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Mitochondria are highly dynamic organelles that mediate essential
cell functions such as apoptosis and cell-cycle control in addition to
their role as efficient ATP generators. Mitochondrial morphology
changes are tightly regulated, and their shape can shift between
small, fragmented units and larger networks of elongated mito-
chondria. We demonstrate that mitochondrial elements become
significantly elongated and interconnected shortly after nutrient
depletion. This mitochondrial morphological shift depends on the
type of starvation, with an additive effect observed when multi-
ple nutrients are depleted simultaneously. We further show that
starvation-induced mitochondrial elongation is mediated by down-
regulation of dynamin-related protein 1 (Drp1) through modulation
of two Drp1 phosphorylation sites, leading to unopposed mitochon-
drial fusion. Finally, we establish that mitochondrial tubulation
upon nutrient deprivation protects mitochondria from autophago-
somal degradation, which could permit mitochondria to maximize
energy production and supply autophagosomal membranes during
starvation.
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Mitochondria are dynamic organelles that mediate many es-
sential cell functions. Depending on the cellular context,

mitochondria shift between fragmented and tubular network-like
morphologies by means of coordinated fission and fusion (1, 2).
Proteins responsible for mitochondrial fusion include the outer
mitochondrial membrane proteins mitofusin 1 (Mfn1) and mito-
fusin 2 (Mfn2) (3–5) and the inner membrane protein optic atro-
phy 1 (Opa1) (6). Fission is mediated by dynamin-related pro-
tein 1 (Drp1) (7, 8) and its interaction with binding partners Fis1
and/or mitochondrial fission factor (Mff) (9, 10). Multiple mech-
anisms, including phosphorylation, sumoylation, and ubiquitina-
tion, coordinate Drp1 fission capacity (11–14). Phosphorylation
of Drp1 at S616 by Cdk1/cyclin B results in increased Drp1 fis-
sion activity (13). Conversely, phosphorylation of Drp1 at S637
by PKA decreases fission by causing Drp1 retention in the cytosol,
whereas dephosphorylation of S637 by calcineurin causes Drp1
translocation to the mitochondria and increased mitochondrial
fission (11, 15).
Mitochondrial morphological dynamics are linked to regulation

of many specific cell functions. Changes in mitochondrial cristae
and mitochondrial fragmentation, for example, play a vital role
in apoptosis (16, 17). Ca2+ transfer (18), cell-cycle regulation (13,
19), and mitochondrial quality control (20, 21) are all closely tied
to changes in mitochondrial morphology. Furthermore, stress con-
ditions and changes in energy source can induce significant mi-
tochondrial morphological changes (22, 23). Very recently, nu-
trient starvation was shown to induce mitochondrial elongation
and to protect mitochondria from autophagic degradation (24).
In addition to the above functions, mitochondria have recently
been linked to autophagosome biogenesis during starvation
conditions (25), and it is possible that mitochondrial morpho-
logical changes play a role in this process.
Autophagy is a catabolic process that proceeds via formation

of a double-membrane vesicle, the autophagosome. Both cyto-

solic and organellar components can be engulfed by autophago-
somes, which then fuse with lysosomes. Once delivered to the
lysosome, autophagosomal contents are recycled, allowing pro-
longed cell survival when nutrients are scarce (26). Recent re-
search shows that the autophagy machinery can target specific
substrates for degradation depending on the cell’s needs in spe-
cific contexts such as mitochondrial stress (27, 28). Autophagy
induced by starvation, however, has traditionally been viewed as a
nonspecific process in which cytosolic and organellar components
are turned over en masse. Cells become highly dependent on
autophagy when nutrients are severely limited because autophagy
allows for replenishment of vital macromolecular precursors, in-
cluding amino acids, sugars, and fatty acids. These breakdown
products provide substrates for biosynthesis of core cell compo-
nents and metabolic substrates for the ATP production required
to drive macromolecule synthesis during starvation. Despite a
presumed need under starvation conditions for efficient ATP pro-
duction provided by mitochondria, it has been unclear whether
changes in mitochondrial morphology occur to facilitate pro-
motion of cell survival and how those dynamic changes in mito-
chondrial structure might be mediated.
Here, we address these questions by examining mitochondrial

morphology under nutrient deprivation. Our results demonstrate
that mitochondrial elongation is induced shortly after starvation.
This mitochondrial tubulation is reversible and depends on the
specific nutrients depleted. Mitochondrial elongation does not
occur when autophagy is induced by serum depletion or glucose
elimination. Rather, mitochondrial elongation is a specific re-
sponse to deprivation of glutamine and/or amino acids, with faster,
more extensive mitochondrial tubulation upon additional de-
pletion of glucose and serum. We demonstrate that starvation-
induced mitochondrial elongation is mediated by down-regulation
of Drp1, leading to unopposed mitochondrial fusion. The mito-
chondrial elongation response is further shown to protect mito-
chondria from autophagic turnover under starvation conditions.
This ability of autophagosomes to exclude mitochondria from
autophagic sequestration during starvation may serve to provide
efficient aerobic ATP production when energy sources are limited
and also highlights the previously unappreciated substrate speci-
ficity of the autophagosomal pathway during nutrient deprivation.

Results
Mitochondria Elongate During Cell Starvation. To determine
whether mitochondria undergo morphological changes upon
starvation, we imaged mouse embryonic fibroblasts (MEFs) ex-
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pressing the mitochondrial matrix targeted YFP (mito-YFP).
Starvation for 2 h with either Dulbecco’s PBS (DPBS; see Fig. 2 for
specific medium compositions) or HBSS resulted in a dramatic
increase in the percentage of cells with tubulated mitochondria
from 17% under normal growth conditions to 70% in DPBS and
76% in HBSS (Fig. 1), with significant tubulation observed within
1 h (Fig. S1A). MEF cells starved for 2 h and immunostained for
the endogenousmitochondrialmatrix proteinHsp60 also showed a
significant degree of mitochondrial tubulation, demonstrating that
mitochondrial fusion is not a result of mito-YFP overexpression
(Fig. S2). Mitochondrial tubulation was also observed upon star-
vation in COS-7, HCT116, and HEK293T cells, suggesting that
mitochondrial elongation is a common response to nutrient dep-
rivation in many cell culture types (Fig. S1B). Replenishment of
serum, glucose, and glutamine after starvation resulted in a return
to less tubulated mitochondrial morphology within 2 h, demon-
strating that starvation-induced elongation of mitochondria is re-
versible (Fig. S1C).
Because starvation is known to induce autophagy, we next

investigated whether induction of the autophagy machinery is
a prerequisite for mitochondrial elongation. To address this
question, we used Atg5-deficient MEFs (Atg5KO), which lack
the ability to elongate the isolation membrane (29). Starvation of
Atg5KO cells led to increased mitochondrial tubulation relative
to untreated cells (Fig. S1D). The retained ability of Atg5KO
MEF cells to induce mitochondrial tubulation under nutrient
depletion suggests that the early autophagosomal machinery is
not required for starvation-induced mitochondrial elongation.

Starvation Conditions Differentially Induce Mitochondrial Tubulation.
To determine the minimal starvation conditions capable of in-
ducing mitochondrial tubulation, we consecutively depleted single
groups of nutrients. A summary of the nutrient-depletion con-
ditions and their respective effects on mitochondrial morphology
is presented in Fig. 2. Neither glucose nor serum elimination

resulted in mitochondrial elongation. In fact, increased mito-
chondrial fragmentation was observed after 6–9 h of either serum
or glucose depletion. Reduction of glucose from 4.5 g/L to 1 g/L
prevented the increased mitochondrial fragmentation driven by
complete glucose starvation and induced some mitochondrial
elongation. Interestingly, elimination of either glutamine or amino
acids from the growthmedium resulted in increasedmitochondrial
tubulation after 6 h of starvation, indicating that a nitrogen-source
deficiency can effect mitochondrial fusion.
Combinations of nutrient depletions proved the fastest and

most effective way to induce mitochondrial elongation. Starvation
in low-glucose (1 g/L) and no-glutamine conditions resulted in
more cells containing fused mitochondria (69%) than in cells
deprived of single nutrients after 6 h (23% after reduced glucose
and 39% after glutamine elimination). Additional deprivation of
growth factors by serum depletion promoted an equally substan-
tial mitochondrial elongation and decreased the time needed for
robust tubulation from 6 to 1.5 h. The additive effect of combined
nutrient starvations on the extent and rate of mitochondrial
elongation indicates that mitochondrial tubulation can be modu-
lated according to the type and severity of starvation stress.

Starvation-Induced Mitochondrial Elongation Depends on Mfn1 and
Opa1 and Is Mediated by Two Drp1 Posttranslational Modifications.
To identify the machinery involved in mitochondrial elongation
upon starvation, we used MEF cell lines with deficiencies in the
indicated mitochondrial fusion proteins: Mfn1 (Mfn1KO), Mfn2
(Mfn2KO), Mfn1 and 2 (Mfn1/2DKO), and Opa1 (Opa1KO)
(5, 30). All of the knockout cell lines analyzed exhibited heavily
fragmented mitochondria during normal growth conditions. After
2 h of incubation inmediumwith low glucose (1 g/L), no serum, and
no glutamine (hereafter referred to as D-GSG), increased mito-
chondrial tubulation did not occur in Mfn1/2DKO and Opa1KO
cells, in contrast to the elongation observed inWTMEFs (Fig. S2).
D-GSG starvation of Mfn1KO MEFs resulted in slight mito-
chondrial elongation, in which a small increase in mitochondrial
length was observed but no truly tubulated phenotype was ap-
parent. The Mfn2KO cells’ elongation capacity mirrored that of
theWTcells when starvedwithD-GSG(Fig. S2). The highdegree of
elongation in nutrient-deprived Mfn2KO MEFs is particularly re-
markable in light of their initial highly fragmented state. These
results indicate that Mfn1 is essential for starvation-driven mito-
chondrial tubulation, whereas Mfn2 is dispensable for this activity.
To verify that starvation-induced mitochondrial fusion is in-

dependent of Mfn2, we analyzed cells deficient for Bax and Bak
(Bax/BakDKO) (31), which have been implicated in the control of
Mfn2-mediated mitochondrial fusion (32, 33). D-GSG starvation
of Bax/BakDKO cells induced extensive mitochondrial fusion,
similar to the effect observed in starved WT and Mfn2KO cells
(Fig. S2). The ability of Mfn2KO and Bax/BakDKO MEFs to
elongate mitochondria further suggests a minimal role for Mfn2
and indicates that starvation-induced mitochondrial fusion is
mainly mediated through Opa1 and Mfn1. A prominent role for
Mfn1 in effecting mitochondrial fusion during starvation is con-
sistent with evidence implicating Mfn1 as the primary driver of
mitochondrial fusion activity, whereasMfn2 has a more diverse set
of functions, including responsibility for endoplasmic reticulum–

mitochondria tethering (34, 35).
To better understand the mechanism underlying starvation-

induced mitochondrial elongation, we conducted a biochemical
analysis of the core mitochondrial fission and fusion machinery
for changes elicited under starvation conditions. No change was
observed in total Mfn2, Opa1, or Drp1 protein levels or migra-
tion rates by performing denaturing gel electrophoresis on D-
GSG, DPBS, and HBSS starvation of MEF cells (Fig. 3A). We
observed an apparent decrease in Mfn1 levels upon serum de-
pletion, but the change was not statistically significant (Fig. S3A).

Fig. 1. Starvation induces mitochondrial tubulation. MEFs were transfected
with mito-YFP. (Upper) Cells were starved 16 h after transfection for 2 h,
and live images were acquired. (Images in the second row are magnified
views of the boxed areas in first row.) (Lower) Mitochondrial morphology
was scored as follows: fragmented, mainly small and round; intermediate,
mixture of round and shorter tubulated; and tubulated, long and higher
interconnectivity. The percentage of cells with indicated mitochondrial mor-
phologies was determined as a percentage of the total number of transfected
cells counted (≥100 cells per experiment). n = 6 independent experiments.
(Scale bar: 15 μm.)
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Because Drp1 is regulated by phosphorylation, we sought to
assess the potential involvement of Drp1 phosphorylation sites
in starvation-induced mitochondrial elongation. Drp1-S616 phos-
phorylation decreased upon starvation (Fig. 3C) as determined
by immunoblotting with a phospho-S616–specific antibody. This
decreased Drp1-S616 phosphorylation is consistent with an in-
crease in mitochondrial elongation attributable to inhibited Drp1
fission activity. A phosphomimetic mutant (Drp1-S616E) over-

expressed in MEFs led to less mitochondrial elongation than
observed in cells transfected with WT Drp1 (wtDrp1) during
starvation (Fig. 3B and Fig. S3B). Overexpression of a non-
phosphorylatable Drp1-S616A mutant, on the other hand, did not
affect mitochondrial elongation after starvation (Fig. S3C).
We next investigated the effect of a second posttranslational

modification on Drp1-mediated mitochondrial fission during star-
vation. Overexpression of Drp1-S637A in MEFs resulted in sig-

Fig. 2. Mitochondrial tubulation is more efficiently induced by additive nutrient deprivation. MEFs were transfected with mito-YFP and starved for 2 h
(DPBS, D-GSG, and no Ser) or 6 h (no glc, low glc, no aa, no gln, and D-GG). Media compositions are given in the table. Mitochondrial morphology was scored
as described in Fig. 1 (n ≥ 3). Representative images of cells are shown in the first column. Images in the second column are magnified views of the boxed
areas in the first column. glc, glucose; gln, glutamine; aa, amino acids. (Scale bar: 15 μm.)

Fig. 3. Unopposed fusion mediates mitochondrial tubulation during starvation. (A, C, and D) MEFs were treated with the media indicated for 2.5 h (A) or 5 h
(C and D) and lysed in ice-cold lysis buffer A, and samples were subjected to immunoblotting against Mfn1, Mfn2, Opa1, Drp1, and pS616-Drp1 as indicated
(whole-cell lysates were probed in A and C; isolated mitochondria were probed in D). (B) At 16 h after transfection with the indicated YFP-tagged Drp1
constructs, cells were treated with full medium or starved in D-GSG for 2 h. Mitochondrial morphology was scored as described in Fig. 1 (n = 3).

10192 | www.pnas.org/cgi/doi/10.1073/pnas.1107402108 Rambold et al.
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nificantly fewer cells with elongated mitochondria compared with
wtDrp1-transfected cells after starvation (Fig. 3B and Fig. S3B).
This finding is consistent with a report showing that phosphoryla-
tion of Drp1-S637 results in cytosolic retention of Drp1 and a de-
crease in mitochondrial fission (15). Overexpression of the double
mutant Drp1-S616E/S637A during starvation resulted in a statisti-
cally significant decrease in mitochondrial tubulation compared
with either Drp1-S616E– or Drp1-S637A–tranfected cells, in-
dicating that a synergistic effect of the two posttranslational mod-
ifications is possible (Fig. 3B and Fig. S3D).
A comparison of Drp1 levels associated with mitochondria

revealed a substantial decrease in mitochondrial localization of
Drp1 upon starvation, whereas total Drp1 levels remained con-
stant (Fig. 3 A andD), suggesting a reduction in the ability of Drp1
to effect fission after nutrient depletion. Together, these data
suggest that starvation inhibits mitochondrial fission both by de-
creasing Drp1 fission activity and by preventing Drp1 localization
to mitochondria, leading to unopposed Opa1/Mfn1-dependent
mitochondrial fusion.

Elongation Protects Mitochondria from Mitophagy. Mitochondrial
fragmentation and dysfunction have been described as precon-
ditions for autophagy ofmitochondria (mitophagy) under different
conditions (21, 27, 36), which led us to investigate whether star-
vation-induced mitochondrial fusion can prevent mitochondria
from being targeted for autophagy. We did not observe a decrease
in mitochondrial mass during a 5-h starvation in WT cells, con-
sistent with our previously reported data (25). However, mito-
chondrial fusion-deficient Opa1KO cells showed a significant de-
crease in mitochondrial proteins Tom20, Hsp60, and Complex V
(subunit α) under starvation conditions (Fig. 4A). Furthermore,
autophagosome-engulfedmitochondria were observed in nutrient-
deprived Opa1KO cells containing fragmented mitochondria but
not in WT cells with elongated mitochondria (Fig. S4).
To more clearly establish whether elongation can protect mi-

tochondria from autophagy, we investigated whether high levels
of mitophagy could be reversed by starvation-induced mito-
chondrial fusion. Here, we took advantage of the fact that serum
starvation induces autophagy without inducing mitochondrial
fusion (Fig. 2). First, we quantified mitophagy levels in WT and
Mfn2KO MEFs transfected with GFP-LC3 and mitochondrially
targeted red fluorescent protein (mito-RFP) using live-cell im-
aging. For better identification of mitochondrial material engul-
fed in autophagosomes, we blocked lysosomal turnover with
bafilomycin A1. A lower incidence of mitophagy was observed in
serum-starved WT cells compared with Mfn2KO cells (Fig. 4B).
Additionally, there was a large subpopulation (29% of cells) in
the starved Mfn2KO cells with >7 mitochondria-containing
autophagosomes (approximately 5% in WT cells). The increased
incidence of mitophagy could suggest that mitochondria from
Mfn2-deficient cells are more prone to dysfunction because of the
lack of endoplasmic reticulum–mitochondria tethering and al-
tered calcium handling (34) and is consistent with evidence that
serum starvation is associated with enhanced turnover of dys-
functional mitochondria (37). Next, we investigated whether the
high levels of mitophagy in serum-starved Mfn2KO cells could be
reduced if mitochondrial fusion was induced through glutamine
depletion and glucose reduction. Indeed, although 29% of serum-
starved Mfn2KO cells had >7 mitochondria in autophagosomes,
only 1% of the D-GSG–starved cells contained >7 engulfed mi-
tochondria (Fig. 4B). These findings support the hypothesis that
mitochondrial elongation has a strong capacity to prevent mito-
chondrial turnover during starvation-induced autophagy.

Discussion
Mitochondrial morphological changes have been associated with
many vital cellular functions. Mitochondrial fragmentation is
important for progression of apoptosis (38, 39) and M phase (40)

and for degradation of defective mitochondria (21). The number
of processes involving mitochondrial fusion is equally diverse,
underscoring the importance of understanding how changes in
mitochondrial morphology are related to specific outcomes in
the cell. Several lines of evidence, including the data presented
here, indicate that mitochondrial fusion can serve a protective
function, leading to the exchange of mitochondrial DNA, re-
organization of mitochondrial cristae, and delay in apoptosis (22,
38, 39, 41). It is therefore reasonable that such mitochondrial
morphological changes could also be beneficial for cells under
conditions of low nutrient supply. Precedent for such energy
source-induced mitochondrial morphological change was estab-
lished on the observation that cells grown with galactose/glutamine
instead of glucose resulted in more interconnected mitochondria
with increased cristae (23). Here we demonstrate that mitochon-
dria undergo rapid Mfn1- and Opa1-dependent elongation, me-
diated by two Drp1 posttranslational modifications after nutrient
depletion (Fig. 5). The extent and rate of mitochondrial elongation
increases upon additive nutrient starvation, with elongation pro-
tecting mitochondria from sequestration and subsequent degra-
dation by autophagosomes.
Starvation-inducedmitochondrial tubulation requires bothOpa1

and Mfn1. Although Mfn2 appears capable of providing slight re-
dundancy for Mfn1 fusion activity, the lack of a strong mitochon-
drial fusion phenotype in Mfn1KO cells indicates Mfn2 alone is

Fig. 4. Mitochondrial tubulation ameliorates autophagosomal degradation
of mitochondria during starvation. (A) WT and Opa1KO MEFs were treated
with the indicated media for 5 h, and equal numbers of cells were lysed.
Whole-cell lysates were subjected to immunoblotting against the proteins
indicated. (B) Mfn2KO cells show increased mitophagy during serum star-
vation, which can be rescued through mitochondrial tubulation. WT and
Mfn2KO MEF cells were transfected with GFP-LC3 and mito-RFP and starved
for serum or D-GSG for 4 h in the presence of bafilomycin A1, and live images
were acquired. Cells were grouped into categories according to the number
of mitochondria in autophagosomes and are presented as percentage of the
total number of transfected cells counted (n = 3). (Scale bar: 15 μm.)
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insufficient to induce robust mitochondrial elongation after star-
vation. Our finding that Mfn2, but not Mfn1, is dispensable for
starvation-induced mitochondrial fusion parallels the reported
Mfn1 and Mfn2 requirements during stress-induced mitochondrial
fusion (22). Mitochondrial elongation does not appear to be acti-
vated through increased expression levels of fusion proteins; how-
ever, it is unclear whether differences in the oligomerization states
of either Mfn1 or Opa1 play a role. We also cannot rule out addi-
tional mechanisms like the involvement of SLP-2, which can sta-
bilize the long isoforms of Opa-1 under low-stress conditions (22).
Our investigation of the mitochondrial fission machinery reveals

two mechanisms by which Drp1 can be inhibited during nutrient
depletion. First, Drp1 mitochondrial localization is decreased,
likely by phosphorylation at S637. Second, Drp1 is dephosphory-
lated at S616. We demonstrate that expression of Drp1-S616E
increases fission of starved cells by a small amount compared with
the expression of Drp1-S637A. The partial effect of the Drp1-
S616E may reflect the fact that Drp1 is regulated by a number of
mechanisms. Indeed, a Drp1-S616E/S637A double mutant further
reduces mitochondrial fusion capacity relative to each single
mutant. It is likely that both Drp1-S616 dephosphorylation and
Drp1-S637 phosphorylation are necessary for a robust and rapid
mitochondrial elongation response after starvation. A recent pub-
lication by Scorrano and colleagues also demonstrated that Drp1-
S637 modification can mediate starvation-induced mitochondrial
elongation (24). The study did not address the role of Drp1-S616,
and it is unclear whether they investigated this particular site.
Additional mechanisms for Drp1 down-regulation, such as target-
ing of Drp1 on mitochondria by E3 ligases to decrease the mito-
chondrial pool of Drp1 (42, 43), may also be possible.
Our data suggest that mitochondrial elongation serves a pro-

tective function frommitophagy, in agreement with the findings of
Gomes et al. (24) and consistent with the mitochondrial quality-
control study published by Shirihai and colleagues showing dys-
functional mitochondria are unable to fuse into the mitochondrial
network, making them susceptible to degradation (21). Another
study shows that cytoplasmic components are degraded during the
initial period of starvation (0–6 h), whereas mitochondria become
a substrate much later (44). Mitochondrial fusion might be the

basis for this specific exclusion of mitochondria from degradation
during the initial period of starvation. Whether mitochondria
cannot be targeted for autophagy because of their size or because
the mitophagy machinery does not recognize them in a fused form
is still unclear and requires further investigation.
The fact that starvation-induced mitochondrial fusion prevents

mitophagy begs the question: Why are mitochondria elongated
and spared from autophagy during starvation? Our group re-
cently demonstrated that mitochondria are capable of providing
membrane to autophagosomes during starvation (25). Perhaps
one advantage of sparing mitochondria during starvation is to
permit mitochondria to serve as an autophagosome membrane
source. It is also possible that cells elongate and protect their
mitochondria during starvation to use the efficient ATP-producing
capacity of fused mitochondria. Mitochondrial fusion has been
linked to increased ATP production during stress, starvation, and
cell cycle (19, 22, 24). Therefore, elongated mitochondria during
starvation might lead to increased mitochondrial ATP pro-
duction important for meeting the cell’s metabolic needs while
allowing for recycling of other biological materials. Our data
demonstrate that depletion of groups of nutrients, including
glutamine and amino acids, can elicit the mitochondrial elon-
gation response. It is possible that when deprived of nitrogen
sources (i.e., amino acids and glutamine), cells maximize ATP
production efficiency so that amino acids can be used exclusively
for protein synthesis instead of for energy production. That is,
protection of mitochondria from mitophagy combined with au-
tophagic degradation of cytosolic material would provide for
both maximal energy production and generation of macromo-
lecular precursors to promote survival during starvation. The
additive effect of depleting nutrients important for mitochon-
drial respiration further supports a model in which mitochondria
are protected from autophagy specifically to ensure maximally
efficient ATP production under nutrient-limiting conditions.
Finally, we show that Mfn2KO MEFs can be rescued from

serum starvation-induced mitophagy by additional depletion of
glucose and glutamine. These data demonstrate that starvation-
induced autophagy is not as nonspecific as previously assumed,
and substrate targeting depends on the type of nutrients that
are depleted. Our data suggest that targeting of mitochondria by
the autophagy machinery can be rapidly reversed depending on
the stimulus and, presumably, the cell’s needs. The fact that
autophagy is capable of differentially targeting substrates during
starvation is perhaps not surprising, given that peroxisomes (45),
bacteria (46), and other substrates are also preferentially tar-
geted under specific conditions. Further investigation of auto-
phagic responses to specific stresses and determination of how
substrate specificity is achieved will be crucial to gain a better
understanding of the mechanisms promoting cell survival under
diverse nutrient-limiting conditions.

Materials and Methods
Cell Culture and Transfection. All cell lines were maintained in DMEM with
10% FBS. For starvation experiments, media was purchased from Invitrogen.
Bafilomycin A1 (Sigma-Aldrich) was used at a concentration of 200 nM for the
time points indicated. Cells were transfected with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.

Cells were transfected with mito-YFP, mito-RFP, GFP-Drp1, and GFP-LC3
as described previously (19, 25). Drp1 mutants YFP-Drp1-S616E, YFP-Drp1-
S637A, and YFP-Drp1-S616E/S616A (numbers correspond to human isoform
1; isoform 4 was used here) were generated by site-directed mutagenesis.
Primers are listed in SI Materials and Methods.

Immunoblotting and Mitochondrial Isolation. Antibody purchasing informa-
tion can be found in SI Materials and Methods. Mitochondria were isolated
with the Mitochondria Isolation Kit for Cultured Cells (Pierce) according to
the manufacturer’s instructions. Cells and isolated mitochondria were lysed
with lysis buffer A [20 mM Tris (pH 7.4), 150 mM NaCl, 2 mM EDTA, and 1%
Triton X100 with protease and phosphatase inhibitors] for 20 min at 4 °C.

Fig. 5. Elongation of mitochondria is mediated by posttranslational modi-
fication of Drp1 and prevents mitophagy during nutrient starvation. Model
shows the protective effect of tubulation on mitochondria upon nutrient
deprivation. Tubulation of mitochondria is mediated through modifications
of Drp1. Lack of Mfn1/2 or Opa1 inhibits the mitochondria’s fusion capacity
during starvation. Reference numbers are indicated in parentheses. (This
figure was prepared by Medical Illustration, National Institutes of Health
Medical Arts Design Section.)

10194 | www.pnas.org/cgi/doi/10.1073/pnas.1107402108 Rambold et al.

D
ow

nl
oa

de
d 

at
 (

#3
83

63
5)

 IM
M

U
N

B
IO

LO
G

IE
 o

n 
M

ar
ch

 4
, 2

02
0 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1107402108/-/DCSupplemental/pnas.201107402SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1107402108/-/DCSupplemental/pnas.201107402SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1107402108


Protein concentrations were measured with bicinchoninic acid (Pierce)
according the manufacturer’s instructions, and 10 μg of protein was loaded
on 4–12% NUPAGE Gels (Invitrogen). Primary antibodies were added for 16 h
at 4 °C and secondary antibodies for 1 h at 24 °C. Antibody binding was
detected with SuperSignal West Pico Chemiluminescent Substrate (Pierce).

Imaging and Statistics. Cells were stained as described previously (47). Cells
were seeded either in LabTek chambers (Thermo Scientific) or on coverslips
for live-cell imaging and immunofluorescence, respectively. Live and fixed
cells were imaged on an LSM 510 META Zeiss microscope using a 63× oil

objective at 37 °C. Images were analyzed with Karl Zeiss MicroImaging
Software. Brightness and contrast were adjusted in Adobe Photoshop CS.
Data were expressed as means ± SD. Statistical analysis among groups was
performed using Student’s t test.
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