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Recruitment of the GTPase dynamin-related protein 1 (Drp1)
to mitochondria is a central step required for mitochondrial fis-
sion. Reversible Drpl phosphorylation has been implicated in
the regulation of this process, but whether Drpl phosphoryla-
tion at Ser-637 determines its subcellular localization and fis-
sion activity remains to be fully elucidated. Here, using HEK
293T cells and immunofluorescence, immunoblotting, RNAj,
subcellular fractionation, co-immunoprecipitation assays, and
CRISPR/Cas9 genome editing, we show that Drp1 phosphory-
lated at Ser-637 (Drp1P5¢%7) resides both in the cytosol and on
mitochondria. We found that the receptors mitochondrial fis-
sion factor (Mff) and mitochondrial elongation factor 1/2
(MIEF1/2) interact with and recruit Drp1P5%37 to mitochondria
and that elevated Mff or MIEF levels promote Drp1P5%%7 accu-
mulation on mitochondria. We also noted that protein kinase A
(PKA), which mediates phosphorylation of Drp1l on Ser-637, is
partially present on mitochondria and interacts with both
MIEFs and Mff. PKA knockdown did not affect the Drp1-Mff
interaction, but slightly enhanced the interaction between Drp1
and MIEFs. In Drp1-deficient HEK 293T cells, both phosphomi-
metic Drp1-S637D and phospho-deficient Drp1-S637A vari-
ants, like wild-type Drpl, located to the cytosol and to mito-
chondria and rescued a Drp1 deficiency-induced mitochondrial
hyperfusion phenotype. However, Drp1-S637D was less effi-
cient than Drp1-WT and Drp1-S637A in inducing mitochon-
drial fission. In conclusion, the Ser-637 phosphorylation status
in Drp1 is not a determinant that controls Drp1 recruitment to
mitochondria.

Mitochondrial morphology is highly dynamic, controlled by
a balance between mitochondrial fission and fusion (collec-
tively termed mitochondrial dynamics) (1, 2). In mammalian
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cells, mitochondria are organized into dynamic tubular net-
works that frequently change their morphology and cellular
distribution via fission and fusion events in response to meta-
bolic demands or pathological conditions (2—6). Aberrant reg-
ulation of the mitochondrial fission/fusion balance causes
mitochondrial dysfunction and has been implicated in human
disease (7-16).

In mammals, the mitochondrial fusion machinery consists of
three key dynamin-related GTPases: the two outer membrane—
anchored GTPases, mitofusin 1 and 2 (Mfn1 and Mfn2), and the
inner membrane—anchored GTPase OPA1. Mfnl and Mfn2 are
highly homologous and anchored in the outer mitochondrial
membrane by two transmembrane segments (17). Mfn1l and
Mfn2 on adjacent mitochondria can form homodimers and
heterodimers through trans-interactions, tethering the outer
membranes of adjacent mitochondria together (18). Therefore,
Mfn1 and Mfn2 are essential for fusion of mitochondrial outer
membranes, whereas OPA1 is critical for fusion of the inner
membranes (7, 19).

The dynamin-related GTPase Drpl is a core component of
the mitochondrial fission machinery and plays a central role in
mitochondrial fission. Drp1 is primarily distributed in the cyto-
sol of mammalian cells, but shuttles between the cytosol and
the mitochondrial surface (20, 21), and translocation of Drp1 to
mitochondria has emerged as a key step in mitochondrial fis-
sion. In mammals, Drp1 is recruited from the cytosol to the
mitochondrial surface via its receptors Mff,”> MIEFs (MIEF1
and MIEF2, also known as MiD51 and MiD49) and Fisl (22—
30). At the mitochondrial surface Drpl is assembled into high-
er-order complexes (oligomers) at endoplasmic reticulum—
mitochondrial contact sites and wrap around the mitochondria
to induce mitochondrial fission via its GTPase activity (31-35).
Therefore, Drpl-mediated mitochondrial fission is believed to
be a multi-step process requiring the sequential and coordi-
nated interaction of Drpl with a number of other fission-pro-
moting factors. For instance, endoplasmic reticulum, together
with actin-filaments, plays a crucial role in establishing con-
striction sites before Drp1 recruitment (36, 37) and Dyn2 coor-
dinates with Drpl at the final step of mitochondrial division
(38).

> The abbreviations used are: Mff, mitochondrial fission factor; MIEF, mito-
chondrial elongation factor; PCC, Pearson’s correlation coefficient; pAb,
polyclonal antibody; co-IP, co-immunoprecipitation
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Phospho-Drp1 (Ser-637) does not block Drp1 recruitment

The fission activity of Drpl can be modulated by multi-
ple posttranslational modifications, such as ubiquitylation,
SUMOylation, S-nitrosylation, and phosphorylation (39 -42).
Phosphorylation of Drp1 is the most studied posttranslational
modification regulating mitochondrial fission, and phosphory-
lation occurs at two serine residues: Ser-616 and Ser-637 (in
human Drpl isoform 1) (33, 39, 40). Drp1-Ser-616 phosphor-
ylation is cell cycle-regulated via Cdkl/cyclin B and causes
mitochondrial fragmentation (43). Drp1-Ser-637 is phosphor-
ylated by the cAMP-dependent protein kinase A (PKA), which
likely inhibits mitochondrial fission through impairing Drpl
GTPase activity and preventing translocation of Drp1 to mito-
chondria (44 —46). Conversely, dephosphorylation at Ser-637
by calcineurin appears to increase mitochondrial recruitment
of Drpl, in turn promoting mitochondrial fission (45, 46).
Reversible phosphorylation of Drpl may play a critical role in
regulating its subcellular localization and fission activity, but
many aspects of Drp1 phosphorylation are still not fully under-
stood. For instance, whether the phosphorylation status of
Drpl in fact determines its subcellular localization and/or
direct interaction with mitochondrial receptors MIEFs and Mff
remains to be elucidated.

In this study, we address the role of Drp1 phosphorylation at
Ser-637 (Drp1P5°%”) for subcellular localization and ability to
regulate mitochonderial fission. We show that Drp1°%°*” distrib-
utes to both the cytosol and mitochondria and does not play a
major role in controlling mitochondrial fission.

Results
Phosphorylated Drp1°%%7 is present on mitochondria

The phosphorylation status of Drpl1-Ser-637 has been pro-
posed to influence recruitment of Drp1 to mitochondria as well
as its efficiency in mitochondrial fission (33, 39, 40, 42). To
address this issue, we first examined the level of phosphorylated
Drpl-Ser-637 (Drp1P%¢%?) in 293T cells and found that the
basal level was very low in these cells, but could be rapidly ele-
vated by treatment with the PKKA activator forskolin, and even
further by a combination of forskolin with the calcineurin
inhibitor FK506 (Fig. 14, lanes 1, 2, and 4). In contrast, no
elevation was observed with FK506 alone (Fig. 1A, lane 3),
whereas phospho-Drpl-Ser-616 (Drp1P5¢'¢) was easily
detected in 293T cells by Western blotting in all these cases
(Fig. 1A). The specificity of the antibodies used for detecting
total Drp1, Drp1?°%%7, and Drp1P°®'® is shown in Fig. S1.

To analyze the subcellular distribution of Drp1P%%%7, we
therefore used a combination of forskolin and FK506 treatment
to enhance expression levels of Drp1P5%%” in cells followed by
immunofluorescence confocal microscopy. As shown in Fig. 1,
B and C, treatment with forskolin/FK506 greatly enhanced the
amount of Drp1P5°3” in 293T cells, and Drp1P*®3” was present
both at the mitochondrial surface and in the cytosol. Confocal
microscopy combined with 3D surface rendering revealed that
Drp1P5¢37 Jocalized to the pre- and post-fission sites and over-
lapped with total Drp1 on the surface of mitochondria (Fig. 1, D
and E, arrows). Quantitative co-localization analysis using
Pearson’s correlation coefficient (PCC) confirmed that the
increased amount of DrplP*®*” was accompanied by an
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increased co-localization of Drp1P%®*” with mitochondria (Fig.

1F). These results indicated that Drp1P5®3” can be recruited to
the mitochondrial surface and/or that Drp1 can be phosphory-
lated when localized on mitochondria.

Additionally, we found that forskolin treatment increased
the percentage of cells with tubular mitochondria (Fig. 1G), in
keeping with previous observations (44 —46). This appears to be
consistent with the view that phosphorylation of Drpl at Ser-
637 inhibits Drpl-mediated fission, leading to mitochondrial
elongation. However, we found that a further increase in the
level of Drp1P%%” by forskolin/FK506 treatment resulted in the
opposite effect on mitochondrial morphology, i.e. a promotion
of mitochondrial fragmentation (Fig. 1G). These results imply
that the phosphorylation status of Drp1 at S637 does not play a
crucial role in forskolin- or forskolin/FK506-induced altera-
tions of mitochondrial dynamics, and that additional mecha-
nisms are involved in regulating mitochondrial morphology.

MIEFs and Mff recruit Drp 1737 as well as nonphospho-
Drp1°%37 to the surface of mitochondria

It was reported previously that Mff and MIEFs (MIEF1 and
MIEF2) interact with and recruit Drpl from the cytosol to
mitochondria (23-27) but whether Drp1P5¢®” is recruited in a
similar manner was not addressed. We therefore examined
effects of overexpression of Mff, MIEF1, or MIEF2 on the sub-
cellular localization of total Drp1 and Drp1P%%3” after treatment
with forskolin plus FK506 by confocal microscopy. Consistent
with previous studies (23-27), overexpression of Myc-Mff,
MIEF1-V5, or MIEF2-V5 enhanced levels of total Drpl on
mitochondria (Fig. 2A, middle panels). Meanwhile, we found
that overexpression of Myc-Mff, MIEF1-V5, or MIEF2-V5 also
increased the accumulation of Drp1P%®*” on mitochondria
in 293T cells treated with forskolin plus FK506 compared with
empty vector control cells (Fig. 24, lower panels). Consistent
with this, Drp1l/mitochondria co-localization analysis by PCC
showed a significant increase of Drp1P*®3” on mitochondria
in cells transfected with Mff, MIEF1, or MIEF2 compared with
control (empty vector) (Fig. 2B). In agreement with these
results, subcellular fractionation analysis revealed that
Drp1P5%%” was present both on mitochondria and in the cytosol
0f 293T cells treated with forskolin plus FK506 (Fig. 2, C and D).
Overexpression of either Mff or MIEFs also resulted in a rela-
tively increased amount of Drp1P%%*” and total Drpl in the
mitochondrial fractions (Fig. 2, C and D). Collectively, these
data indicate that Drp1°%®” is recruited to mitochondria by Mff
and MIEFs.

MIEFs and Mff interact with Drp1°*®3” and
nonphospho-Drp 15537

We next assessed whether Mff and MIEFs interact with
Drp1P5%%7, Overexpression of either MIEFs or Mffin 293T cells
did not significantly affect levels of total Drpl and phosphory-
lated Drpl-Ser-616 (Drp1P°'®) in cells (Fig. 34, Input), and
co-immunoprecipitation revealed that Drp1P5¢'¢ interacted
with the two MIEFs as well as with Mff, but the binding to Mff
was relatively lower than to MIEF1 and MIEF2 in normal cells
(Fig. 34, IP). As the endogenous levels of Drp1P%®%” in the
absence of PKA stimulation were too low for conclusions to be
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drawn (Fig. 3A4), we performed MIEFs and Mff co-IP experi-
ments following forskolin treatment. The data reveal that
Drp1P%%%7 interacted with both MIEFs and Mff (Fig. 3B), with a
relatively higher proportion of Drp1P5?” relative to total Drp1l
in the Mff-Drp1 complex than in the MIEF1-Drpl and MIEF2-
Drpl complexes (Fig. 3D). A similar result was obtained when
cells were treated with another PKA activator, 8-bromo-cAMP
(Fig. 3, Cand D). However, the proportion of Drp1P5%” relative
to total Drp1 in the Mff-Drp1 complex was slightly different for
the forskolin versus the 8-bromo-cAMP treated cells (Fig. 3,
B-D). Co-immunoprecipitation with a Drp1P5¢*”-specific anti-
body after forskolin treatment confirmed that Drp1P*%*” inter-
acted with both MIEFs and Mff at endogenous levels (Fig. 3E).

We recently reported that MIEFs serve as a molecular bridge
linking Drp1 and Mff in a trimeric Drp1-MIEF-Mff complex on
mitochondria and facilitate a direct physical binding of Drp1 to
MIff via a transition of Drpl from a trimeric Drpl-MIEF-Mff
complex to a dimeric Drpl-Mff complex (30). These findings
prompted us to explore whether ablation of endogenous MIEFs
could also affect the binding of Drp1P%°*” to Mff. First, co-IP
experiments revealed that the enhanced cellular levels of
Drp1P%%%” induced by forskolin treatment did not affect the
interaction of endogenous Mff with total Drp1 (Fig. 3F). How-
ever, knockdown of both MIEF1/2 by siRNA greatly reduced
the amount of Drp1P%%” as well as the amount of total Drp1l
bound to Mff (Fig. 3G), indicating that endogenous MIEFs pro-
moted the association of Mff with both Drp1P%®3” and non-
phospho-Drp1%°%”, Collectively, these data lead us to conclude
that MIEFs and Mff may interact with and recruit Drp1?5%%” to
mitochondria.

PKA is not a major factor for regulating the interaction of Drp1
with Mff and MIEFs

Because PKA is a major kinase that phosphorylates Drp1 at
Ser-637 (44, 45, 47), we explored potential roles of PKA in reg-
ulating Drpl subcellular localization and the association of
Drpl with MIEFs and Mff. First, we showed that PKA was pres-
ent in both the mitochondrial and the cytosolic fractions in
293T cells (Fig. 44), and PKA partially appeared as punctate
structures on mitochondria (Fig. 4B) in line with a previous
report (47). Co-IP experiments revealed that endogenous PKA
interacted with exogenously expressed MIEFs and Mff, but the
interaction of PKA with Mff was much weaker than with MIEFs
(Fig. 4C). Furthermore, knockdown of Drp1 by siRNA resulted
in an increased interaction between MIEFs and PKA (Fig. 4D),
implying that PKA bound to MIEFs independently of Drpl. We

next evaluated potential effects of PKA knockdown on the asso-
ciation of Drpl with Mff and MIEFs. Depletion of PKA by
siRNA slightly increased the interaction of Drpl with MIEF1
and MIEF2 (Fig. 4E) but had no discernable effect on the inter-
action between total Drpl and Mff at endogenous levels (Fig.
4F). These results indicate that PKA is not a major factor in
regulating the interaction of Drp1 with Mff and MIEFs.

The phosphorylation status of Drp1 mildly affects
mitochondrial fission but is not a determinant controlling the
recruitment of Drp 1 to mitochondria

Drpl, in mammalian cells, is thought to exist as multiple
assembly units including dimers, tetramers, and higher-order
oligomers in a dynamic equilibrium (48-51). Therefore, to
exclude potential interference of endogenous WT Drpl in
these experiments as well as interference of the tag linked to
Drpl, we used a Drpl-deficient (Drpl~/") 293T cell line gen-
erated by CRISPR/Cas9-mediated genome editing (52) and
evaluated the effects of reconstituted untagged phosphomi-
metic (Drp15°3”P) and phospho-deficient (Drp15°3”4) versions
on the subcellular distribution and function of Drpl in these
cells. In reconstituted Drpl~/~ cells, the subcellular distribu-
tion of Drp1%¢3"P and Drp15°*”4 was comparable to that of
Drpl (Drp1™7") (Fig. 5A4). Like Drp1™", Drp1%°*”® and
Drp1°374 mutants were distributed both in the cytosol and on
mitochondria. Quantitative Drpl/mitochondrial co-localiza-
tion analysis by PCC further confirmed that neither of the
mutants had a significantly altered distribution on mitochon-
dria (Fig. 5B). Moreover, Drp1%°*”® and Drp15°3"4 both effi-
ciently reversed the mitochondrial hyperfusion phenotype
caused by loss of endogenous Drpl (Fig. 5A4). However,
Drp15%3”P expression resulted in a small but statistically signif-
icant decrease in the number of cells with fragmented mito-
chondria, whereas Drp15°%74 expression led to a slight increase
(but did not reach statistical significance) compared with
Drp1™?™, These data indicate that Drp15°*”? s less efficient in
mitochondrial fission compared with Drp1¥™* and Drp15¢374
(Fig. 5C). No difference in subcellular distribution was observed
in Drpl ™/~ cells expressing Drp1°°'®* and Drp1°°'°", com-
pared with Drp1¥™ (Fig. 5, A and B). In contrast to Drp15¢377,
the phosphomimetic Drp15°'°"® was more efficient than
Drp1%¢'# and Drp1¥7 in inducing mitochondrial fragmenta-
tion (Fig. 5C), consistent with a previous study (53).

We next assessed the effects of forskolin/FK506 treatment on
phosphorylation of Drp1¥7", Drp1%°*’®, and Drp1%°*’* in
Drpl~/~ cells. Forskolin/FK506 treatment only induced phos-

1pS637

Figure 1. Drp

is present in the cytosol but also on mitochondria. A, the basal level of phosphorylated Drp

1P%637 is very low in 293T cells but can be

boosted by treatments either with the PKA activator forskolin or with forskolin plus FK506 (a calcineurin inhibitor), but not with FK506 alone. 293T cells were
treated with DMSO (control), forskolin (30 um), FK506 (10 wm), or forskolin (30 um) plus FK506 (10 um) for 3 h. Cell lysate was subjected to immunoblotting with
indicated antibodies. The ratio of Drp1°*%*’/GAPDH was analyzed by densitometry. GAPDH was used as loading control. B, confocal images showing subcel-
lular localization of Drp1P¢*” and total Drp1 after forskolin/FK506 treatment. 293T cells treated with DMSO (control) or with forskolin (30 um) plus FK506 (10
um) for 3 h and stained with MitoTracker (red), anti-phospho-Drp1 (Ser-637) (green), and anti-Drp1 antibody (yellow, for detecting total Drp1). Insets represent
high magnification views of the boxed areas. C, 3D surface rendering reconstruction of the cell treated with forskolin plus FK506 as shown in the lower panel in
B.The Drp1P>%37 (green) and total Drp1 (cyan) proteins, as well as mitochondria (red) are indicated. D and E, the high magnification views of the boxed area in
(C) show overlaps of Drp1P53” (green) with total Drp1 (cyan) at pre- and post-fission sites on mitochondria (arrows). F, quantitative co-localization of Drp1P%¢3”
and total Drp1 with mitochondria (from B) was analyzed using the PCC (mean = S.E.M.) in cells treated with DMSO or forskolin plus FK506. n represents the
number of cells analyzed. G, forskolin treatment induces mitochondrial elongation, but forskolin plus FK506 treatment induces mitochondrial fragmentation.
Confocal images of mitochondrial morphology in 293T cells treated with DMSO (control), forskolin (30 um), or forskolin (30 um) plus FK506 (10 um) for 3 h prior
to harvest. Percentages (mean = S.E.M.) of cells with indicated mitochondrial morphologies in 293T cells treated with DMSO (n = 249), forskolin (n = 262), or
forskolin plus FK506 (n = 500), respectively. n represents the number of cells analyzed. ***, p < 0.0001.
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phorylation of Drp1¥T at Ser-637, but not of the mutants
Drp153”? and Drp15°%74, as observed by immunofluorescence
microscopy (Fig. 6, A—D) and further confirmed by Western
blot analysis (Fig. 6E; see also Fig. S2). Like total Drp1, phos-
phorylated Drp1 (Drp1P5%”) was distributed in the cytosol and
on mitochondria in Drpl1~/" cells expressing Drp1™™" (Fig. 6,
A-C). These data further support the notion that Drpl phos-
phorylated at Ser-637 does not prevent the translocation of
Drpl to mitochondria. Similarly, we found that Drp1%°*”® was
still less efficient in mitochondrial fragmentation compared
with Drp1¥™ and Drp1°%%”* following forskolin/FK506 treat-
ment (Fig. 6D), in line with the results without forskolin/FK506
treatment in Fig. 5C.

To explore potential mechanisms by which Drp15¢*”* and
Drp15¢37P differentially affect mitochondrial fission, we evalu-
ated the interaction of Mff and MIEFs with untagged Drp1%¥7,
Drp15%%”P, and Drp1°®*”# in Drpl~/~ cells. Co-IP with anti-
Mff antibody revealed that endogenous Mff interacted with
Drp1™¥T and the two mutants, but the phosphomimetic
Drp1%¢%’® mutant exhibited a relatively weak interaction,
whereas Drp1°°3”4 showed a strong interaction with Mff, com-
pared with WT Drpl (Fig. 7A). No obvious differences were
observed in the interaction between MIEFs and Drpl¥T,
Drp15374, or Drp15%3”P (Fig. 7B). Furthermore, we evaluated
the interaction of the phosphomimetic Drp15°3”" and the
phospho-deficient Drp1%°3”4 mutants with MIEFs and Mff in
WT 293T cells. Likewise, we found that Myc-Drp15¢37P
showed a diminished, whereas the phospho-deficient Myc-
Drp15374 exhibited an enhanced interaction with FLAG-Mff
(Fig. 7C), in line with a recent study (54). No clear difference
was observed for the interactions of MIEF1/2 with WT Drpl,
Drp15374 and Drp1°%3”" (Fig. 7C). Given that Mff serves as the
major mitochondrial receptor to promote Drpl-mediated fis-
sion as reported previously (22, 23, 55), a decreased interaction
between Drp1°¢3”" and Mff may thus explain why Drp1%¢*7" is
less efficient in inducing mitochondrial fragmentation, in line
with the results in Fig. 5C.

In sum, the data presented here indicate that the phosphor-
ylation status of Drp1 at Ser-637 does not play a pivotal role in
determining whether Drpl is recruited to mitochondria
through Mff and MIEFs. However, the phosphomimetic
Drp13°%”P mutation slightly impairs, whereas the phospho-
mimetic Drp1°°'°P in contrast, enhances mitochondrial
fragmentation.

The phosphorylation status of Drp1 is not crucial for
regulating Drp 1-mediated peroxisomal fission

Drplisalso involved in peroxisomal fission and maintenance
of peroxisomal morphology in mammalian cells (56). However,
whether the phosphorylation status at Drpl-Ser-637 affects

peroxisomal fission remains to be determined (57), and we
therefore analyzed the effect of Drpl mutation at Ser-637 on
the appearance of peroxisomes. In WT 293T cells, peroxisomes
appeared as numerous small, punctiform organelles. However,
depletion of Drp1 caused peroxisomal elongation and resulted
in a tubular network of peroxisomes, similar to the mitochon-
drial network in Drp1-deficient cells (Fig. 84), in line with pre-
vious reports (56, 58). Reconstituting Drpl /" cells with
untagged Drpl™" rescued the peroxisomal fission defect
induced by loss of Drpl and reversed the appearance of elon-
gated peroxisomes to a punctiform phenotype (Fig. 8, B, C, and
F), which was comparable to that seen in WT cells (Fig. 84).
Similarly, re-introduction of untagged Drp1°¢*”* or Drp15°3""
into Drpl /" cells resulted in a WT punctiform appearance of
peroxisomes in a majority of cells (Fig. 8, D and E). The frag-
mented peroxisomal phenotype mediated by Drp15¢*”4 or
Drp1%¢%”P was indistinguishable from that of Drp1¥™ (Fig. 8C).
In conclusion, these data suggest that the Drpl Ser-637 phos-
phorylation status does not play a crucial role in regulating the
activity of Drpl-mediated peroxisomal fission.

Discussion

Drpl is recruited to mitochondria to execute mitochondrial
fission, but the role of phosphorylation at Ser-637 in these pro-
cesses has not been firmly established. Several studies have sug-
gested that Drpl phosphorylation at residue Ser-637 by PKA
inhibits mitochondrial fission by decreasing the intramolecular
interactions that normally drive GTPase activity and by pre-
ventingtranslocation of Drp1 to mitochondria, whereas dephos-
phorylation at Ser-637 increases mitochondrial recruitment of
Drpl and promotes mitochondrial fission (44 —46, 54). How-
ever, it was not established in those studies whether the phos-
phorylation status at Drpl-Ser-637 is a determinant directly
controlling the mitochondrial recruitment of Drpl. It has also
been suggested that the phosphomimetic Drp15¢3”" mutant is
almost completely cytosolic and inhibits mitochondrial fission,
whereas the phospho-deficient Drp15°*”# mutant shows
enhanced translocation of Drpl to mitochondria, promoting
fission (44— 46, 54).

In this study, we provide evidence that Drp1 phosphorylated
at Ser-637 is present both on mitochondria and in the cytosol of
293T cells, and when cellular levels of Drp1P%3” are enhanced,
the amount of Drp1P*®*” on mitochondria correspondingly
increases. Moreover, we show that Drp1P5®*” interacts with
MIEFs and Mff, and in line with this, overexpression of either
Mff or MIEFs leads to accumulation of Drp1P%°*” on mitochon-
dria as seen by co-localization studies and confirmed by subcel-
lular fractionation. Increasing the cellular levels of Drp1P5%%” by
PKA activation using forskolin does not prevent the recruit-
ment of Drpl to mitochondria. In addition, we show that PKA

Figure 2. Overexpression of Mff or MIEFs induces accumulation of Drp

1PS637

1PS637

on mitochondria. A, subcellular localization of Drp and total Drp1in

293T cells overexpressing Myc-Mff, MIEF1-V5, or MIEF2-V5. Confocal images of Drp1P°®3” in 293T cells transfected with empty vector, Myc-Mff, MIEF1-V5, and
MIEF2-V5, followed by treatment with forskolin (30 um) plus FK506 (10 um) for 3 h, and staining with MitoTracker (red), anti-phospho-Drp1 (Ser-637) (green),
anti-Drp1(yellow), and either anti-Myc (blue) or anti-V5 antibodies (blue) as indicated. The high magnification views of the boxed areas as indicated. B, quanti-
tative co-localization of Drp1P°®*” and total Drp1 with mitochondria (from A) was analyzed using the PCC (mean *+ S.E.M.). n represents the number of cells
analyzed. C and D, subcellular fractionation of 293T cells, treated with DMSO (control) or forskolin (30 um) plus FK506 (10 um) for 3 h, and transfected with
Myc-Mff (C) or with either MIEF1-V5 or MIEF2-V5 (D), followed by immunoblotting analysis with indicated antibodies. The ratio between indicated proteins was
analyzed by densitometry in the mitochondrial and cytosolic fractions as well as in whole cell lysate. Tom20 was used for loading control of the mitochondrial
fraction and GAPDH for the cytosolic fraction. The ratio between indicated proteins was analyzed by densitometry.
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is present not only in the cytosol but also on mitochondria,
where it interacts with MIEF1 and MIEF2, as well as Mff. In
agreement with this, the mitochondria-anchored scaffold pro-
tein AKAPI (protein kinase A anchoring protein 1) is known to
recruit PKA to the mitochondrial surface, and in turn mito-
chondria-associated PKA phosphorylates Drpl-Ser-637 (47,
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59). We show here that PKA is not a major regulator of the
interaction of Drp1 with Mff and MIEFs. It should, however, be
kept in mind that PKA is a multifunctional kinase with a broad
range of substrates. PKA can induce phosphorylation of
numerous proteins localized on the mitochondrial outer mem-
brane and within mitochondria (60-62). Thus, PKA-depen-
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dent phosphorylation is not only directly involved in regulating
mitochondrial dynamics, but also affects a number of other
biological processes in mitochondria, such as mitochondrial
protein import, oxidative phosphorylation, fatty acid oxidation,
mitochondrial Ca>" homeostasis, mitophagy, and apoptosis
(33,61, 63, 64). PKA-mediated changes of these biological pro-
cesses are also likely to influence mitochondrial dynamics (14,
33, 65—67). Moreover, it cannot be excluded that PKA may
phosphorylate other mitochondria-shaping proteins; it was for
instance reported that Mfn2 can be phosphorylated by PKA
(68). Here we showed that PKA interacts with the MIEF1,
MIEF2, and Mff, although the potential roles of the interactions
between PKA and MIEFs or Mff remain to be elucidated. In
sum, these data indicate that PKA may influence mitochondrial
dynamics in multiple ways and alterations in mitochondrial
morphology should not be regarded simply as a functional con-
sequence of the Drpl-Ser-637 phosphorylation. Reconstitu-
tion of Drpl expression in Drpl ™'~ cells showed that both
Drp1°%%”? and Drp1°°*”* mutants, like WT Drpl, were simi-
larly distributed in the cytosol and on mitochondria. Collec-
tively, these data are at odds with the view that Drp1 phosphor-
ylated at amino acid Ser-637 (Drp1°5°*”) by PKA is retained in
the cytosol (46, 54), and instead support the notion that
Drp1P%%37 still can shuttle between the cytosol and mitochon-
dria. We thus conclude that phosphorylation at Ser-637 does
not prevent Drpl translocation to mitochondria and that the
Drpl-Ser-637 phosphorylation status is not a determinant
controlling the recruitment of Drpl to mitochondria (via Mff
and MIEFs).

However, the reversible phosphorylation at Drpl-Ser-637
may play a minor role in regulating mitochondrial recruitment
and fission activity of Drp1 via differential association with the
Mff and MIEF receptors. As shown in our co-IP experiments,
Drp1P5%37 likely differentially interacted with Mff, MIEF1, and
MIEF2. When analyzing the Drpl-Ser-637 mutants, co-IP
showed that the association of Mff with the phosphomimetic
Drp15%*’® was attenuated compared with Drp1%¥" and
Drp15¢%74, in line with the results presented in a recent report
(54), but our findings do not support the view that dephosphor-
ylation at Drp1-Ser-637 is essential for Drp1’s interaction with
Mffand MIEFs. Moreover, the phosphomimetic Drp15°*”" was
recruited to mitochondria as efficiently as Drpl™" and
Drp1%¢%# when introduced into Drpl /"~ cells, although the
phosphomimetic Drp153”P was less efficient in inducing mito-
chondrial fragmentation than Drp1™¥™ and Drp1%°*”#, Taken
together, we suggest that Drp1 phosphorylation at Ser-637 may
slightly weaken but not abolish the Drp1l-mediated mitochon-

drial fission activity. Consistent with this scenario, a previous
study showed that Drpl GTPase activity is only attenuated but
not abolished by phosphorylation of Drpl at Ser-637 or by
Drp15%%7P mutant (44). In contrast to Drp15°*”P, reconstitu-
tion of Drp1 expression in Drpl /" cells showed that phospho-
mimetic Drp15¢*®P appears to be more active than Drp1¥™* and
Drp15¢'®4 in fragmenting mitochondria, in line with a recent
report (53). The data support the view that phosphorylation of
Drpl-Ser-616 enhances mitochondrial fission as reported pre-
viously (69).

In conclusion, this work shows that the phosphorylation sta-
tus of Drp1 at Ser-637 is not a determinant primarily control-
ling its recruitment from the cytosol to mitochondria. Still it
may fine-tune the differential association of Drpl with mito-
chondrial membrane receptors (adaptors) and function to bal-
ance Drpl-mediated fission activity.

Experimental procedures
Cell cultures and transfection

HEK 293T cells (293T) and CRISPR/Cas9-edited Drpl
knockout 293T cells (Drpl /") (52) were cultured in Dulbec-
co’s modified Eagle’s medium (HyClone) with 10% fetal bovine
serum. Transient transfection with plasmids was performed
using Lipofectamine® 2000 transfection reagent (Invitrogen)
according to the manufacturer’s protocol.

Antibodies and reagents

Mouse monoclonal antibodies (mAbs) used in this study
were V5-tag (Invitrogen); Tom20, Drp1/DLP1 (611113), PKA,
and Myc-tag (BD Biosciences); GAPDH (Santa Cruz Biotech-
nology); and PMP70 and FLAG-tag (Sigma). Rabbit polyclonal
antibodies (pAbs) were V5-tag (Abcam); Mff (Atlas Antibod-
ies); MIEF1 (24), MIEF2 and Myc-tag (Sigma); phospho-DRP1
(Ser-616) (rabbit pAb, 3455) and phospho-DRP1 (Ser-637)
(D3A4, rabbit mAb, 6319) (Cell Signaling Technology). Goat
polyclonal antibodies (pAbs) were Mff antibody (T-14) (Santa
Cruz Biotechnology); V5-tag (Novus Biologicals); and Myc-tag
(Abcam). Other antibodies included normal goat IgG and nor-
mal rabbit IgG (Santa Cruz Biotechnology). Secondary antibod-
ies for immunofluorescence were The DyLight 488- and 649-
conjugated anti-mouse and anti-rabbit IgG antibodies (Vector
Laboratories) and Alexa Fluor 405 anti-goat IgG antibody
(Abcam). For immunoblotting, the peroxidase-conjugated
anti-mouse and anti-rabbit IgG antibodies (GE Healthcare)
were used. Dynabeads® Protein G (Thermo Fisher Scientific)
were used for co-IP experiments. Reagents used included fors-
kolin, 8-bromo-cAMP, and FK506 (Tocris).

Figure 3. MIEFs and Mff interact with Drp1°5%%7_ A and B, MIEFs and Mffinteract with Drp1P°%37, 293T cells were transfected with indicated plasmids, and then
cells received no treatment (A) or were treated with the PKA activator forskolin (30 um) for 3 h (B). Cell lysates were used for co-IP with anti-V5 or anti-Myc beads
followed by immunoblotting with indicated antibodies. C, MIEFs and Mff interact with Drp1P5%3” in cells treated with the PKA activator 8-bromo-cAMP. 293T
cells were transfected with empty vector, MIEF1-V5, MIEF2-V5, or Myc-Mff, and then treated with 8-bromo-cAMP (500 um) for 3 h before harvest. Cell lysates
were used for co-IP with anti-V5 or anti-Myc beads followed by immunoblotting analysis with indicated antibodies. D, the ratio (mean * S.E.M.) between
Drp1P%¢3” or Drp1P¢'¢, and total Drp1in Mff, MIEF1, or MIEF2 complexes in (B) and (C) was analyzed by densitometry. The data are representative of three
independent co-IP experiments. E, MIEFs and Mff interact with Drp1P°%3” at endogenous levels. 293T cells were treated with forskolin (30 um) for 3 h. Cell lysates
were used for co-IP with control (rabbit normal IgG) or rabbit anti-phospho-Drp1 (Ser-637) antibody and co-immunoprecipitated proteins were analyzed by
immunoblotting with indicated antibodies. F, enhanced levels of Drp1P°%3” do not disrupt the association of endogenous Mff with total Drp1. 293T cells were
treated with forskolin (30 um) for 3 h as indicated. Cell lysates were used for co-IP with control (rabbit normal IgG) or rabbit anti-Mff antibody and co-
immunoprecipitated proteins were analyzed by immunoblotting with indicated antibodies. G, knockdown of MIEF1/2 reduces the amount of total Drp1 and
Drp1P53” bound to Mff. 293T cells were treated with control or MIEF1/2 siRNAs as indicated, and then transfected with Myc-Mff plasmid, followed by treatment
with forskolin (30 wm) for 3 h. Cell lysates were used for co-IP with anti-Myc beads.
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Figure 4. PKA interacts with MIEFs and Mff. A, subcellular distribution of PKA was analyzed by subcellular fractionation of 293T cells treated with and without
forskolin plus FK506, followed by immunoblotting with indicated antibodies. B, endogenous PKA partially localizes on mitochondria. Immunofluorescence
confocal image of normal 293T cells, stained with MitoTracker (red) and immunostained with anti-PKA antibody (green). Inset represents high magnification
view of the boxed area. C, PKA is co-immunoprecipitated with MIEFs and Mff. 293T cells were transfected with indicated plasmids. Cell lysates were used for
co-IP with anti-V5 or anti-Myc beads followed by immunoblotting with indicated antibodies. The ratio between indicated proteins was analyzed by densitom-
etry. D, knockdown of Drp1 does not disrupt the association between MIEFs and PKA. 293T cells were treated with control or Drp1 siRNA, and then transfected
with MIEF1-V5 or MIEF2-V5. Cell lysates were used for co-IP with anti-V5 beads, and immunoprecipitated proteins were subjected to immunoblotting with
indicated antibodies. The ratio between indicated proteins was analyzed by densitometry. E, knockdown of PKA results in a slightly increased interaction
between MIEFs and Drp1 in the absence of forskolin treatment. 293T cells were treated with control siRNA or PKA siRNA, and then transfected with MIEF1-V5
or MIEF2-V5 plasmids. Cell lysates were used for co-IP with anti-V5 beads followed by immunoblotting with indicated antibodies. The ratio between indicated
proteins was analyzed by densitometry. F, knockdown of PKA does not affect the endogenous interaction between Mff and Drp1 in the absence of forskolin
treatment. 293T cells were treated with control siRNA or different PKA siRNAs. Cell lysates were used for co-IP with control (rabbit normal IgG) or rabbit anti-Mff
antibody and co-immunoprecipitated proteins were analyzed by immunoblotting with indicated antibodies.

Expression constructs used in this study included human tion of untagged WT Drpl, the cDNA was amplified by PCR
MIEF1-V5 (24), MIEF2-V5 (26), Myc-Mff (human isoform 8) using the Myc-Drpl (human isoform 1) expression plasmid
(28), FLAG-Mff (mouse isoform 8) (22), Myc-Drpl (humaniso- (44) as the template and cloned into the pcDNA3.1 vector
form 1), Myc-Drp15374, and Myc-Drp1°°*’P (44). For genera-  (Invitrogen). The untagged Drp15°*”4, Drp1°¢3”P, Drp15¢'¢4
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Figure 5. The Drp1 phosphorylation status is not crucial for controlling the mitochondrial recruitment of Drp1, but Drp137® slightly impairs and
Drp1°%'5? mildly enhances Drp1-mediated fission. A, subcellular localization of Drp1 and morphology of mitochondriain WT and Drp1~/~ 293T cells as well
as in Drp1~/~ 293T cells overexpressing untagged Drp1*'", Drp1°¢374, Drp1°%37P, Drp1°¢'%A, and Drp1°¢'¢P, and stained with MitoTracker (red) followed by
immunostaining with anti-Drp1 antibody (green). Insets represent high magnification views of the boxed areas. B, quantitative co-localization of mitochondria
with reconstituted untagged Drp1™T, Drp1°%37A, Drp1°37P, Drp1°6'°A and Drp1°°'%® in Drp1~/~ cells as shown in (A) was analyzed using the PCC (mean *
S.E.M.). nrepresents the number of cells analyzed. C, percentages (mean = S.E.M.) of cells with indicated mitochondrial morphologiesin WT 293T cells, Drp1~/~
cells, and Drp1~/" cells reconstituted with untagged Drp1"", Drp1°¢374, Drp15°37P, Drp15¢"°A, or Drp1°°'P, n represents the number of cells analyzed.
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Figure 7. Mff and MIEFs interact with exogenous Drp 1", Drp155372, and Drp1°%3’° in the presence and absence of endogenous Drp1. A and B, Mff and
MIEFs interact with WT Drp1, as well as with the phospho-deficient and phosphomimetic Drp1-Ser-637 mutants, Drp1°¢3”4 and Drp1°¢*’P in Drp1-deficient
293T cells. Drp1~/~ 293T cells were transfected with untagged Drp1*"T, Drp1°¢374, or Drp1°67P only or co-transfected with MIEF1-V5 or MIEF2-V5 as indicated.
Cell lysates were used for co-IP with anti-Mff antibody for endogenous Mff in (A) or anti-V5 antibody for exogenous MIEFs in (B) followed by immunoblotting
with indicated antibodies. C, MIEFs and Mff interact with WT Drp1, as well as with the phospho-deficient and phosphomimetic Drp1-Ser-637 mutants,
Drp1°%374, and Drp1°%37P in WT 293T cells. 293T cells were co-transfected with empty vector, Myc-Drp1™T, Myc-Drp1°¢37# or Myc-Drp1°¢37P, and MIEF1-V5,
MIEF2-V5, or FLAG-Mff as indicated. Cell lysates were used for co-IP with anti-Myc beads followed by immunoblotting with indicated antibodies. The ratio
between indicated proteins was analyzed by densitometry.

and Drp1%°'*® mutants were generated from untagged WT seeded on 6-well plates for 16 h and transfected with siRNA; after
Drpl using the QuikChange Lightning Multi Site-Directed 24 h the same siRNA was transfected and incubated for another
Mutagenesis Kit (Invitrogen). 48 h and cells were collected for further work. Specific siRNAs
used in this study were as follows: MIEF1-siRNA: 5'-GCCAAGC-
AAGCUGCUGUGGACAUAU-3" (Invitrogen) and MIEF2-

Lipofectamine® RNAiMax (Invitrogen) was used for RNAi siRNA: 5'-CCCUGGCCGUGAAGCGGUUCAUUGA-3' (Invit-
according to the manufacturer’s protocol. Briefly, cells were rogen); Drpl-siRNA: 5'-CCUGCUUUAUUUGUGCCUGAGG-

RNA interference for gene silencing

Figure 6. The effect of forskolin plus FK506 treatment on the Drp1 phosphorylation status of Drp1~/~ 293T cells overexpressing untagged Drp1"'",
Drp1%¢37A, and Drp1°%37P, A, subcellular localization of total Drp1 and Drp1P°%3” as well as morphology of mitochondria in Drp1~/~ 293T cells overexpressing
untagged Drp1YT, Drp1°¢%74, and Drp1°%3’P following forskolin plus FK506 treatment. Drp1~/~ 293T cells were transfected with empty vector, Drp1*",
Drp1°%*74, and Drp1°¢*’P as indicated, followed by treatment with forskolin (30 um) plus FK506 (10 um) for 3 h, and stained with MitoTracker (red), anti—
phospho-Drp1(Ser-637) (green), and anti-Drp1(yellow). The high magnification views of the boxed areas are shown in the respective lower panels. B, 3D surface
rendering reconstruction of the Drp1~/~ 293T cells overexpressing untagged Drp1"" treated with forskolin plus FK506 as shown in (A). Drp1P*®* (green) and
mitochondria (red) are indicated. Inset represents high magpnification view of the boxed area, in which Drp1P*%3” |ocalized on the mitochondrial surface is
indicated by arrows. C, quantitative co-localization of mitochondria with reconstituted untagged Drp1"", Drp1°°*’#, and Drp1°%3’P in Drp1~/~ cells shown in
(A) was analyzed using the PCC (mean =+ S.E.M.). n represents the number of cells analyzed for each condition. D, percentages (mean =+ S.E.M.) of cells with
indicated mitochondrial morphologies in Drp1~/~ 293T cells overexpressing untagged Drp1"" treated with DMSO, or Drp1~/~ 293T cells transfected with
empty vector, untagged Drp1"T, Drp1°°37A, or Drp1°¢37P, followed by treatment with forskolin plus FK506 as indicated in (A). n represents the number of cells
analyzed. E, Western blot analysis showing that forskolin/FK506 treatment induces phosphorylation of Drp1"", but not of the mutants Drp1°°*’# and
Drp1%¢37P, 203T cells treated with DMSO or forskolin/FK506 were used as controls, and Drp1~/~ 293T cells transfected with empty vector, Drp1V', Drp156374,
or Drp1°%%7P, followed by treatment with forskolin (30 um) plus FK506 (10 um) for 3 h. Cell lysates were subjected to immunoblotting with indicated antibodies.
GAPDH was used as loading control.
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Figure 8. The phosphorylation status of Drp1 is not crucial for regulating Drp1-mediated peroxisomal fission. A, confocal images of mitochondria (red)
and peroxisomes (green) in WT and Drp1~/~ 293T cells. B-E, peroxisomal phenotypes (green) in Drp1~/~ 293T cells transfected with empty vector (), untagged
Drp1¥T (Q), Drp1°°37A (D), and Drp1°%*° (E) as indicated. F, percentages (mean = S.E.M.) of cells with indicated peroxisomal phenotypes in WT 293T cells (n =
211), Drp1~/~ cells transfected with empty vector (n = 150), and Drp1~/~ cells reconstituted with untagged Drp1"" (n = 237), Drp1°%*’# (n = 182), and

Drp1%¢%’P (n = 222), where n represents the number of cells analyzed.

UUU-3" (Invitrogen); PKA-siRNA1 5'-CAAGGACAACUC-
AAACUUALtt-3" and PKA-siRNA2 5'-CAAGGACAACU-
CAAACUUALtt-3’ (Ambion). The scrambled Stealth RNAi™
siRNA Negative Control Kit (12935-100) with similar GC content
(Invitrogen) was transfected as control.
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Western blotting

Protein extracts were separated by electrophoresis using
NuPAGE’ Novex Bis-Tris Gel (Invitrogen) and transferred to
PVDF membranes with Transfer Pack (Bio-Rad). After block-
ing with 10% nonfat dry milk in PBS, membranes were incu-

SASBMB



Phospho-Drp1 (Ser-637) does not block Drp1 recruitment

bated with primary antibodies followed by the peroxidase-
conjugated secondary antibody (GE Healthcare), and im-
munocomplexes were detected with the Pierce ECL Western
Blotting Substrate (Thermo Fisher Scientific). Intensity of the
bands on Western blots was measured using Image].

Co-immunoprecipitation

Co-IP experiments were carried out as described (24, 26, 70).
Briefly, cultured 293T cells were washed with PBS buffer, pro-
teins were in vivo crosslinked by 1% formaldehyde in PBS buffer
and the cells were scraped off with a rubber scraper and sus-
pended in lysis buffer (PBS containing 1% Nonidet P-40 and
protease inhibitor mixture cOmplete EDTA-free) (Roche Diag-
nostics). The cell suspensions were sonicated and centrifuged
to remove insoluble debris. For the co-IP of exogenous pro-
teins, the resulting supernatants were incubated with anti-V5
agarose or anti-Myc agarose (Novus Biologicals). For the co-IP
of endogenous proteins, 2 ug of the specific antibody was incu-
bated with Dynabeads® protein G for 1 h. After washing with
lysis buffer twice, the antibody-conjugated beads were added to
the resulting supernatants. Thereafter the beads were washed
with PBS containing 1% Nonidet P-40 followed by PBS. The
immunocomplexes captured on the agarose beads conjugated
with antibody were dissolved in SDS-sample buffer and sub-
jected to immunoblotting.

Immunofluorescence confocal microscopy and 3D surface
rendering reconstruction

Immunofluorescence confocal microscopy was carried out
as described (24, 26). For mitochondrial staining, the Mito-
Tracker Red CMXRos (500 nM, Molecular Probes) was added to
culture for 15 min before fixation. Specimens immunostained
with different antibodies were examined by SP5 confocal
microscopy system (Leica). Quantitative co-localization analy-
sis of confocal images was performed with the Pearson’s corre-
lation coefficient (r) using the Leica integrated program or
Image], and statistical significance was determined using
Student’s ¢ test. The Pearson’s correlation coefficient was
expressed as mean * S.E. These experiments were performed
by different persons during slide preparation and microscopy to
avoid any introduction of bias. A minimum of three biological
repeats was performed for all of the experiments.

The confocal images were deconvolved and 3D surface
rendering was performed by the Huygens imaging software
(Scientific Volume Imaging B.V.). The background estima-
tion and signal-to-noise ratio were set automatically during
deconvolution.

Subcellular fractionation

Subcellular fractionation of 293T cells was carried out as
described (24, 71). Briefly, cells were harvested and homoge-
nized in mitochondrial buffer (210 mm mannitol, 70 mm
sucrose, 10 mm HEPES, 1 mm EDTA, pH 8.0 and protease
inhibitor mixture cOmplete EDTA-free, Roche Diagnostics) on
ice, then centrifuged 1500 X g for 5 min at 4 °C. The resulting
supernatant (whole cell lysate) was pooled to a new tube and
centrifuged for 30 min at 16,000 X gat 4 °C. Next, the superna-
tant (cytosolic fraction) was carefully separated from the pellet

SASBMB

(mitochondrial fraction). The pellet was washed with mito-
chondrial buffer, and centrifuged at 16,000 X gfor 15 min again.
The whole cell lysate, cytosolic fraction, and mitochondrial
fraction were dissolved in SDS-sample buffer and subjected to
immunoblotting.

Statistical analysis

The unpaired Student’s ¢ test (http://www.physics.csbsju.
edu/stats/t-test_bulk_form.html)® was applied to evaluate dif-
ferences between experimental groups. p values less than or
equal to 0.05 indicated statistical significance.

Author contributions—R. Y. and J. Z. conceptualization; R.Y. and
T. L. resources; R. Y., T.L,, C.N, F. T, S.-B.J.,, U.L,, and J. Z. data
curation; R. Y., T. L.,C. N,,F. T,, U. L., and J. Z. formal analysis; U. L.,
J. Z., and M. N. supervision; U. L., J. Z., and M. N. funding acquisi-
tion; R. Y. and J. Z. validation; R. Y., T.L.,, C. N, F. T, S.-B.J., U. L.,
J. Z., and M. N. investigation; R. Y., T.L., C. N, F. T., S.-B. ], U. L,,
and J. Z. methodology; R. Y., T. L., C.N,, U. L., J. Z,, and M. N. writ-
ing-original draft; R. Y., U.L,, J. Z., and M. N. writing-review and
editing; R.Y. and J.Z. software; M.N., J.Z. and U.L. project
administration.
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