S1B). We did not pursue the cause of
this difference, but codon bias is a reasonable explanation (Clarke
and Clark, 2008). Also, because we were rescuing knockout of
ELMOD?2 in mouse cells, we used mouse ELMOD2-myc for studies
involving protein overexpression, though we note that expression of
human ELMOD2-myc yielded almost identical results.

MFN2-null MEFs were transfected with a plasmid directing
expression of mouse ELMOD2-myc, mouse ELMOD2[R167K]-myc,
or empty vector, and effect(s) on mitochondrial morphology were
scored after 24 h (Figure 3). MFN2-null MEFs that were not trans-
fected or transfected with the empty vector predominantly (72%)
showed a fragmented mitochondrial morphology, with the majority
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FIGURE 3: Expression of ELMOD2 or ELMOD2[R167K] partially
reverses mitochondrial fragmentation in MFN2-null MEFs.

(A) MFN2-null MEFs were transfected with pcDNA3.1 (empty vector,
left), mouse ELMOD2-myc/DDK (middle), or mouse ELMOD2[R167K]-
myc/DDK (right). Cells were fixed 24 h after transfection and
costained for TOM20 (top) and myc (bottom), as described under
Materials and Methods. 2D projections of z-stacks are shown. Scale
bar = 10 pm. (B) MFN2-null MEFs were transfected with pcDNA3.1,
MFN1-myc, MFN2-myc, ELMOD2-myc/DDK, ELMOD2[R167K]-myc/
DDK, or ARL2[Q70L] and fixed 24 h after transfection. Transfected
cells were scored for the presence of fragmented, short, tubular, or
elongated mitochondria. N =200 cells per condition across two
independent experiments. Error bars represent SEM.

of the remainder (23%) having short mitochondria and only a small
portion (5%) of cells having tubular mitochondria. We included ex-
pression of MFN1-myc or MFN2-myc as positive controls, as they
are predicted to yield the strongest rescue. As expected, expres-
sion of either mitofusin led to a dramatic reversal of mitochondrial
fragmentation, especially expression of MFN2-myc which de-
creased the proportion of cells with fragmented mitochondria to
1%. The majority of the MFN2-null MEFs expressing MFN2-myc
were tubular (44%) or elongated (40%). Although the effect of EL-
MOD2-myc expression was not as complete as expression of the
mitofusins, the effect was still quite strong. The majority of MFN2-
null MEFs expressing ELMOD2-myc displayed mitochondria with a
short tube morphology (53%), with a smaller percentage (14%) dis-
playing a tubular morphology similar to the typical shape observed
in WT MEFs. Only 33% of MFN2-null cells expressing ELMOD2-myc
have fragmented mitochondria, down from 72% in empty vector
controls.

All ARF family GAPs to date also demonstrate effector functions
(East and Kahn, 2011), so we tested whether this holds true also for
ELMOD2 and its effects on mitochondrial morphology. The two
strongest ways to differentiate between a protein acting as a GAP
versus an effector are to 1) mutate the essential catalytic arginine
residue in the GAP domain that renders it unable to stimulate GTP
hydrolysis with retention of binding to the GTPase or 2) test whether
knockdown/-out of the GAP results in increased or decreased
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signaling. If acting as a “pure” GAP, the arginine mutant or decrease
in protein expression should increase signal output, while if acting
as an effector, expression of the arginine mutant typically should
have no effect, but total loss of the GAP/effector should lose signal
output. The ELMOD2[R167K] mutant lacks the catalytic arginine
previously shown to be necessary for GAP activity (East et al., 2012).
Although ELMOD2[R167K] lacks GAP activity, it remains stable and,
in fact, expresses to higher levels than ELMOD2-myc (Supplemental
Figure S3). ELMOD2[R167K]-myc expression in MEN2-null MEFs re-
sulted in partial reversal of mitochondrial fragmentation, which was
quantified and found to be virtually identical to the effects observed
following expression of ELMOD2-myc (Figure 3). Thus, the ability of
ELMOD2-myc to partially rescue mitochondrial morphology in
MFN2-null MEFs does not depend on its GAP activity, consistent
with an effector functionality.

We also included expression of ARL2[Q70L] for comparison. As
previously reported (Newman et al, 2017a), expression of
ARL2[Q70L] partially reversed the mitochondrial fragmentation phe-
notype in these MEFs. The effect of this dominant mutant appears
to be somewhat stronger than that of ELMOD2-myc. In MFN2-null
cells expressing ARL2[Q70L], a lower proportion of cells displayed
fragmented or short mitochondria (24% and 31%, respectively)
compared with those expressing ELMOD2-myc, while a larger pro-
portion had tubular (37%) or even elongated mitochondria (9%).

ELMOD2-myc expression also partially reversed mitochondrial
fragmentation resulting from the deletion of MFN1 (Supplemental
Figure S2). Almost all MFN1-null MEFs under control conditions
contained fragmented mitochondria (93%). Again, expression of
the mitofusins led to the most pronounced reversal of mitochon-
drial fragmentation, particularly MFN1-myc expression. MFN1-null
MEFs expressing MFN1-myc had predominantly tubular (54%) mi-
tochondria, and only a very small fraction were fragmented (4%).
The remainder of the population had short (27%) or elongated
(15%) mitochondria. Expression of ELMOD2-myc resulted in a large
fraction of cells displaying mitochondria with a short tube pheno-
type (59%) and a small fraction displaying a tubular morphology
(9%). These results are similar to those in MFN2-null MEFs, although
there are slightly fewer ELMOD2-myc—expressing MFN1-null cells
with a tubular mitochondrial morphology. Again, expression of
ELMOD2[R167K]-myc resulted in the same degree of fragmenta-
tion reversal as ELMOD2-myc expression. ARL2[Q70L] also partially
reversed fragmentation in these MEFs, but to a lesser extent than
with MFN2-null MEFs.

We next tested the effect of ELMOD2-myc expression in MEFs
null for both MFN1 and MFN2—hereafter termed DKO (double
knockout) MEFs. The mitochondrial morphology in these MEFs
is highly fragmented under normal culture conditions (Chen
et al., 2003). Expression of either MFN1 or MFN2 partially re-
versed this fragmentation. However, expression of ELMOD2-myc
or ELMOD2[R167K]-myc had no noticeable effect on the mito-
chondrial morphology of DKO MEFs (Figure 4, A and D). These
results are the same as those previously reported for ARL2
(Newman et al., 2017a). Thus, like ARL2, ELMOD2 requires the
presence of at least one mitofusin to mediate its effects on mito-
chondrial morphology. Expression of either ELMOD2-myc,
ELMOD2[R167K]-myc, or ARL2[Q70L] also had no effect on the
mitochondrial morphology of OPA1-null MEFs (Figure 4, B and D).
This inability to reverse mitochondrial fragmentation is unlikely to
be due to differences in expression levels, as ELMOD2-myc ex-
pressed to similar levels in each cell line tested (Supplemental
Figure S3). Expression of ELMOD2-myc or ELMOD2[R167K]-myc
in WT MEFs had no evident effect on mitochondrial morphology
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aside from a very modest increase in the fraction of cells with short
mitochondria. This is in contrast to expression of either of the mi-
tofusins or ARL2[Q70L], which results in mitochondrial elongation
(Figure 4C). This result is also consistent with ELMOD?2 acting as
an effector of ARL2, as it is not uncommon for an activated, regu-
latory GTPase to have a stronger phenotype than overexpression
of its effector.

Lipid-mediated transfections can be quite toxic to cells and even
potentially generate secondary effects as a consequence, including
changes in mitochondrial morphology. Thus, we included two ad-
ditional controls in our study. We made use of lentiviral expression
of ELMOD2-myc to compare the effects of lentiviral transduction
with those of transient transfection, and we also included an EL-
MOD2 paralog, ELMOD3, for comparison. We transduced WT,
MFN1-null, MEN2-null, or MFN DKO MEFs with lentiviruses ex-
pressing either mouse ELMOD3-myc (Supplemental Figure S4A) or
mouse ELMOD2-myc (Supplemental Figure S4B) and quantified
mitochondrial morphology. Expression of ELMOD3-myc and
ELMOD2-myc was confirmed by IF staining of the myc epitope. The
results were almost identical to those obtained using transient
transfection of plasmids, with ELMOD2-myc expression leading to a
partial rescue of mitochondrial fragmentation in MFN1-null and
MFN2-null MEFs, no effect on mitochondrial morphology in DKO
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MEFs, and a moderate increase in the fraction of short mitochondria
in WT MEFs. In marked contrast, expression of ELMOD3 had no
evident effect on mitochondrial morphology in any of the MEF lines.
Thus, like loss of ARL2, loss of ELMOD2 causes mitochondrial frag-
mentation, and its increased expression partially reverses that frag-
mentation resulting from the loss of either MFN, but not both.

Expression of ELMOD?2 increases the rate of mitochondrial
fusion in MFN2-null MEFs

As shown above (Figure 3 and Supplemental Figure S2), expression
of ELMOD2-myc in MFN1- or MFN2-null MEFs results in elongation
of mitochondria back toward morphologies seen in WT MEFs. With
the well-established roles of mitofusins in mitochondrial fusion, we
sought to confirm this defect in the MFN-null MEFs and to deter-
mine whether the rescue provided by expression of ELMOD2-myc
(partially) restored this activity. Thus, we tested effects of its expres-
sion on mitochondrial fusion using the previously described PAGFP
assay.

ELMOD2-myc expression yielded a more pronounced effect in
MFN2-null than in the MFN1-null MEFs so MFN2-null MEFs were
used in this study. As is readily apparent from the images shown in
Figure 5A, spread of the PAGFP signal is far more extensive at
40 min postphotoactivation in MFN2-null cells expressing either
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Expression of ELMOD2 or ELMOD2[R167K] increases mitochondrial fusion in
MFN2-null MEFs. (A) MFN2-null MEFs were cotransfected with mito-DsRed and mito-PAGFP in
combination with pcDNA3.1 (empty vector, top left), human ELMOD2-myc/his (top right), or
human ELMOD2[R167K]-myc/his (bottom left). After 24 h, cells were photoactivated in the ROI
shown and imaged over a period of 40 min as described under Materials and Methods. Merged
images of the mito-PAGFP signal (green) and mito-dsRed signal (red) are shown on the left,
while mito-PAGFP signal alone (gray) is shown on the right. Single z-planes are shown. Scale bar
=10 pm. (B) Mitochondrial fusion was quantified by calculating the increase in percentage of
pixels positive for both red and green signals at each time point relative to the 0-min time point
after photoactivation. N = 10 cells per condition. Error bars represent SEM. Single and double
asterisks indicate statistically significant differences at p < 0.05 and p < 0.01, respectively.

human ELMOD2-myc or ELMOD2[R167K]-myc. Quantification
showing averages from at least 10 cells (Figure 5B) confirms that
ELMOD2-myc expression increases the rate of mitochondrial fusion
and that loss of its GAP activity does not alter this effect. These re-
sults are consistent with those in Figure 3, leading us to the conclu-
sion that ELMOD2-myc expression causes an increase in the rate of
mitochondrial fusion, although this does not rule out potential ef-
fects of ELMOD2-myc expression on mitochondrial fission.

Expression of ARL2[Q70L] does not induce mitochondrial
elongation in the absence of ELMOD2, consistent with
ELMOD2 acting as an ARL2 effector

The fact that ARL2 and ELMOD?2 bind to each other, localize to mi-
tochondria, and yield very similar phenotypes when decreased in
MEFs or overexpressed in MFN-null MEFs strongly suggests that
they are acting in a common pathway, with ELMOD2 predicted to
be acting downstream of ARL2. To further test this model, we asked
whether dominant active ARL2, ARL2[Q70L], can still cause elonga-
tion of mitochondria in ELMOD2-null MEFs. Eight cell lines were
used in this study: two ELMOD2-null lines, one each from two differ-
ent guides, two different WT lines, one parental and the other clonal

1204 | C.R. Schiavon, R. E. Turn, et al.
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pressing ARL2[Q70L] is indistinguishable
from that in cells transfected with the empty
vector, with very few mitochondria appear-
ing elongated (average of both lines = 1%).

The expression of ELMOD2-myc in
ELMOD2-null cells partially restored the
ability of ARL2[Q70L] to promote mitochon-
drial elongation in these lines (average 31%
elongated), although the combination
caused a slight increase in the proportion of
cells with short (average 14%) and frag-
mented (average 16%) mitochondria com-
pared with empty vector. In contrast, the ef-
fects of transient expression of ARL2[Q70L]
in combination with lentiviral expression of
ELMOD2-myc in WT MEFs were similar to
those of ARL2[Q70L] expression alone, with
an average of 35% of cells having elongated
mitochondria, although the combination
also caused a slight increase in short and
fragmented mitochondria. These results
demonstrate that the presence of ELMOD2 is required for
ARL2[Q70L] to promote mitochondrial fusion, strongly suggesting
that ELMOD?2 is acting downstream of ARL2.

30 min 40 min

Attempts to quantify the localization of ELMOD2

in cultured cells have been unsuccessful

Given the similarities in actions of ELMOD2 to those of ARL2 and
the model in which they interact directly with each other to modu-
late mitochondrial fusion, we wanted to confirm the localization of
ELMOD?2 to the intermembrane space (IMS), as we have done previ-
ously for ARL2. We showed that ARL2 regulates mitochondrial mor-
phology specifically from the IMS through the use of a strong mito-
chondrial localization sequence (MLS), derived from Smac/Diablo,
fused at the N-terminus to drive the exogenous protein to the IMS
(Newman et al., 2017a). SMAC-ARL2 was sufficient to regulate mito-
chondrial morphologies, while an N-terminal fusion of an MLS from
ornithine carbamoyltransferase (OCT) that targets to the matrix or
simply adding an HA-tag at the N-terminus to keep ARL2 out of
mitochondria altogether failed to alter morphologies. We at-
tempted to use the same strategies with ELMOD?2, but found that
the addition of any tag at the N-terminus of ELMOD?2 (including a
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ARL2[Q70L] does not promote mitochondrial elongation in the absence of ELMOD2. (A) Selected MEF lines
were transfected with either pcDNA3.1 (empty vector) or ARL2[Q70L]. Cells were fixed 48 h after transfection and
costained for ARL2 (unpublished data) or HSP60. 2D projections of z-stacks are shown. Scale bar = 10 pm. (B) Two WT
and two ELMOD2-null MEF lines along with the same lines after lentiviral transduction to express mouse ELMOD2-myc
were transfected with either empty pcDNA3.1 or that designed for expression of ARL2[Q70L]. Cells were fixed and
stained as described in A and scored for the presence of fragmented, short, tubular, or elongated mitochondria. N =
100 cells per condition per experiment. The graph shows average values across the multiple cell lines tested. Error bars

represent SEM of three independent experiments.

short HA tag) resulted in poor expression, with rapid degradation of
the tagged ELMOD2. In addition, the exogenous ELMOD2 con-
structs that could be detected did not localize properly; that is,
SMAC-ELMOD?2 only very incompletely localized to mitochondria,
based on immunofluorescence and the incomplete cleavage typi-
cally seen upon import (Newman et al., 2016, 2017a). As a result,
the site of ELMOD2’s activity in relation to mitochondrial morphol-
ogy could not be confirmed experimentally, though is predicted to
function from the IMS based on its similarities to ARL2, its direct
binding to ARL2, and high-resolution imaging showing that EL-
MOD?2 localizes inside mitochondria (Supplemental Figure S5). We
have not observed similar degradation or localization issues using
the various C-terminally tagged ELMOD?2 constructs used through-
out the previously described experiments.

Studies of ELMOD?2 are also complicated by the fact that it local-
izes to several cellular locations, including mitochondria, lipid drop-
lets, and the endoplasmic reticulum (ER) (East et al., 2012; Newman
etal., 2014; Suzuki et al., 2015). Additionally, ELMOD?2 is expressed
at only low levels in every cell line or tissue examined by immuno-
blot, it overexpresses poorly (particularly the human form as
described above), and ELMOD2 antibodies lack the sensitivity
needed to monitor endogenous levels by immunoblotting in a num-
ber of cell lines examined, including MEFs. The ELMOD?2 antibody
used throughout this paper was raised in rabbits against purified,
bacterially expressed ELMOD2 and characterized in our lab. It de-
tects endogenous mitochondrial ELMOD2 by immunofluorescence
but is typically near or below the limit of detection in immunoblots.
We have previously confirmed the specificity of the mitochondrial
ELMOD?2 staining by loss of signal after antigen competition or use
of preimmune serum (Newman et al., 2014). Finally, we note that the
commercial rabbit polyclonal antibody directed against ELMOD2
that we used in our earlier studies using siRNAs to demonstrate
knockdown effectiveness is no longer available. Or rather, what is
being sold is a “different bleed” that lacks the previously estab-
lished sensitivity required to detect endogenous ELMOD2.
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ELMOD2, ARL2, MFN1-myc, MFN2-myc, myc-MIRO1,
myc-MIRO2, and mitoPLD-GFP each displays similarly
periodic punctate staining at mitochondria

In our earlier studies of ARL2 at mitochondria, we used high-resolu-
tion structured illumination microscopy (SIM) and found that stain-
ing of endogenous ARL2 localizes to discrete puncta along mito-
chondria that align with those of transiently expressed MFN1-myc
and MFN2-myc (Newman et al., 2017a). Given the extensive func-
tional similarities between ARL2 and ELMOD?2 described above, as
well as previously reported (Newman et al., 2014, 2017b), we tested
whether ELMOD?2 shares this localization pattern. We utilized gated
stimulated emission depletion (gSTED) microscopy as well as SIM,
due to its even greater resolving power and because it is less prone
to artifacts that can arise during image reconstruction. Instead of
MEFs, we used COS7 cells in these studies, as they are superior for
visualization and quantification. Additionally, the generation of EL-
MOD2-null MEFs allowed us to further validate our ELMOD2 anti-
body. Supplemental Figure S6 shows that mitochondrial ELMOD2
staining is not present in ELMOD2-null MEFs, demonstrating the
loss of ELMOD?2 in our null MEFs and the specificity of the mito-
chondrial signal detected by our antibody.

Imaging of endogenous ELMOD2 in COS7 cells by gSTED re-
vealed that ELMOD?2 staining is typically found at regularly spaced
puncta (Figure 7). The puncta typically repeat at intervals of 0.2—
0.3 pm, with some variation likely due to mitochondrial shape. In
contrast to ELMOD2 or ARL2, gSTED imaging of a number of mito-
chondrial proteins (e.g., HSP60, cytochrome c) appear diffuse (non-
punctate) within mitochondria. As shown in previous work (East
et al., 2012; Suzuki et al., 2015), ELMOD?2 is also found at ER and
lipid droplets, so there is substantial nonmitochondrial staining that
adds background. Thus, to focus on mitochondrial ELMOD2 stain-
ing, we used double labeling with well-established mitochondrial
markers (e.g., HSP60, cytochrome ¢, TOM20) to define the organ-
elle boundaries and then monitored ELMOD2-specific staining that
fell within that boundary.
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Mitochondrial ELMOD2 and ARL2 staining show the same periodic, punctate staining pattern when imaged
by gSTED. COS7 cells were fixed and stained for ELMOD?2 (top three panels) or ARL2 (bottom panel) and imaged by
gSTED as described under Materials and Methods. The panels on the left show example sections of mitochondria from
four different cells costained for ELMOD?2 (top three rows) or ARL2 (bottom row) and HSP60 (unpublished). The second
column shows the same staining shown in the first column but with line scans drawn over the mitochondria, using FIJI.
These line scans were used to determine pixel intensities, which are graphically displayed in the plot profiles in the right

column. 2D projections of z-stacks are shown. Scale bar = 0.5 pm.

We measured the average distance between ELMOD2 puncta
over a total mitochondrial length of at least 100 pm per cell in eight
cells (5102 puncta distances measured) and determined the aver-
age distance between ELMOD2 puncta to be 0.27 £ 0.11 pm. The
distance between puncta was consistent within a single cell and
when multiple cells were compared (Supplemental Figure S7). When
analyzed by gSTED (1839 puncta distances measured), the ARL2
puncta repeated at an interval of 0.25 £ 0.11 um, almost identical to
the ELMOD2 pattern (Figure 7).

Although a number of multisubunit protein complexes are known
to exist inside mitochondria (e.g., complexes -V, MICOS), none of
the components of these has been reported to display punctate
staining with spacing similar to that seen for ELMOD2 and ARL2.
We previously used SIM to image a number of other mitochondrial
proteins to identify other candidates with similar spacing and found
that most (cytochrome ¢, TOM20, HSP60, subunits of complex |, Ill,
and V, mic60/mitophilin, DRP1, MFF, and OPA1) are not similarly
spaced (Newman et al., 2017a). We repeated imaging of a selection
of these mitochondrial proteins by gSTED (cytochrome ¢, HSP40,
TOM20) and found that, similarly to the SIM results, these proteins
either appear mostly diffuse (cytochrome ¢, HSP60, Supplemental
Figure S8, A and B) or have punctate staining that does not have
the same spacing as ELMOD2 (TOM20, Supplemental Figure S8C;
consistent with previous reports [Wurm et al., 2011]).

We next asked whether other proteins implicated in mitochon-
drial fusion (MFNs; Chen et al., 2003; Eura, 2003; Koshiba et al.,
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2004) and mitochondrial phospholipase D (mitoPLD; Huang et al.,
2011; Zhang et al., 2016) also appear as puncta with regular spac-
ing. Sensitive and specific antibodies directed against several key
mitochondrial proteins are lacking, so in some cases we had to use
exogenous, epitope-tagged protein expression. COS7 cells were
transfected with plasmids directing expression of MFN1-myc or
MFN2-myc. Only cells displaying low levels of expression were cho-
sen for imaging and quantification, to minimize effects of protein
overexpression on mitochondrial morphology. Cells were costained
for the myc epitope and ELMOD2 and imaged by SIM. Punctate
staining of MFN1/2-myc was similar to that of ELMOD2, so we
followed up using gSTED. ELMOD?2 and each mitofusin displayed a
very similar punctate staining pattern, and the puncta often aligned
(Figure 8, A and B). We also tested the localization of mitoPLD
by expressing mitoPLD-GFP. The mitoPLD-GFP signal was also
punctate and often aligned with ELMOD?2 puncta (Figure 8C).
Because mitochondrial fusion and motility can be functionally
linked processes, we also examined the localization of the two
MIRO proteins, transmembrane proteins in the OMM involved in
mitochondrial motility (Hirokawa and Takemura, 2005). Again, be-
cause antibodies capable of imaging endogenous proteins were
not available, we used low-level expression of exogenous myc-
MIRO1 and myc-MIRO2. COS7 cells were transfected with plasmids
directing expression of myc-MIRO1 or myc-MIRO2, costained for
myc and ELMOD?2, and imaged by gSTED. Like the results observed
with the fusion proteins, the myc-MIRO1 and myc-MIRO2 signals
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GFP puncta at mitochondria. (A) COS7 cells were transfected with MFN1-myc. Cells were fixed 24 h after transfection,
costained for myc (magenta) and ELMOD2 (green), and imaged by gSTED. A single mitochondrion is shown stained for
myc (top left), ELMOD?2 (top right), and merged (bottom left). The bottom right image displays the merged image
including the line scan drawn in FIJI. The resulting plot profile showing pixel intensities for MFN1-myc and ELMOD?2 is
shown below the images. 2D projections of z-stacks are shown. Scale bar = 0.5 ym. (B) Same as A except cells were
transfected with MFN2-myc, and the images and plot profile show MFN2-myc and ELMOD?2. (C) Same as A except cells
were transfected with mitoPLD-GFP and the images and plot profile show mitoPLD-GFP (green) and ELMOD2

(magenta).

showed regularly spaced punctate staining that consistently aligned
with ELMOD?2 signal at mitochondria (Figure 9).

To quantify the apparent alignment of ARL2, ELMOD2, MFN1/2,
mitoPLD, and MIRO1/2, we measured the Pearson’s correlation
coefficient between the green and red pixel intensities for every dou-
bly labeled condition tested, as described under Materials and
Methods (Figure 10). Because ARL2 and ELMOD?2 stain other cellular
locations besides the mitochondria, we used Imaris to select three-
dimensional (3D) regions of interest (ROIls) around the mitochondria
(using the mitochondrial protein as a guide) and limited our analysis
to the ARL2 and ELMOD?2 signal at mitochondria (Supplemental
Figure S9). At least three cells were analyzed per condition. The aver-
age correlations between staining of ELMOD2 and the negative con-
trols were 0.24 (cytochrome ¢), 0.24 (HSP60), and 0.21 (TOM20).
These results confirm the lack of a strong correlation between the
staining patterns in these samples observed by visual inspection and
are consistent with a lack of alignment between ELMOD2 and these
proteins. The fact that these values are above zero is consistent with
their all being found throughout mitochondria and thus expected to
overlap with ELMOD?2 puncta. Because mitofusins both homo- and
hetero-oligomerize, we cotransfected COS7 cells with MFN2-myc
and MFN1- or MFN2-HA and costained for myc and HA as positive
controls, predicted to yield the highest values achievable in this

Volume 30 May 1, 2019

assay (Supplemental Figure S10). The correlations between the two
mitofusins were 0.69 for MFN1-HA and MFN2-myc and 0.68 for
MFN2-HA and MFN2-myc. The correlations between ARL2 and the
mitofusins were also very high—0.70 for MFN1-myc and 0.66 for
MFN2-myc. The correlations for the ELMOD2 and MFN-myc signals
at mitochondria were 0.51 for MFN1-myc and 0.52 for MFN2-myc,
higher than for negative controls, though not as high as ARL2 and
the mitofusins or the positive controls. The correlation between
ELMOD?2 and mitoPLD-GFP was 0.59. Finally, the correlations be-
tween ELMOD?2 and the MIROs were 0.55 for myc-MIRO1 and 0.63
for myc-MIRO2, comparable (or even higher in the case of MIRO2) to
the correlations observed between ELMOD2 and the mitofusins and
also higher than the negative controls.

DISCUSSION

We show that changes in the levels of ELMOD?2, loss via deletion or
overexpression, result in opposite effects on mitochondrial mor-
phology. We knocked out ELMOD2 in immortalized MEFs and
found them to display fragmented mitochondria, similar to our
earlier findings with siRNA (Figure 1). In the ELMOD?2 heterozygous
line, this phenotype was barely noticeable, suggesting that the
majority of ELMOD2 must be lost for fragmentation to manifest.
Concerns over off-target effects of CRISPR were minimized through
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and images and plot profile show myc-MIRO2 and ELMOD2.

the use of rescued lines. These results are in agreement with the
siRNA data, but go further, in that we were able to use the KO lines
in the mito-PAGFP assay, where we found decreases in fusion (Figure
2). Altogether, these data support our conclusion that ELMOD?2 pro-
motes mitochondrial fusion.

Expression of ELMOD2-myc reverses mitochondrial fragmenta-
tion in MFN1- or MFN2-null MEFs and increases the rate of mitochon-
drial fusion (Figures 3 and 5 and Supplemental Figure S2), consistent
with ELMOD?2 acting with either MFN to promote fusion. ELMOD2-
myc expression is unable to reverse mitochondrial fragmentation in
OPA1-null or MFN DKO MEFs (Figure 4). ELMOD2 is thus capable of
compensating for the loss of a single mitofusin, but not OPA1 or both
mitofusins. Thus, the promotion of mitochondrial fusion by ELMOD2-
myc requires the presence of either MFN1 or MFN2, consistent with
ELMOD2 acting upstream of the mitofusins. These results are
practically identical to those reported for ARL2, which was also found
to reverse mitochondrial fragmentation in MFN1- or MFN2-null MEFs
but not OPA1-null or DKO MEFs (Newman et al., 2017a), providing
more evidence that ARL2 and ELMOD?2 are acting in the same
pathway to promote mitochondrial fusion.

The fragmentation phenotype in the ELMOD2-null lines, while
always more fragmented than in WT MEFs, is variable, likely due to
variations across different clonal lines (Figure 1). However, in all EL-
MOD2-null lines, the fragmentation phenotype is not as severe as
phenotypes observed in MEFs lacking the key components of mito-
chondrial fusion (MFN1, MFN2, or OPA1; Figures 3 and 4 and Sup-
plemental Figure S2). Similarly, ARL2 siRNA or expression of the
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dominant negative mutant ARL2[T30N] results in obvious mitochon-
drial fragmentation, but not to the same degree as mitofusin or
OPA1 loss (Newman et al., 2014). Notably, expression of ELMOD2-
myc has no effect on the mitochondrial morphology of WT MEFs
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Pearson’s correlation coefficient values for doubly
labeled mitochondrial proteins using images collected by gSTED.
Pearson’s correlation coefficient was calculated using Imaris as
described under Materials and Methods. The different antibodies
used for double labeling are indicated above and below the bars. At
least three cells were analyzed per costaining condition. Error bars
represent SEM.
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and overexpression of WT ARL2 also does not alter mitochondrial
morphology in cells without fusion defects (Newman et al., 2014,
2017a; Figure 4). ARL2 expression results in mitochondrial elonga-
tion only when it is constitutively active (ARL2[Q70L]; Newman
et al., 2017a). Expression of ELMOD2-myc or ARL2 in MFN-null
MEFs results in an obvious, but partial, reversal of mitochondrial
fragmentation (Figure 3 and Supplemental Figures S2 and S4).
These data are evidence that ARL2 and ELMOD?2 are likely not
required for mitochondrial fusion, but rather regulators capable of
enhancing this process. The levels of mitochondrial ARL2 and
ELMOD?2 increase in response to stressors that also stimulate
elongation, such as glucose or serum deprivation (Newman et al.,
2017b), so the function of ARL2 and ELMOD2 may be to modulate
fusion during times of stress.

All previously described regulators of mitochondrial fusion act
from the cytosolic side of the outer membrane. We previously dem-
onstrated ARL2's regulation of mitochondrial morphology occurs
specifically from the IMS (Newman et al., 2017a). Analogous studies
with ELMOD2 were unsuccessful, as tagging resulted in degrada-
tion and incomplete mitochondrial import. Despite these limita-
tions, the fact that ELMOD2 binds directly to ARL2 (Bowzard et al.,
2007) and acts downstream of it leads us to hypothesize that EL-
MOD?2 acts from the IMS. Because some ELMOD2 localizes to the
ER and tethering between the ER and mitochondria may influence
mitochondrial dynamics, we used triple labelling of ER (mCherry-
Sec61B), mitochondria (TOM20), and ELMOD?2 to assess the pres-
ence of ELMOD?2 at ER-mitochondria contact sites (defined by ar-
eas of ER and mitochondria overlap). We did not observe any
enrichment of ELMOD?2 at contact sites, but rather a predominance
of overlap between TOM20 and ELMOD?2 staining that lacked that
of mCherry-Sec61p. Though we cannot exclude a possible contribu-
tion of ER- or lipid droplet-localized ELMOD?2 to mitochondrial dy-
namics, we show that ARL2 and ELMOD2 are acting in a common
pathway upstream of MFNs. High-resolution imaging is also in
agreement with ELMOD2 localizing inside mitochondria as EL-
MOD?2 staining often lies between that of outer membrane proteins,
such as MFN1-myc (Figure 8A), myc-MIRO2 (Figure 9B), or TOM20
(Supplemental Figure S5). Thus, we believe that ARL2 and ELMOD2
each partially localize to the IMS. The localization of ARL2, and likely
ELMOD?2, in the IMS indicates that they may participate in cross-talk
between the OMM and IMM.

Currently, there are few known regulators of mitochondrial fu-
sion. Those that have been described act specifically on either
MFN1 or MFN2 (Hoppins et al., 2011; Kumar et al., 2016), but not
both. It appears that ARL2 and ELMOD?2 can act through either mi-
tofusin, as expression of either ARL2 or ELMOD2-myc partially re-
verses mitochondrial fragmentation in both MFN1- and MFN2-null
MEFs. For both ARL2 and ELMOD2-myc, the rescue is more pro-
nounced in the MFN2-null MEFs, but it is unclear whether this is due
to a preferential activation of MFN1 or the fact that MFN1-null MEFs
have a more severe fragmentation phenotype (Chen et al., 2003),
likely due to the fact that MFN1 has better fusion activity in vitro
than MFN2 (Ishihara et al., 2004). Mitochondrial staining of ARL2
and ELMOD?2 is stronger in MFN2-null than in MFN1-null or WT
MEFs (Newman et al., 2017b), suggesting that ARL2 and ELMOD?2
may respond somewhat differently to the loss of each MFN.

Despite the fact that ELMOD?2 was first purified as an ARL2 GAP
(Bowzard et al., 2007), it was later shown to display a unique and
high level of promiscuity in its use of substrates, though all are ARF
family GTPases (lvanova et al., 2014). Because ARL2 is the only reg-
ulatory GTPase in the ARF family found inside mitochondria and
ELMOD?2 the only GAP associated with that organelle, we sought to
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test the model that they act in a common pathway more rigorously.
With the generation of MEFs specifically deleted for ELMOD2, we
had the ability to test this model. Expression of ARL2[Q70L] leads to
hyperfusion and mitochondrial elongation (Newman et al., 2017a);
however, it had no such effect in ELMOD2-null MEFs (Figure 6).
Thus, ELMOD?2 is required for ARL2 to promote mitochondrial elon-
gation, consistent with ELMOD?2 acting immediately downstream of
ARL2 to regulate mitochondrial fusion. Loss of ARL2 causes a drastic
(~50%) decrease in cellular ATP; however, loss of ELMOD2 has no
significant effect on ATP levels (Newman et al., 2014). This suggests
that while ARL2 and ELMOD?2 act in a common pathway that regu-
lates mitochondrial morphology, ARL2 influences cellular ATP levels
through a different pathway, independent of ELMOD2.

In addition, ARF-family GAPs have consistently been found to
act as effectors, being obligate components in the signal output,
rather than simply down-regulating that output as a result of in-
creased GTP hydrolysis by the GTPase (East and Kahn, 2011). We
previously identified the residue acting as the presumptive “argi-
nine finger,” Arg167, which is essential for GAP activity in ELMOD2
and showed that mutation results in ablation of GAP activity (East
etal., 2012). The results shown in Figures 3 and 5 and Supplemental
Figure S2 using ELMOD2[R167K]-myc suggest that ELMOD?2 is
functioning as an effector in this pathway (rather than a GAP), as
ELMOD2[R167K]-myc is as capable as ELMOD2-myc of reversing
fragmentation and enhancing fusion, showing that ELMOD2 does
not require GAP activity to promote mitochondrial fusion (Figures 3
and 5 and Supplemental Figure S2). A number of similarities are also
evident in phenotypes resulting from changes in the activities of
ARL2 and ELMOD2: 1) loss of either decreases the rate of fusion,
causing fragmentation, 2) overexpression rescues either MFN1-null
or MFN2-null MEFs, 3) the two share similar localization patterns
along mitochondria, and 4) the abundance of ARL2/ELMOD2
increases in response to stressors leading to mitochondrial elonga-
tion (Newman et al., 2014, 2017a,b). Thus, we conclude that
ELMOD?2 is acting downstream of ARL2 as an effector in promoting
mitochondrial fusion.

The gSTED data show that ELMOD2, ARL2, the MFNs, mitoPLD,
and the MIROs localize to puncta at mitochondria (Figures 7-10).
These puncta have a periodicity unique to these proteins, and dis-
tinct from a large number of other mitochondrial proteins tested,
repeating at an interval of 0.2-0.3 pm (Supplemental Figure S7). We
tested the localization of several known mitochondrial proteins with
both diffuse (HSP60, cytochrome ¢) and punctate (TOM20) staining,
but none of these proteins shared the same spacing as ELMOD2
(Supplemental Figure S8). Therefore, this punctate, periodic stain-
ing is specific to ARL2, ELMOD2, the mitofusins, mitoPLD, and the
MIROs. We have previously suggested that ARL2 and the mitofusins
could be part of a complex important for mitochondrial fusion, par-
ticularly as mitochondrial fission proteins (DRP1, MFF) did not align
with ARL2 (Newman et al., 2017a). The data described here more
accurately define the spacing of these potential complexes and ex-
pand the number of proteins potentially involved to include EL-
MOD?2, mitoPLD, and the MIROs. Because ELMOD2 binds directly
to ARL2, we speculate that ARL2 and ELMOD2 are likely in a com-
mon protein complex in mitochondria. ARL2/ELMOD2 may then
either directly or indirectly interact with the other components iden-
tified by high-resolution imaging as displaying common staining
patterns at mitochondria (mitofusins, mitoPLD, and MIROs).

MFN1 and MFN2 are central to OMM fusion, while MIRO1 and
MIRO2 are essential for mitochondrial motility (Rojo et al., 2002;
Koshiba et al., 2004; Boldogh and Pon, 2007). Mitochondria must
come into contact with each other in order to fuse, so motility
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necessarily precedes fusion; the fact that mitofusins, mitoPLD (also
involved in fusion), and MIROs localize to the same puncta sug-
gests such a link. In addition, we have previously shown that
ARL2[T30N] expression, ARL2 siRNA, or ELMOD?2 siRNA result in
perinuclear clustering of mitochondria (Newman et al., 2014), sug-
gesting a defect in mitochondrial motility when ARL2 or ELMOD2
activity is lost. Thus, the possibility that there exists in mitochondria
a multisubunit protein complex containing components from both
the IMS and OMM and capable of influencing fusion and motility is
worthy of further study.

In summary, we show that ELMOD2 acts downstream of ARL2
and upstream of the mitofusins. We also demonstrate that ELMOD2
promotes mitochondrial fusion and does so independent of its GAP
activity. Thus, like a number of ARF GAPs, we believe ELMOD2's
actions at mitochondria are best described as an effector in the
ARL2 pathway. Additionally, we describe the unique staining pat-
terns of ELMOD2, ARL2, MFNs, mitoPLD, and MIROs at mitochon-
dria, suggestive of a possible protein complex or mitochondrial
outer membrane subdomain that we speculate is important to both
mitochondrial fusion and motility. These findings demonstrate a
novel mode of regulation of mitochondrial morphology that is pre-
dicted to be ancient and important in a number of currently uniden-
tified cellular conditions.

MATERIALS AND METHODS

Antibodies and reagents

The following antibodies were used in this study: rabbit monoclonal
TOMZ20 (Cell Signaling #42406S), myc (Invitrogen #R950-25), HSP60
(Stressgen #ADI-SPA-807), mouse monoclonal TOM20 (BD Biosci-
ences #61228), cytochrome ¢ (BD Biosciences #556432), and HA
(Cell Signaling #3724S). ARL2 and ELMOD?2 antibodies were gener-
ated in our lab and raised against their corresponding recombinant
full-length human proteins and have been described previously
(Sharer et al., 2002; Newman et al., 2014).

Cloning and constructs

The following plasmids were generously given or commercially ob-
tained and used in this study: MFN1-10xmyc, MFN2-16xmyc, MFN1-
3xHA, and MFN2-3xHA in pcDNA3.1 (David Chan, California
Institute of Technology; Chen et al., 2003); myc-MIRO1 (Addgene
plasmid #47888) and myc-MIRO2 (Addgene plasmid #4789, Pontus
Aspenstrom, Karolinska Institute; Fransson et al., 2003); human
mitoPLD-GFP (Michael Frohman, Stony Brook University; Huang
etal., 2011); mito-PAGFP (Richard Youle, National Institutes of Health
[NIH]; Addgene plasmid #23348; Karbowski et al., 2004); mito-
DsRed (James Zheng, Emory); mCherry-Sec61p (Gia Voeltz, Univer-
sity of Colorado; Addgene plasmid #49155); and pSpCas?(BB)-2A-
Puro (PX459) V2.0 (Addgene plasmid #62988). ARL2[Q70L],
ELMOD2-myc/his, and ELMOD2[R167K]-myc/his in pcDNA3.1 were
described previously (Zhou et al., 2006; Bowzard et al., 2007; East
et al., 2012). ELMOD2-myc/DDK in pCMVé6 was purchased from
OriGene (#MR204034). ELMOD2[R167K]-myc/DDK was generated
by site-directed mutagenesis using the QuickChange mutagenesis
kit (Agilent Technologies #210518) and sequence-verified. Note that
ELMOD2-myc/his directs expression of human ELMOD2, while
ELMOD2-myc/DDK directs expression of mouse ELMOD2. Human
and mouse ELMOD?2 share 87% sequence identity and are equally
capable of influencing mitochondrial morphology. However, mouse
ELMOD2 expresses to higher levels than human ELMOD?2 (Supple-
mental Figure S1). Lentiviruses directing expression of mouse
ELMOD2-myc or ELMOD3-myc were generated and purified in the
Emory Lentiviral Vector Core Facility after the ELMOD open reading
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frames were cloned into the pFUGW vector (Lois et al., 2002). For
simplicity, expression of all ELMOD2 constructs is referred to as
“ELMOD2-myc"” expression in the results and figure labels. The full
names of constructs used are provided in the figure legends.

Cell lines

COS7 cells were originally obtained from the American Type Culture
Collection. WT (parental; ATCC CRL-2991), MFN1-null, MFN2-null,
OPA1-null, and MFN1/MFN2 double knockout (DKO) immortalized
MEFs were a generous gift from David Chan (California Institute of
Technology; Chen et al., 2003; Koshiba et al., 2004; Song et al.,
2007).

The immortalized WT cells served as the parental population
for CRISPR-Cas9 knockout of ELMOD?2. To ensure that any pheno-
types studied were not the product of off-target effects of CRISPR
or random selection of clonal lines, we generated at least two null
lines from at least two different guide RNAs (a minimum of four
lines). Guides (20 nt) were designed using Benchling (https://
benchling.com/) and cloned into the pSpCas9(BB)-2A-Puro
(PX459) V2.0 vector. WT MEFs were transfected with guide plas-
mids, and 1 d later puromycin (3 pg/ml, Sigma #P8833) was added
for 4 d to enrich for transfected cells. Clonal isolation via limited
dilution was then performed in 96-well plates. Each clone was ex-
panded and genomic DNA was obtained for screening of indels by
Sanger sequencing.

Cell culture

Cells were grown in DMEM (ThermoFisher #11965) supplemented
with 10% fetal bovine serum (FBS; Atlanta Biologicals #511150) at
37°C in the presence of 5% CO; and in the absence of antibiotics.
No cells were cultured beyond 30 passages (all ELMOD2-null lines
were analyzed before passage 10). Cell density, feeding, and
plating were kept constant between conditions and experiments,
with a target of ~70% confluence for cell imaging. Cells were
screened for mycoplasma regularly by staining with Hoechst 33342
DNA dye.

Transfection and transduction

Cells at 90% density or higher were transfected in six-well plates
using the following protocols. COS7 cells were transfected with a
ratio of 2 ug Lipofectamine 2000:1 pg DNA. MEFs were transfected
using a similar protocol, though we found that optimal expression
was obtained using a 3:1 pg ratio of Lipofectamine 2000:DNA.
Cells were transfected with 0.5 pg MFN1-myc, MFN2-myc, MFN1-
HA, MFN2-HA, mitoPLD-GFP, myc-MIRO1, or myc-MIRO2, 2 ug
ARL2[Q70L] or mCherry Sec61B, or 4 ug of any ELMOD2-express-
ing plasmid. Plasmids were diluted in 250 pl Opti-MEM (Invitrogen
#31985). Lipofectamine 2000 (Invitrogen #11668) was diluted in a
separate tube containing 250 pl Opti-MEM, vortexed briefly, and
incubated at room temperature for 5 min. The tubes were mixed
and incubated for 20 min. Cell culture medium was changed to
1.5 ml of Opti-MEM, and transfection complexes (500 pl) were
added to the cells dropwise. After 4 h, cells were trypsinized and
replated into fresh wells or onto coverslips.

For lentiviral transduction for expression of ELMOD2-myc or
ELMOD3-myc, 10,000 cells were plated into 24-well plates and
allowed to settle for 1-2 h. Cells were transduced with virus (MOI of
2x10% at a 150:1 ratio of lentivirus to cells. After 48 h of treatment,
the medium was swapped with fresh DMEM + 10 FBS%.

For transfection of ELMOD2-null lines, cells were transfected
with PEl at a 3:1 g ratio of PEI to DNA. These complexes were
diluted in 0% FBS DMEM and incubated at room temperature for
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20 min before being added dropwise to cells immersed in 2% FBS
DMEM (medium swapped from 10% FBS DMEM to 2% FBS DMEM
immediately before transfection). Cells grew for 24 h before being
replated onto coverslips. After 48 h, cells were fixed and prepared
for immunofluorescence experiments (see below).

Immunoblotting

Cells were harvested by rinsing twice with phosphate-buffered
saline (PBS), collected by incubation in 5 mM EDTA in PBS, and pel-
leted in a microfuge (14,000 rpm, 4°C). Cells were lysed on ice for
30 min in 1% CHAPS, 25 mM HEPES, pH 7.4, 100 mM NaCl, and
0.1% protease inhibitors (Sigma #P-2714), and the S14 was ob-
tained by clarifying lysates by centrifugation for 30 min (14,000 rpm,
4°C). Protein concentrations were determined by Bradford Assay
(Bio-Rad #5000006) using bovine serum albumin (Thermo Scientific
#23209) as standard. Protein samples (20 pg/well) were separated
on 11% polyacrylamide gels and transferred to nitrocellulose mem-
branes (Bio-Rad #162-0112) at 20 V overnight. Membranes were
blocked in PBST (PBS with 0.1% Tween-20) containing 5% (wt/vol)
dry milk (Bio-Rad #170-6404) for 1 h. Membranes were then incu-
bated with primary antibody in blocking buffer at 4°C overnight,
followed by washing in PBST three times for 10 min each. Horserad-
ish peroxidase (HRP)-conjugated secondary antibody (GE #NA931V)
was diluted in PBST and incubated for 1 h at room temperature,
followed by washing three times in PBST for 10 min each. Excess
Tween-20 was removed by quickly rinsing membranes in PBS. Blots
were incubated in luminol-containing solution (0.1 mM Tris-HCI, pH
8.0, 1.2 mM luminol, 0.2 mM p-coumaric acid, 0.009% hydrogen
peroxide) for 1 min before exposure to film. Myc antibody was used
at a dilution of 1:1000 for immunoblotting experiments.

Immunofluorescence

Cells were grown on a matrigel (BD Biosciences #356231) coated
coverslip, fixed for 15 min in a prewarmed (37°C) solution of 4% para-
formaldehyde in PBS (140 mM NaCl, 3 mM KCI, 10 mM NayHPOy,
2mM KH,POy, pH 6.75) at room temperature, and permeabilized for
10 min with 0.1% (vol/vol) Triton X-100 in PBS at room temperature.
Coverslips were blocked for 1 h at room temperature using filtered
PBS containing 1% (wt/vol) bovine serum albumin (BSA) (Sigma
#A3059). Primary antibodies were incubated in blocking solution at
4°C overnight, followed by 4 x 5-min washes in PBS. Secondary anti-
bodies (1:500; Alexa fluorophores, ThermoFisher) were incubated in
blocking solution for 1 h at room temperature. Secondary antibody
was removed by 2 x 5-min washes in PBS. DNA was then stained with
Hoechst 33342 for 4 min, followed by 2 x 5-min washes in PBS.
Stained coverslips were mounted onto slides using MOWIOL.
Bleedthrough of secondary antibodies between channels was moni-
tored by staining cells regularly with secondary antibody only. Cells
stained for ER were fixed in 2% paraformaldehyde and 0.05%
glutaraldehyde in PHEM (68 mM PIPES, 25 mM HEPES, 15 mM EGTA
[ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N"-tetraacetic acid],
3 mM MgCly) for 10 min, and permeabilized by incubation in 0.05%
(wt/vol) saponin in all subsequent buffers.

Confocal images were acquired using an Olympus FV1000 mi-
croscope and Olympus Fluoview v1.7 software, using 488- and
543-nm laser excitation and a 100x oil objective (1.45 NA). Z-stacks
with a step size of 0.37 pm were acquired, which were converted to
maximum image intensity projections using FIJI where indicated.
The following antibody dilutions were used: rabbit monoclonal
TOM20 (1:200), myc (1:2000), HSP40 (1:5000), mouse monoclonal
TOMZ20 (1:5000), cytochrome ¢ (1:2000), HA (1:2000), ARL2 (1:2000),
and ELMOD2 (1:500).
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Live-cell imaging (mito-PAGFP assay)
For MFN2-null experiments, cells were transfected with 2 pg mito-
PAGFP, 1 ug mito-DsRed, and 3 pg of the indicated plasmid and
replated onto 35 mm MatTek dishes (#P35GC-1.5-14-C) following
4 h of transfection, as described above. For ELMOD2-null experi-
ments, cells were transfected using the previously described PEI
protocol. Cells were transfected directly onto glass bottom dishes
for 24 h with 4 pg mito-PAGFP, 2 pg mito-DsRed, and 18 pg PEI the
day before imaging. For all experiments, at least 2 h before imag-
ing, the medium was changed to prewarmed DMEM with 25 mM
HEPES plus 10% FBS and without phenol red (Invitrogen #21063).
Live-cell imaging was performed using a Nikon A1R confocal micro-
scope, enclosed in a temperature control chamber at 37°C, using a
100x (NA 1.49) oil objective. A circular ROI (4 um diameter) for pho-
toactivation was selected near the nucleus (Karbowski et al., 2014).
Photoactivation was achieved by excitation with 405 nm laser (45%
power) for six cycles for a total duration of 2.16 s. Images were ac-
quired at 1024 x 1024 pixels at 0.5 frames/s during photoactivation.
Images were then acquired every 10 min over 40 min. GFP and
DsRed were sequentially excited with 488- and 561-nm laser lines.
Imaging data were collected using Nikon Elements software.
Quantification of the mito-PAGFP mitochondrial fusion assay was
performed as previously described (Zunino et al., 2009) using FIJI. A
cell was excluded from analysis if it had less than a 10-fold increase
in GFP signal following photoactivation or moved from the field of
view during imaging. Masks for each channel were created, and
thresholding was performed using “Otsu dark” in FIJI. The number
of pixels within each mask for both GFP and DsRed was measured
and calculated as a ratio of GFP signal to DsRed signal. The differ-
ence in this ratio between 0 min (immediately after photoactivation)
and 10, 20, 30, or 40 min after photoactivation is reported as a
percent increase in green/red overlap.

Gated stimulated emission depletion (gSTED) microscopy
Cells were imaged on a Leica gSTED 3x microscope using a 100x
(NA 1.4) oil objective. Cells were selected based on an apparently
normal mitochondrial morphology, and a range of expressions
for each construct were examined. Fluorophores were excited by
488-nm and 561-nm laser lines, which were depleted with 592- and
660-nm laser lines, respectively. Z-stacks were acquired with a step
size of 0.22 pm, and were converted to maximum-image intensity
projections using FIJI where indicated. For each cell, a confocal im-
age was obtained in addition to gSTED data. Images were acquired
using Leica X software.

For deconvolution (LIGHTNING Image Information Extraction+),
the 3D data sets were first converted linearly into floating-point vari-
ables in an interval of [0, 1]. Using a globally effective deconvolution
parameter space the deconvolution of the 3D data set was per-
formed by a Richardson Lucy method using fast Fourier transforma-
tions (FFT). The abort procedure for the deconvolution process was
based on a cross-correlation procedure that allows a continuous
comparison of the image of the last iteration step performed with
that of the previous iteration. The iteration was terminated as soon
as the comparative images of the last two iterations showed no
more differences in their image inherent properties. Finally, the de-
convoluted floating-point data sets were converted back to 16-bit
data sets.

To quantify the average distance between puncta, the red and
green channels for each gSTED image were merged, and z-stacks
were converted to maximum-intensity projections in FIJI to yield a
single image per cell per condition. FlJI's segmented line tool
(linewidth of 5) was used to manually draw as many linear ROls as
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necessary to cover all easily discernable mitochondria in the cell
(total ROl length of at least 100 um per cell). Mitochondria that were
clustered so that individual mitochondria could not be distinguished
and out of focus mitochondria were excluded. FIJI was then used to
measure the red and green pixel intensities within these ROls. These
raw data were then used to generate plot profiles for graphical com-
parisons of staining periodicity (Microsoft Excel) and to measure the
distance between peaks in pixel intensities (MATLAB).

Imaris was used to calculate the Pearson’s correlation coefficient
between ARL2/ELMOD2 and several mitochondrial proteins. Be-
cause ARL2 and ELMOD?2 are present at multiple cellular locations,
a 3D ROI was generated around the mitochondria by selecting a
surface around the mitochondrial marker (TOM20, HSP60, cyto-
chrome ¢, MFN1/2, MIRO1/2, or mitoPLD). The surface was used to
generate a mask that was applied to both channels, eliminating all
signal outside the mask (Supplemental Figure S9). Pearson’s correla-
tion coefficient was then calculated for the masked channels.

Reproducibility/statistics

Every experiment described has been repeated independently at
least twice. Mitochondrial morphology was determined based on
visual inspection of cells. The designations of “fragmented,” “short,”
“tubular,” and “elongated” were defined and illustrated previously
(Newman et al., 2017a). Mitochondria that appeared predominantly
spherical in shape were classified as fragmented. Mitochondria were
defined as short if they assumed a short tube shape. Tubular
mitochondria appear mainly as longer tubes. Elongated mitochon-
dria are also tubes, but are longer than tubular mitochondria and
appear to form a much more interconnected network. If more than
one type of morphology was observable in a cell, the classification
was based on the morphology of the majority of the mitochondria in
that cell. Dead/dying cells and extremely abnormal-looking cells
were excluded. For quantification of immunofluorescence experi-
ments, at least 100 cells per condition were analyzed per experi-
ment. For live-cell experiments, 10 cells were analyzed per condition.
For gSTED analysis, at least three cells were analyzed per condition.
Error bars represent SEM. Single and double asterisks indicate
statistically significant differences (calculated by one-way analysis of
variance) at p < 0.05 and p < 0.01, respectively.
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