ARTICLE

Global phosphoproteomic analysis reveals
ARMCI10 as an AMPK substrate that regulates
mitochondrial dynamics
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AMP-activated protein kinase (AMPK) is a key regulator of cellular energy homeostasis.
Although AMPK has been studied extensively in cellular processes, understanding of its
substrates and downstream functional network, and their contributions to cell fate and dis-
ease development, remains incomplete. To elucidate the AMPK-dependent signaling path-
ways, we performed global quantitative phosphoproteomic analysis using wild-type and
AMPKal/a2-double knockout cells and discovered 160 AMPK-dependent phosphorylation
sites. Further analysis using an AMPK consensus phosphorylation motif indicated that 32 of
these sites are likely direct AMPK phosphorylation sites. We validated one uncharacterized
protein, ARMCI10, and demonstrated that the S45 site of ARMC10 can be phosphorylated by
AMPK both in vitro and in vivo. Moreover, ARMC10 overexpression was sufficient to pro-
mote mitochondrial fission, whereas ARMC10 knockout prevented AMPK-mediated mito-
chondrial fission. These results demonstrate that ARMCI10 is an effector of AMPK that
participates in dynamic regulation of mitochondrial fission and fusion.
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MP-activated protein kinase (AMPK) is a kinase complex

that acts as a central regulator of cellular energy home-

ostasis in eukaryotes. It monitors ATP levels in cells.
When the ratios of AMP:ATP and ADP:ATP increase, AMPK is
activated and controls the activities of enzymes in a variety of
pathways to ensure energy homeostasis. It switches on the glucose
uptake and other catabolic pathways to generate ATP, while
switching off the anabolic pathways to prevent the consumption
of ATP, such as the conversion of glucose to glycogen!. AMPK
also phosphorylates 3-hydroxy-3-methyl-glutaryl-coenzyme A
reductase and glycerol-3-phosphate acyltransferase to block the
synthesis of sterols and triglycerides, respectively2. These reg-
ulatory actions by AMPK ensure increased cellular ATP supplies
and decreased ATP consumption. AMPK also modifies the
mammalian target of rapamycin complex, which functions as the
master switch in controlling cell proliferation and fate by inhi-
biting autophagy and apoptosis>*.

As a key regulator of many cellular processes, AMPK plays a
central role in a variety of human diseases. Studies of AMPK in
cancer, diabetes, and other human diseases verified its important
roles in disease development®~’. Moreover, several compounds
that have become therapeutic centerpieces seem to produce their
protective and therapeutic effects by modulating AMPK signal-
ing. For example, investigators are testing metformin and other
agents that activate AMPK in the clinic as potential anticancer
agents’S,

Discovery of AMPK substrates is critical for understanding
AMPK functions and its applications in disease treatment. Several
groups have used different strategies to identify AMPK substrates.
For example, Shaw and colleagues, using 14-3-3 binding and
AMPK substrate motif searching, identified several important
AMPK substrates, such as ULKI, Raptor, and mitochondrial
fission factor (MFF)?-11. Also, Brunet and colleagues combined a
chemical genetic screen and peptide capture technique to identify
AMPK phosphorylation sites!2. James and colleagues reported on
their global phosphoproteomic analysis of acute exercise signaling
in human skeletal muscle and performed additional targeted
AMPK assays and bioinformatics analysis to predict AMPK
substrates!3. Furthermore, Sakamoto and colleagues used an anti-
AMPK motif antibody to discover AMPK targets'. Although
these experimental approaches identified many AMPK substrates,
defining the AMPK-dependent signaling network remains chal-
lenging because of the high background or noise level. Bioinfor-
matics analysis is one way to filter data and uncover bona fide
AMPK substrates. In this study, we reduced background by using
AMPKal/a2-double knockout (DKO) cells as controls.

The recently developed CRISPR-Cas9 genome editing tech-
nology!>~17 allows knockout (KO) of target genes and study of
their biological functions in human cells. This straightforward
and highly efficient approach is ideal for phosphoproteomic
studies, as it greatly reduces the background. In the study
described here, we combined the CRISPR-Cas9 technique and
global quantitative phosphoproteomic analysis to discover new
members in the AMPK-dependent signaling network. We gen-
erated AMPK-deficient HEK293A cells by doubly knocking out
two functionally redundant AMPK catalytic subunits: AMPKal
and AMPKa2. These function-deficient cells are ideal controls for
global phosphoproteomic analysis. By using this procedure, we
identified 109 phosphosites with markedly higher phosphoryla-
tion levels in HEK293A AMPK wild-type (WT) cells after AMPK
activation than those in AMPKal/a2-DKO cells. Another 51
phosphosites were found to be phosphorylated at lower levels in
AMPK WT cells than those in AMPKal/a2-DKO cells, sug-
gesting that these are likely phosphorylation events that are
negatively and probably indirectly regulated by AMPK expres-
sion. Further analysis of the 109 upregulated phosphosites using

known conserved AMPK phosphorylation motifs revealed 32
potential AMPK phosphorylation sites, 24 of which are newly
discovered, previously unreported sites. We subsequently vali-
dated the phosphorylation site S45 of Armadillo repeat-
containing protein 10 (ARMCI0; alternative name SVH, spe-
cific splicing variant involved in hepatocarcinogenesis'®) as an
AMPK substrate site. Overexpression of ARMCI0 promoted
mitochondrial fission. Conversely, KO of ARMCI10 prevented
AMPK-mediated mitochondrial fission. Thus, we uncovered
additional components of the AMPK-dependent signaling net-
work and revealed ARMCI10 as a novel AMPK substrate and
effector involved in the dynamic regulation of mitochondrial
fission and fusion.

Results

Comprehensive global phosphoproteomic screening for AMPK
substrates. To identify new AMPK substrates, we combined the
CRISPR-Cas9 genome-editing technology and quantitative
phosphoproteomic in our workflow (Fig. 1a). We designed guide
RNAs (gRNAs) targeting AMPKal and AMPKa2, which are the
two redundant catalytic subunits of the AMPK complex. We
successfully generated AMPKal/a2-DKO HEK293A-derived cells
and confirmed the DKO by using Western blotting with anti-
AMPKal/a2 antibodies and genomic sequencing (Supplementary
Figure 1a, b). We further functionally verified these AMPKal/a2-
DKO cells, finding that, in single AMPKal-KO or AMPKa2-KO
cells, phosphorylation at AMPKa T172 site could still be detected
and increased further by treatment with the AMPK activator
A769662. Downstream phosphorylation events, such as phos-
phorylation at the ACC1 S79 and ULK1 S555 sites, could also be
detected and similarly increased in single subunit-KO cells.
However, all of these phosphorylation events were abolished in
AMPKal/a2-DKO cells (Fig. 1b). Thus, these DKO cells with
complete inactivation of AMPK activity were ideal background
controls for our quantitative phosphoproteomic analysis to
identify AMPK-dependent phosphorylation events.

Phosphorylation of Thr-172 in the activation loop of AMPKa
is indicative of AMPK kinase activity. As shown in Fig. 1c, T172
phosphorylation during treatment with A769662 increased with
time and was the greatest at the 24-h treatment time point.
Similarly, while ACC1 phosphorylation was clearly detected at the
1-h time point, it also increased with time and reached its highest
level at the 24 h time point. To maximize our ability to detect
AMPK-dependent phosphorylation sites, we therefore treated
both AMPK WT and AMPKal/a2-DKO cells with A769662 100
uM for 24 h after stable isotope labeling by amino acids in cell
culture (SILAC) (Fig. 1a). We combined these two cell samples
with different SILAC labeling for use in the phosphoproteomic
experiments. To enrich these phosphopeptides, we subjected the
mixed-cell samples to trypsin digestion and captured phospho-
peptides with TiO, beads and analyzed them by using an LTQ
Orbitrap Elite mass spectrometer (ThermoFisher Scientific,
Waltham, MA) (Fig. 1a). We conducted four biological repeats
for phosphoproteomic comparison of WT and AMPKal/a2-
DKO cells, including two for “light-WT”, “heavy-DKO?”, and two
for reverse labeling (Supplementary Figure 1c).

We used the MaxQuant software program to search the raw
mass spectrometry (MS) data and calculated the ratio between
WT and AMPKal/a2-DKO for the phosphopeptides!®. In total,
we acquired 9122 phosphopeptides (Supplementary Data 1). Of
these phosphopeptides, 72.16% had a localization probability
higher than our cutoff of 0.7 for phosphosite assignment. To
obtain a high-confidence list of AMPK-regulated phosphopep-
tides, we used the data-filtration parameters of a fold-change
greater than 1.5 and p value < 0.01 (¢-test) for the quantification
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Fig. 1 Phosphoproteomic screening to identify AMPK substrates. a The phosphoproteomics workflow. AMPKa1/a2-double knockout (DKO) HEK293A-
derived cells were generated using the CRISPR-Cas9 genome-editing technology. These cells were used as controls to compare with parental (WT) cells
with intact AMPK. SILAC-based quantitative phosphoproteomic analysis was performed to identify AMPK substrates. GFP green fluorescent protein, RP
reverse phase, LC-MS liquid chromatograph-mass spectrometry, A769662 an AMPK activator. b Validation of AMPKal/a2-DKO cells using anti-AMPK
antibodies and antibodies recognizing known AMPK phospho-substrates. WT AMPK cells were used as a control. ¢ Time course of the effect of treatment
with the AMPK activator A769662 (100 pM) on WT HEK293A cells. Western blotting was conducted using antibodies as indicated. A treatment period of
24 h was selected because it led to maximal AMPK kinase activity as indicated by AMPKa phosphorylation at the Thr-172 site

of phosphopeptides. These analyses revealed 109 phosphosites
with higher phosphorylation levels in WT cells than those in
AMPKal/a2-DKO cells (Fig. 2a, Supplementary Data 2). In
addition, we uncovered 51 phosphosites with lower levels (fold-
change <0.667 and p value < 0.01 by t-test) in WT cells than those
in AMPKal/a2-DKO cells (Fig. 2a, Supplementary Data 2).

To identify potential AMPK substrates in these global
quantitative phosphoproteomic data, we used a conserved AMPK
substrate motif to separate the 109 upregulated phosphosites into
two groups (Fig. 2b). We first aligned our AMPK substrate
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candidates with the AMPK consensus motif using multiple
sequence alignment. We then manually examined the sequence
alignment to determine whether each peptide was a candidate
AMPK substrate (group 1), using the following rules: (1) if a
peptide contained both major conserved sites, i.e., the P — 3 site
as R/K/H and the P+4 site as L/V/I, it was considered a
candidate AMPK substrate; (2) if a peptide contained only one of
the two major conserved sites, but also had any of the other three
conserved sites—the P — 5 site as L/M/I, the P — 4 site as R/K,
and the P + 3 site as N/D/E, it was also considered a candidate
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AMPK substrate. The phosphosites in group 1 (n=32) sequences similar to the conserved AMPK substrate motif
(Supplementary Figure 2a) had peptide sequences similar to the constituted group 2 (n=77). These sites may be regulated by
conserved AMPK substrate motif?’ and may be sites directly the AMPK-dependent signaling pathways but are not directly
phosphorylated by AMPK. The phosphosites that were upregu- phosphorylated by AMPK. The 51 phosphorylation sites that had
lated in WT cells but did not meet these rules and did not have higher levels of phosphorylation in AMPKal/a2-DKO cells than
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Fig. 2 Bioinformatics analysis of the phosphoproteomic results. a Volcano plot of quantitative analysis of phosphopeptides identified by MS. Peptides with
fold-changes (WT AMPK:AMPKa1/a2-DKO ratio) >1.5 (p < 0.01, t-test) were selected as peptides phosphorylated at markedly higher levels in WT cells
than in AMPKal/a2-DKO cells. Red dots are the AMPK phosphorylation substrates that had previously been validated; purple dots are peptides identified
as AMPK phosphorylation substrates but not validated; green dots are peptides identified as AMPK phosphorylation substrates by previous study, but not
the same phosphorylation sites; blue dots are other AMPK phosphorylation substrates identified by our experiments; gray dots are the phosphorylation
peptides identified by this study but showing no significant difference between AMPKal/a2-DKO and WT samples. The black arrows indicate the
phosphopeptides from ARMC10, which we studied further. Please note that these two phosphopeptides are from the same S45 phosphorylation site in two
different ARMCI10 isoforms (i.e.,, ARMC10_1is in a shorter isoform of 308 residues and ARMC10_2 is in a longer isoform of 343 residues). b Logo motif of
the phosphosites. The 109 phosphosites phosphorylated at higher levels in WT AMPK than in AMPKal/a2-DKO cells were separated into groups 1 (with
the conserved AMPK substrate motif) and 2 (without the motif). The phosphosites in these two groups were further analyzed by using WebLogo to create
the sequence logos. ¢ Bioinformatic analysis of 160 AMPK-regulated phosphosites. The 109 phosphorylated proteins in groups 1 or 2, as well as the 51 in
group 3 (phosphorylated at significantly lower levels in WT AMPK cells than in AMPKal/a2-DKO cells) were analyzed individually for their potential
functions with Ingenuity Pathway Analysis and reference mining. Each dot in the figure represents one protein. d Known AMPK substrates in group 1. These

substrates comprised three categories: validated, identified with high-throughput methods but not validated and identified as a substrate but with a

different phosphosite

in WT cells were classified as group 3. For these phosphosites, the
motif analysis identified only one conserved amino acid P at the
site right after the phosphosite, which is a potential phosphoryla-
tion site for cyclin/cdks and/or MAPK (Supplementary Figure 2b).
These data probably agree with the functions of AMPK, which
prevent cell proliferation and/or cell cycle progress to reduce
energy consumption.

We conducted functional analysis of these three groups of
proteins using Ingenuity Pathway Analysis and reference mining
(Fig. 2¢, Supplementary Figure 2c-e, and Supplementary Data 3).
Group 1 are direct AMPK substrate candidates. These genes/
proteins mainly function in cytoplasm, including multiple
functions such as metabolism, cell structure organization, and
mitochondrial fission. Group 2 and group 3 are genes/proteins
that may be indirectly regulated by AMPK. The majority of their
functions are in the nucleus, including transcription and
translation, cell cycle and DNA repair as the top three functions.

Validation of potential AMPK substrates. Of the 32 phospho-
sites identified as candidate AMPK substrates by our quantitative
phosphoproteomic analysis, four were reported in previous studies
as AMPK phosphorylation sites (Fig. 2d). Specifically, they are sites
in MFF S172!!, CGN $137'4, LIPE $8552!, and AGPAT9 S68°.
Another four of these phosphosites were previously identified by
high-throughput strategies but have not yet been validated (Fig. 2d)
12-14" An additional four of the proteins had been shown to be
regulated by AMPK, but were revealed by our analysis to be new
phosphosites (Fig. 2d)!2-14, including NUAK1 S1969 (reported at
S1853), MTFRIL S238 (reported at S103), AHNAK S135 (reported
at $572), and ABLIM1 S706 (reported at S450|S452). For these four
AMPK-dependent substrates, we identified different phosphosites
than that previously reported. This may indicate that multiple
AMPK phosphorylation sites exist in these proteins. These four sites
and the remaining 20 sites are potentially novel AMPK phos-
phorylation sites, as indicated by our phosphoproteomic and
bioinformatics analysis (Supplementary Data 4).

In our data set, we identified a KLC family protein (KLC4) that is
potentially phosphorylated by AMPK at $590, which agrees with the
results of a previous high-throughput study!?. An early study
suggested that AMPK-dependent phosphorylation of another
protein in this family (KLC2) at S539 and S582 is required for the
association of the KLC interaction scaffolding protein 14-3-322, and
it is crucial for PI3K transportation?3. Because the protein sequence
identity between KLC2 and KLC4 is 67.19%, and the sequence
surrounding the KLC4 S590 site (ie, MKRAApSLNYLN) is very
similar to the sequence surrounding the KLC2 S582 site (ie,
MKRASpPSLNFLN), we speculate that AMPK-dependent phosphor-
ylation of KLC4 may participate in a similar or related function.

To experimentally validate additional novel AMPK substrates,
we chose five sites (ARMC10 S45, REEP1 S150, REEP2 S152,
KLC4 $590, and MFF S172) in group 1 for further analysis.
ARMCI0 S45 is at the top of the list when ranked by p value.
Furthermore, we identified two different peptides for ARMCI10
S$45, which differ only by an alternative splicing site two residues
after the phosphorylation site. REEP1 S152 and REEP2 S150 are
from the same protein family, and the phosphorylation sites are
within the same region with high sequence similarity (REEP1
S152 site: RLRSFpSMQDL; REEP2 S150 site: KLRSFpSMQDL).
As already mentioned, the KLC4 S590 site is conserved and
shares extensive sequence similarity with known AMPK phos-
phorylation site S582 in KLC2. MFF S172 is a control, which was
reported as an AMPK phosphorylation site!!l. The six peptides for
these five phosphorylation sites (ARMC10 S45_1 and ARMC10
S45_2 are two peptides but the same phosphorylation site from
different isoforms) consistently showed stronger signals in AMPK
WT cells than in AMPKal/a2-DKO cells (Fig. 3a).

The ¢cDNAs of these genes were fused with S protein, Flag,
streptavidin-binding peptide (SFB) tags and transiently expressed
in AMPKal/a2-DKO or WT cells. We harvested cells after
treatment with 100 uM A769662 for 24h, pulled down the
overexpressed proteins with streptavidin beads, and analyzed
them via Western blotting with an anti-phospho-Ser antibody
and phospho-AMPK substrate motif antibody, respectively. We
found that signals for ARMC10, KLC4, and REEP2 were higher in
AMPK WT cells than in AMPKal/a2-DKO cells as detected
using the anti-phospho-Ser antibody (Fig. 3b). We did not detect
REEP1, probably because of the relatively low sensitivity of this
phospho-Ser antibody for Western blotting. We also failed to
detect MFF phosphorylation using this antibody. Besides the
sensitivity of the phospho-Ser antibody, the expression level of
MFF was low when compared to other tested genes/proteins. We
found that the phospho-AMPK substrate motif antibody, which is
more specific than the phospho-Ser antibody, was able to detect
MFF phosphorylation. However, the phospho-AMPK substrate
motif antibody detected only the phosphorylated MFF (Fig. 3b).
This may reflect the specificity of this antibody, which recognizes
the sequence LXRXX(S/T), which appears only in the MFF
protein. We further used this AMPK substrate motif antibody
with several other known AMPK substrates, such as ACC1 S79
and ULK1 S555, and could not detect any signals by Western
blotting (Supplementary Figure 3), indicating that this antibody
can be used to detect only a subset of AMPK substrates.

ARMCI10 is a novel AMPK substrate. Our phosphoproteomics
study identified the ARMCI10 phosphorylation site S45 with two
different peptides, both of which had considerably higher
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Fig. 3 Validation of AMPK substrates. a Phosphoproteomic quantification of the five candidate AMPK phosphorylation sites selected for validation.
ARMCITO0 (545)_1 is the phosphopeptide from the shorter isoform of ARMCT0 (308 residues). ARMC10 (S45)_2 is the phosphopeptide from the longer
isoform of ARMC10 (343 residues). b Validation of the five selected AMPK substrates. For this experiment, constructs encoding SFB-tagged genes were
transfected into WT or AMPKal/a2 HEK293A cells. Cells were treated 16 h later with AMPK activator A769662 (100 pM) for 24 h. Cells were collected
and subjected to lysis in NETN cell lysis buffer. Cell lysates were subjected to pulldown assay using S protein beads. Western blotting was conducted using
indicated antibodies. € Conservation of the phosphorylation site in ARMC10 in mammals. d Association of ARMC10 with AMPK. Constructs encoding
Myc-tagged ARMC10 and indicated constructs for SFB empty vector, SFB-tagged AMPKal, SFB-tagged AMPKa2, or SFB-tagged control genes were co-
transfected into HEK293T cells. The two control genes, CAMKKp and LKB1, are two kinases that phosphorylate AMPKa and regulate its function, but they
normally do not share substrates with AMPK. Cell lysates were subjected to pulldown assays with S protein beads and analyzed by Western blotting using
the indicated antibodies. e Both isoforms of ARMC10 were phosphorylated by the AMPK complex at the S45 site. In vitro kinase assays were performed
with y-32P-ATP, and Phosphorimager software was used to detect the kinases. f In vivo analysis of ARMC10 phosphorylation. Anti-phospho-545 ARMC10
antibody was used to detect changes in the phosphorylation of ARMC10 S45 before and after treatment with the AMPK activator A796662 100 uM for 24
h in HEK293A WT or AMPKal/a2-DKO cells
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phosphorylation levels in AMPK WT cells than those in
AMPKal/a2-DKO cells (Fig. 3a). These two peptides are derived
from the same phosphorylation site in two isoforms of ARMC10
with alternative splicing at the +2 position of the S45 site. Both
sites fit well with the conserved AMPK substrate motif and are
highly conserved in vertebrates (Fig. 3c). Given the strong evi-
dence for this phosphosite in our proteomic study and our vali-
dation results shown in Fig. 3b.

To determine whether phosphorylation of the ARMCIO
$45 site is regulated by AMPK, we first confirmed the specific
interaction between AMPK and ARMCI0 by pulldown assay.
ARMCI0 interacted only with AMPKal and AMPKa2, not with
LKB1 or CAMKKp (Fig. 3d). The two phosphopeptides we
identified for the ARMC10 S45 site are the same phosphorylation
site in two different ARMCI0 isoforms: a shorter isoform of 308
residues and a longer isoform of 343 residues. We generated the
WT and ARMC10 S45A mutants for both isoforms, and in vitro
kinase assays demonstrated that AMPK could directly phosphor-
ylate ARMCI10 at S45 (Fig. 3e). Next, we generated a S45
phospho-specific antibody and confirmed the in vitro kinase
assay results via immunoblot analysis using this antibody
(Supplementary Figure 4a). An in vitro kinase assay of over-
expressed WT' ARMC10 or ARMC10 S45A mutant purified from
human HEK293T cells also verified the phosphorylation and
regulation of ARMC10 by AMPK (Supplementary Figure 4b).
With the ARMC10 S45 phospho-antibody, we can only detect
ARMCI10 phosphorylation in WT ARMCI1O0 transfected cells, but
not in S45A mutant transfected cells (Supplementary Figure 4c).
Moreover, phosphorylation of ARMC10 at $45 increased in cells
treated with A769662 (Supplementary Figure 4d), and this
phosphorylation could be detected only in AMPK WT cells, not
in AMPKal/a2-DKO cells (Fig. 3f), suggesting that this site is
indeed phosphorylated in vivo by AMPK.

We detected phosphorylation only in the short isoform of
ARMCI0 (Fig. 3f and Supplementary Figure 4d). This may have
been due in part to the longer isoform being much less abundant
than the shorter isoform (Fig. 3d and Supplementary Figure 4d).
In addition, the phospho-antibody was generated using the
peptide GIRSSKpSAED derived from the dominant short
isoform. The longer isoform has a slightly different sequence
(i.e., GIRSSKpSAGA). Therefore, the phospho-specific antibody
may prefer to recognize the phosphosite of the short isoform.
Because the short form of ARMCIO is the dominant isoform in
human cells (Fig. 3f and Supplementary Figure 4d, e) and is the
only form existing in other species (Fig. 3c), we used it in our
follow-up studies.

ARMCI10 overexpression induces mitochondrial fission.
ARMCIO is not a well-studied protein, and information about
this gene product is very limited. Engineered ascorbate peroxidase
molecular labeling demonstrated that ARMC10 was located in the
outer membrane of mitochondria, with most of the protein in the
cytosol?t. We confirmed the mitochondrial localization of
ARMCI10 in HEK293T by using immunostaining (Fig. 4a) and
found that its colocalization with the mitochondrial marker
TOM20 was dependent on its transmembrane domain (Supple-
mentary Figure 5a), which is located at residues 5-27 at the N-
terminus of ARMC10. Moreover, overexpression of full-length
ARMCI0 seemed to change the shape of the mitochondria. To
determine whether ARMCI10 expression—induced changes in
mitochondrial morphology are affected by the AMPK-dependent
phosphorylation of ARMCI0, we induced transient expression of
SEB-tagged WT ARMCI0 or ARMCIO S45A mutant in
HEK293T cells. Cells overexpressing WT ARMCI10 showed
drastic changes in mitochondrial morphology compared with

those overexpressing the ARMC10 S45A mutant (Fig. 4a).
Quantitative analysis revealed that the percentages of short and
fragmented mitochondria were significantly higher in cells over-
expressing WT ARMCIO0 than in cells overexpressing ARMC10
S45A mutant (Fig. 4b), suggesting that ARMC10 may be involved
in AMPK-dependent regulation of mitochondrial dynamics.

AMPK substrate ARMCI10 regulates mitochondrial dynamics.
Changes in mitochondrial morphology indicate a potential
influence on mitochondrial fusion and fission?>. AMPK is a
master regulator of mitochondrial homeostasis, which couples
mitochondrial fission with mitophagy after prolonged energy
stress and signals to the nucleus to initiate biogenesis of new
mitochondria to replace the damaged ones?6-28. This regulation
of mitochondrial homeostasis requires AMPK activity and is
inhibited in AMPKal/a2-DKO cells that have lost both AMPKal
and AMPKa2%%30, A previous study suggested that MFF is a
direct substrate of AMPK that participates in regulation of
mitochondrial fission!!. Here, we propose that ARMC10 may also
function in the regulation of mitochondrial fission.

We showed that ARMCI10 can be directly phosphorylated by
AMPK at S45 and that ARMCI0 overexpression promotes
mitochondrial fission. Given that AMPK activity is required for
facilitating mitochondrial fission, we examined whether it could
be regulated by AMPK-dependent phosphorylation of ARMC10
at $45. We induced transient expression of WT ARMCIO0 or the
ARMCI10 S45E mutant, which mimics the S45 phosphorylated
form of ARMCI10, in WT AMPK and AMPKal/a2-DKO
HEK293A cells and analyzed their mitochondrial morphology
via immunostaining (Fig. 4c, Supplementary Figure 5c). Quanti-
fication revealed that the degree of mitochondrial fission was
significantly higher in WT AMPK cells treated with A769662
than in AMPKal/a2-DKO cells (Fig. 4d, Supplementary
Figure 5d). However, unlike cells expressing WT ARMCI0, both
WT AMPK and AMPKal/a2-DKO cells expressing the ARMC10
S45E mutant, with or without AMPK activation, had greater
mitochondrial fission. However, the levels of mitochondrial
fission in cells expressing ARMC10 S45E mutant were still less
than that in WT cells, which may due to the possibility that the
ARMCI0 S45E mutant is less penetrant in the absence of AMPK
directed phosphorylation of MFF. Another non-exclusive expla-
nation is that the ARMCI10 S45E mutant may only partially
restore the function of ARMCI0. Nevertheless, these findings
suggest that AMPK-dependent phosphorylation of ARMCI10 at
$45 is an important effector of AMPK-mediated mitochondrial
fission.

To further determine the roles of ARMCI10 in the control of
mitochondrial dynamics, we generated ARMC10-KO U20S cells by
using the CRISPR-Cas9 technology (Supplementary Figures 4e, f).
WT ARMCI10 and ARMC10-KO U20S cells were treated or not
treated with A769662. Immunofluorescent staining indicated that
mitochondrial fission increased drastically in WT ARMCIO
U20S cells after AMPK activation, but this did not occur in
ARMCI10-KO cells. The increased mitochondrial fission could be
rescued by overexpression of ARMC10 WT or S45E mutation,
but not ARMC10 S45A mutation (Fig. 5a, b). These results again
indicate that ARMCI10 has an important role in mitochondrial
fission, a process regulated by AMPK.

Phosphorylation of ARMC10 by AMPK is important for cell
survival. Mitochondrial fission and fusion have been implicated
in cell death. Previous studies suggest that mitochondrial fission
leads to apoptosis, whereas mitochondrial fusion is
antiapoptotic31:32, 'We compared the proliferation of WT,
AMPKal/a2-DKO, and ARMC10-KO in HEK293A- or U20S-
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derived cells after glucose starvation; only the WT cells survived
robustly, whereas ARMCI10-KO cells behaved the same as
AMPKal/a2-DKO cells, with significant reduction in cell survival
(Fig. 5¢, d). Notably, the cell survival defects in ARMC10-KO
cells could be rescued by the stable expression of WT ARMC10
but not by the ARMCI10 S45A mutant (Fig. 5¢, d).

ARMCIO0 can induce changes in mitochondrial morphology
and alter mitochondrial distribution, which may also cause mild
mitochondrial aggregation33. We found that a small fraction of
U20S cells had this mitochondrial aggregation phenotype after
transient expression of ARMC10 and treatment with A769662
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(Supplementary Figure 5b). Previous studies described these
progressive changes in mitochondrial morphology>+3°, in which
mitochondria first exhibited fission and then aggregation,
followed in some cases by mitophagy. To determine whether
ARMCI10 is involved in these mitochondrial transitions, we
examined microtubule-associated protein 1 light chain 3 (LC3)
staining as a marker of autophagy. As shown in Supplementary
Figures 6a, b, punctate LC3 staining increased after treatment
with the AMPK activator A769662. However, only in ARMC10
WT cells, the percentage of LC3 puncta colocalized with the
mitochondrial marker TOM20 increased significantly. Notably, in
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Fig. 4 Function assay of ARMC10 and ARMC10 phosphorylation at S45. a, b Analysis of mitochondrial morphology in HEK293A cells overexpressing
ARMCIO0. Transient expression of wild-type (WT) ARMC10 and the ARMC10 S45A mutant was confirmed via immunostaining. The transfection with
vector only was included as the control. In (a) a region of the cell with ARMC10 WT or S45A mutation overexpression was enlarged to show the
mitochondrial shape. The green signal indicates the mitochondrial marker TOM20, the red signal indicates anti-Flag staining for WT ARMCIO or the
ARMCI0 S45A mutant, and the blue signal indicates 4’,6-diamidino-2-phenylindole (DAPI)/nuclei. Scale bar: 10 pm. In (b) quantification of the
mitochondrial morphology following expression of WT ARMC10 or the ARMC10 S45 mutant. Data are means * standard error of the mean from three
independent experiments with 150 cells for each replicate. The quantification was done by a person who was blinded to genotype and treatment of the
samples. The mitochondria were characterized as follows: “fragmented”, the majority of mitochondria were spherical; “short”, the majority of mitochondria
were less than ~10 pm; “long”, the majority of mitochondria were more than ~10 um; and “fused” was highly interconnected mitochondria with <4-5 free
ends. We used long versus short morphology for comparison in our statistical analysis. ***p < 0.001 and ****p < 0.0001 (two-way analysis of variance using
the Tukey multiple comparison test)'; ns not significant. ¢, d Analysis of mitochondrial morphology in parental WT AMPK and AMPKal/a2-DKO
HEK293A cells. WT ARMCI10 or the phospho-mimicking ARMC10 S45E mutant was transiently expressed in WT and AMPKal/a2-DKO cells. In (€)
immunostaining experiments were conducted using these cells treated with AMPK activator A769662 300 pM or dimethyl sulfoxide (DMSO) for 1hour.
The green signal indicates the mitochondrial marker TOM20, the red signal indicates anti-Flag staining for WT ARMC10 or the ARMC10 S45E mutant, and

the blue signal indicates DAPI/nuclei. Scale bar: 10 pm. A region of the cell with ARMC10 WT or S45E overexpression was enlarge to show the
mitochondrial shape. d Quantification of the mitochondrial morphology in cells shown in (€). Morphology was quantified as for Fig. 4b

ARMCI10-KO cells, we did not observe colocalization of LC3 with
TOM20 changed after treatment with A769662, indicating that
ARMCI0 may have an important role not only in AMPK-
induced mitochondrial fission but also in its transition to
mitophagy.

Interactome study suggests a potential mechanism of ARMCI10
in mitochondrial dynamics. To further explore the potential
mechanism of ARMCI10 function in mitochondrial regulation, we
performed an interactome study of this protein by using a BioID
technique3®. We generated stable BiolD2-tagged ARMCIO-
expressing HEK293T cells lines and performed BiolD2-MS
experiments with these cell lines six times. We used two con-
trols—a BioID2 tag only and a BiolD2 tag fused with another
protein—for comparison. The candidate ARMCI0 interactome
comprised many proteins involved in mitochondrial fission and
mitophagy (Fig. 6a). These proteins include DNMIL (also called
Drpl), a protein critically involved in mitochondrial fission3’;
MFF, MIEF], and MIEF2, which regulate the recruitment of Drpl
to mitochondria3®; MTFR1 and MTFR2, which are mitochondrial
fission regulators®®; and BNIP3 and BAX, which mediate mito-
chondrial dysfunction and mitophagy#0.

We selected four well-known mitochondrial fission or fusion
genes (MFF, FIS, MFN1, and OPA1) for pulldown experiments to
test for potential interactions with ARMCI0 in the regulation of
mitochondrial dynamics. We found that ARMCI10 can interact
with two mitochondrial fission proteins, MFF and FIS1, that are
important in mediating Drpl recruitment during mitochondrial
fission*!, but no obvious binding was noted between ARMC10
and the two mitochondrial fusion proteins MFN1 and OPAl
(Fig. 6b). We further confirmed the binding between ARMC10
and MFF (Supplementary Figures 6¢, d). As MFF and FIS1 can
bind to and recruit Drpl during mitochondrial fission, we
wondered whether ARMCI10 has a similar function. Indeed, as
shown in Fig. 6c, we found that ARMCI10, like MFF, binds to
Drpl. These findings suggest that ARMC10 may participate in
mitochondrial fission by interacting with several proteins
involved in this process, including MFF, FIS1, and Drp1 (Fig. 6d).

Discussion

In the present study, we performed global quantitative phos-
phoproteomic analysis and discovered 160 AMPK-dependent
phosphorylation sites, and 32 of these sites are likely direct
AMPK phosphorylation sites. We validated one uncharacterized
protein, ARMCI10, and demonstrated that the S45 site of
ARMCI10 can be phosphorylated by AMPK. According to our

study, ARMCI10 is an effector of AMPK that participates in
dynamic regulation of mitochondrial fission and fusion in
response to energy stress.

Identifying kinase substrates is critical to understanding the
functions of a given protein kinase. However, this is an extremely
challenging task because of the lack of a universal approach for
discovery of kinase substrates. Previous studies have used several
well-designed and specific strategies to identify AMPK substrates,
including pulldown assays with a specific anti-AMPK motif
antibody or 14-3-3 protein and comparisons of samples treated or
not treated with an AMPK activator or inhibitor. These strategies
worked well and led to the discovery of more AMPK substrates
with diverse cellular functions®1%:1214  With these strategies,
however, the basal activity of endogenous AMPK could increase
the background signals, thereby complicating the identification of
bona fidle AMPK-dependent phosphorylation events. The well-
developed CRISPR-Cas9 genome-editing technology greatly
facilitates our ability to disrupt a target gene and thus completely
abolish the function of this target protein. Therefore, we com-
bined the CRISPR-Cas9 technology and global quantitative
phosphoproteomic in this study to set up a workflow for the
identification of AMPK substrates. We successfully discovered 32
phosphosites regulated by AMPK kinase, 24 of which are novel,
indicating that the combination of CRISPR-Cas9—mediated KO
cells and global quantitative phosphoproteomic is suitable as a
general approach for the identification of kinase substrates.
Moreover, this strategy does not require specific phosphorylation
motif antibodies or any extensive knowledge of the particular
kinase under investigation. We will continue to use this general
approach to study kinase-dependent signaling pathways, espe-
cially the ones that have not yet been studied extensively.

There are some drawbacks to this approach for the discovery of
kinase phospho-substrate relationship. First, it is a global phos-
phoproteomics approach with only TiO, enrichment, which
enriches all the phosphorylated peptides. The phosphosites
regulated by the particular kinase of interest comprise just a very
small fraction of the global phosphoproteome. Many of the
phospho-substrates will be missed in such screens because of the
relatively limited coverage of current phosphoproteomics. For
example, we identified eight known AMPK substrates but missed
many other well-known AMPK substrates. Second, the strategy of
comparing kinase KO cells with WT cells may have intrinsic
problems. KO of a particular protein kinase may cause com-
pensation and/or cellular stress, which in theory can lead to some
unpredictable events in the cell that may impede the discovery of
true physiological substrates of the kinase of interest. Third, since
the strategy we use is a global phosphoproteomics approach,
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Fig. 5 Mitochondrial morphology changes in ARMC10-KO cells. a Results of immunostaining experiments using wild-type (WT) ARMC10 or ARMC10-KO
U20S cells treated or not treated with AMPK A769662 300 pM for 1hour. Dimethyl sulfoxide (DMSO) was used as control. The rescue experiments were
done with transiently expressed ARMC10 WT, S45A mutation, and S45E mutation. The green signal indicates the mitochondrial marker TOM20, and the
blue signal indicates DAPI/nuclei. Scale bar: 10 pm. b Quantification of mitochondrial morphology in WT ARMC10 and ARMC10-KO U20S cells.

Morphology was quantified as for Fig. 4b, d. ¢, d Cell survival following glucose starvation. HEK293A-derived cells (¢) or U20S-derived cells (d) were
cultured in 25 mM glucose-containing medium for 24 h and then changed to a medium without glucose. Cells were counted at each time point (mean =

standard deviation; n = 3 biologically independent extracts) and plotted

many of the phosphopeptides with higher phosphorylation levels
in WT but not in KO cells are not direct substrates of the kinase
but are indirectly regulated by the kinase. We used the well-
known conserved AMPK substrate motif to identify the ones that
may be directly phosphorylated by AMPK. But for many kinases
without any known substrate motif, it will be challenging to pick
out the real direct kinase substrates. Fourth, our approach relies
on the generation of kinase deficient/KO cells, which will not

10

work for many protein kinases that are essential for cell survival.
For these essential kinases, the alternative approaches are the use
of knockdown cells or kinase inhibitors as the control, but these
alternatives are not as efficient as KO since they cannot com-
pletely block the kinase activity.

Our functional analysis of the three groups of proteins regu-
lated by AMPK confirmed the diverse functions of this kinase,
especially its roles in metabolism and signaling pathways.
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Fig. 6 ARMCI10 associates with mitochondrial fission proteins. a Mitochondrial fission proteins enriched by BiolD pulldown with the bait protein ARMC10.
Six repeats with the BiolD2-tagged ARMCI10 and eight controls. Control 1, BiolD2 tag fused with mitochondria localization sequence (two repeats); control
2, BiolD2 tag fused with a nonrelated bait protein, SLX4IP (six repeats), were conducted for the BiolD experiments. The peptide spectrum matches (PSM)
presented are the average numbers of PSMs of the candidate interacting genes involved in mitochondrial fission and/or mitophagy identified in ARMC10 or
control groups. The p values represent statistical analysis of identified PSMs of the BiolD2-tagged ARMCI10 binding proteins comparing to those identified
in all control samples. b ARMC10 associates with mitochondria fission proteins but not mitochondria fusion proteins. Mitochondria fusion (MFN1 and
OPA1) and fission (MFF and FIST) proteins were selected and tested for binding to ARMC10. N-terminal SFB vector alone (N-SFB) and SFB-tagged LKB1
were selected as negative controls. For these experiments, constructs encoding indicated tagged proteins were co-transfected into HEK293T cells. Cells
were collected 24 h later and cell lysates were subjected to pulldown assay using S protein beads. Western blotting was conducted using indicated
antibodies. ¢ ARMC10 binds to Drpl. Constructs encoding Myc-tagged ARMC10, MFF, and MFNT were co-transfected with constructs enconding SFB-
tagged Drpl. The association of ARMC10 or MFF with Drp1 was tested as described for (b) with immunoprecipitation (IP) by anti-Myc antibody and
Western blotting using indicated antibodies. d A working model of AMPK-regulated ARMC10 S45 phosphorylation in mitochondrial fission. In response to
energy stress, AMPK is activated by its phosphorylation at T172. The activated AMPK phosphorylates ARMC10 at the S45 site. The phosphorylated/
activated ARMC10 works with several mitochondrial fission proteins, such as MFF, Drp]1, FIS1, and MIEF1/2, to promote mitochondrial fission. If fission
continues, cells may undergo mitophagy. When AMPK is deactivated, mitochondria will undergo fusion with the help of several mitochondria fusion
proteins, including MFN1, MFN2, and OPA1

Notably, our study revealed several mitochondrial proteins, such
as MFF, MTFRI1L, and ARMCI10, to be AMPK substrates. Indeed,
Shaw and colleagues recently reported that MFF is an AMPK
substrate that functions in the regulation of mitochondrial fusion
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and fission!142, Two different AMPK substrate screening studies
identified MTFR1L!213, indicating that MTFRIL is also likely a
direct AMPK substrate. In this study, we validated ARMC10
as a newly discovered AMPK substrate that participates in
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mitochondrial fission. Thus, AMPK may have important roles in
regulating mitochondrial dynamics via phosphorylating several
components in this process. Its functions in mitochondria reg-
ulation need to be further elucidated.

We identified a number of proteins with phosphosites that
differed considerably between control and AMPKal/a2-DKO
cells but did not have the conserved AMPK substrate motif in
their protein sequences (groups 2 and 3). We speculated that
these proteins are indirectly regulated by AMPK. By using
bioinformatics functional analysis, we found that these phos-
phoproteins have highly enriched nuclear functions. Many of
them function in transcriptional and translational regulation.
Groups 2 and 3 are also enriched in cell-cycle progression, DNA
repair and nuclear organization. We suspect that phosphorylation
of these nuclear proteins, which may be indirectly regulated by
AMPK, enables AMPK to participate in the regulation of tran-
scriptional and translational processes and thus ensure energy
balance by increasing the capacity of cells to produce ATP but
reduce ATP consumption. AMPK signaling may also promote
cell survival via inhibition of cell-cycle progression and cell
proliferation.

From our list of candidate AMPK substrates, we identified two
ARMCI10 phosphopeptides for the same phosphorylation site,
§45, strongly suggesting that ARMCI10 is phosphorylated in vivo
by AMPK at this site. The results of the subsequent functional
studies suggest that ARMCI0 is likely an important AMPK
substrate involved in the regulation of mitochondrial functions.
Moreover, we showed that ARMCI10 is a key mediator involved in
AMPK-dependent regulation of mitochondrial fusion and fission,
and it relies on AMPK and AMPK-dependent phosphorylation at
S$45. Taken together, these findings suggest that ARMCI10 is a key
AMPK substrate that functions in mitochondrial fission.

The mitochondria represent the primary site of ATP produc-
tion. Given that AMPK function is directly regulated by AMP:
ATP or ADP:ATP ratio, and AMPK is the key kinase regulating
energy homeostasis, it is not surprising that AMPK participates
directly in the control of mitochondrial dynamics and functions.
We speculate that ARMCI0 directly facilitates mitochondrial
fission and contributes to mitophagy.

ARMCIO is located at the outer membrane of the mito-
chondria. We validated the binding between ARMCI10 and two
mitochondria fission proteins, MFF and FIS1, which have
been reported as receptors that recruit Drpl to the mito-
chondrial surface*!, whereas Drpl mediates membrane fission
by wrapping around and constricting mitochondrial
tubules*34*.  We further demonstrated an association
between ARMCI10 and Drpl, indicating that ARMC10 may
work together with MFF, FIS1, and Drpl to mediate mito-
chondrial fission. The details of the underlying mechanisms
remain to be elucidated.

This and previous studies indicate that AMPK has important
roles in the regulation of mitochondrial dynamics and other
processes that are critical for cellular response to energy stress.
We are still at the early stages of understanding the detailed
mechanisms underlying AMPK-dependent regulation of many
cellular processes involved in energy consumption and genera-
tion. We expect that our unbiased global phosphoproteomic
analysis of AMPK-dependent phosphorylation events will enable
us to gain a better understanding of the AMPK-dependent sig-
naling network.

Methods

Cell culture and transfection. HEK293A, HEK293T and U20S cells were pur-
chased from ATCC (Manassas, VA) and maintained in Dulbecco modified Eagle
medium supplemented with 10% fetal bovine serum, 1% penicillin and strepto-
mycin at 37 °C in 5% CO, (v/v). AMPKal/a2-DKO HEK293A-derived, ARMC10-

KO HEK293A-derived, and U20S-derived cells were generated by the CRISPR-
Cas9 system. The KO cells were validated by Sanger sequencing and immuno-
blotting as shown in Supplementary Figures la, b, 4e, f. AMPKal/a2-DKO U20S-
derived cells were a kind gift from Dr. Reuben Shaw (Salk Institute for Biological
Studies).

For plasmid transfection, cells were seeded in 6-well plates. The next day, a
mixture of 2 ug DNA, 10 pL of polyethylenimines and 200 uL Opti-MEM
(ThermoFisher Scientific, Waltham, MA) was added into one well of each plate.
After incubation for 16-24 h, cells were collected or treated as indicated.

Plasmid and antibodies. Constructs were generated via polymerase chain reaction
(PCR) and subcloned into a pPDONOR201 vector using Gateway Technology
(Invitrogen, Carlsbad, CA) for use as the entry clones. As needed, the entry clones
were subsequently recombined into Gateway-compatible destination vectors for the
expression of N- or C-terminal-tagged fusion proteins. PCR-mediated site-directed
mutagenesis was used to generate serial point mutations as indicated. The human
codon-optimized Cas9 construct and target gRNA expression construct were
obtained from Addgene.

Anti-ARMCI10 $45 phospho-specific antibody (1:500) was raised against KLH-
conjugated phospho-peptide GIRSSK(phospho-S)AED. Antisera were precleared
with non-phosphopeptide with the same sequence and then affinity-purified by
using the AminoLink Plus immobilization and purification kit (Pierce,
ThermoFisher Scientific). Anti-AMPKal (2795 S), anti-AMPKa2 (2757 S), anti-
AMPKa (5831 S), anti-ACCl (3676 S), anti-phospho-AMPK T172 (2535 S), anti-
phospho-ULK1 S555 (5869 S), anti-phospho-ACC1 S79 (11818), and anti-COX IV
(4850 S) were purchased from Cell Signaling Technology (Beverly, MA) and used
at 1:1000 dilution. Anti-phospho-Ser antibody was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA) and used at 1:200 dilution. Anti-a-tubulin (T6199-
200UL) and anti-Flag (M2) (F3165-5MG) monoclonal antibodies were purchased
from Sigma-Aldrich (St Louis, MO) and used at 1:5000 dilution. Anti-ARMC10
(20506-1-AP) was purchased from Protentech (Chicago, IL) and used at 1:500
dilution. Anti-TOM20 (sc-11415) was purchased from Santa Cruz Biotechnology
and used at 1:500 dilution in immunofluorescence analysis.

CRISPR-Cas9-mediated gene knockout. gRNA sequences were introduced into
an expression construct using site-directed mutagenesis via PCR. The gRNA
sequences for the indicated genes were as follows:

AMPKal, 5'-TCCTGTTACAGATTGTATGC AGG-3';

AMPKa2, 5'-ACGTTATTTAAGAAGATCCG AGG-3';

ARMCI0, 5'-TTACCTGCTGGAGTCAACGG AGG-3'.

Constructs encoding Cas9 and gRNA were cotransfected with pPCDNA3-
enhanced green fluorescent protein (GFP) into HEK293A or U20S cells by using
polyethylenimine transfection. Cells were sorted based on their GFP signals, and
KO clones were screened by Western blotting with corresponding antibodies and
confirmed by sequencing.

SILAC and protein digestion. For SILAC experiments, AMPKal/a2-DKO
HEK293A and parental HEK293A cells were labeled via passaging for up to eight
cell divisions in Dulbecco modified Eagle medium containing L-arginine (Arg 0)
and 1-lysine (Lys 0) (“light”) or L-arginine-U-13C¢!°N, (Arg 10) and 1-lysine-U-
13C415N, (Lys 8) (“heavy”). The medium was supplemented with 10% dialyzed
fetal bovine serum. Labeling efficiency was tested periodically using MS. Cells in
light or heavy medium were treated or not treated with 100 uM A769662 for 24 h.
Cells were collected and mixed immediately.

Cells were solubilized in GdmCl lysis buffer (6 M GdmCl, 100 mM Tris, pH 8.5,
10 mM dithiothreitol). Cells were then subjected to sonication and centrifugation
for 30 min at 4000 x g at 4 °C. Supernatants were placed in a clean tube and
reduced in 5 mM dithiothreitol for 1 hour at 56 °C followed by alkylation with 20
mM iodoacetamide for 45 min at room temperature in the dark. Volumes (4x) of
—20 °C acetone were added to precipitate the protein overnight. Precipitated
protein was collected via centrifugation for 20 min at 2000 x g at 4 °C. Pellets were
washed twice with —20 °C 80% acetone and air-dried. Pellets were resuspended in
8 M urea in 50 mM NH,HCO; buffer with sonication at 4 °C for 5 min. After
proteins were quantified by using a Bradford assay, 2 mg of each protein was placed
in a new tube, and the urea was diluted with 50 mM NH,HCOj; buffer to reduce
the concentration of urea to <1 M. The proteins were then digested in trypsin
(1:100) for 18 h at 37 °C (1000 x g).

Phosphopeptide enrichment. The phosphopeptides were enriched according to a
published protocol®>. After digestion, 150 uL of 3.2 M KCl, 55 L of 150 mM
KH,POy,, 800 puL of acetonitrile (ACN), and 95 pL of trifluoroacetic acid were added
to the digested peptides. Peptides were mixed at room temperature for 1 min at
2000 x g, cleared via centrifugation and transferred to a clean tube.

TiO, beads were added to peptides at a bead:protein ratio of 10:1, suspended in
80% ACN/6% trifluoroacetic acid and incubated at 40 °C for 5 min at 2000 x g. The
beads were then pelleted via centrifugation for 1 min at 3500 x g, and the
supernatant (containing non-phosphopeptides) was aspirated and discarded. The
beads were suspended in a wash buffer (60% ACN and 1% trifluoroacetic acid),
transferred to a clean tube and washed four more times with 1 mL of wash buffer
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each time. After the final wash, the beads were suspended in 100 pL of a transfer
buffer (80% ACN and 0.5% acetic acid), transferred onto the top of a C18 StageTip
(ThermoFisher Scientific) and subjected to centrifugation for 5min at 500 x g or
until no liquid remained on the StageTip. Bound phosphopeptides were eluted
twice with 30 pL of an elution buffer (40% ACN and 15% NH,OH; high-
performance liquid chromatography grade) and collected via centrifugation into
clean PCR tubes. Samples of the phosphopeptides were concentrated in a SpeedVac
for 15 min.

Mass spectrometry analysis. Phosphopeptide samples were fractionated followed
a described protocol®. Vacuum-dried peptides were dissolved in pH 10 buffer (10
mM ammonium bicarbonate, pH 10, adjusted by NH,OH) and subjected to pH 10
C18 reverse-phase column chromatography. Peptides were eluted with a step
gradient of 150 uL each of 6, 9, 12, 15, 18, 21, 25, 30, and 35% ACN (pH 10), pooled
into six pools and vacuum-dried for nano-high-performance liquid
chromatography-tandem MS.

Peptides were loaded onto a 10-cm column with a 150-uM inner diameter,
packed in-house with 1.9 uM C18, and subjected to nano-high-performance liquid
chromatography-tandem MS analysis by using a nano-LC 1000 coupled with an
Orbitrap Elite mass spectrometer (ThermoFisher Scientific). The peptides were
separated with a 75-min discontinuous gradient of 2-24%, 4-24%, or 8-26% ACN/
0.1% formic acid at a flow rate of 800 nL/minute. The mass spectrometer was set to
data-dependent mode, the precursor MS spectrum was scanned at 375-1300 m/z
with 240k resolution at 400 m/z (2 x 106 AGC target), and the 25 strongest ions
were fragmented via collision-induced dissociation with 35 normalized collision
energy and 1 m/z isolation width and detected by using an ion trap with 30's of
dynamic exclusion time, 1 x 10* AGC target, and 100 ms of maximum injection
time.

Mass spectrometry data analysis. Raw MS data were processed by the Max-
Quant software program (version 1.5.2.8; Max Planck Institute of Biochemistry,
Martinsreid, Germany) with a false-discovery rate <0.01 at the protein, peptide,
and modification level using default settings with the following minor changes:
multiplicity was set to 2 with light and heavy labeling; oxidation of methionine,
acetylation of N-term, and Phospho (STY) were selected as variable modifications;
carbamidomethyl(C) was selected as a fixed modification; and the minimum
peptide length was 7 amino acids. Proteins and peptides were identified by using a
target-decoy approach with a reversed database. The Human UniProt FASTA
database (October 2015) containing 70,097 entries was searched. Peptides and
proteins were quantified by using MaxQuant. Bioinformatics analysis of the pro-
teomics results was done with Microsoft Excel and R statistical computing soft-
ware. Significance was assessed with t-tests. The differentially expressed
phosphopeptides were subsequently filtered for median fold-change >1.5 and p
value < 0.05 (¢-test). A site localization probability of 0.7 was used as the cut-off for
localization of phosphorylation sites. Conserved motif analysis figures for the
changed phosphosites were generated using WebLogo#’. Function annotation was
done by Ingenuity Pathway Analysis software (QIAGEN, Redwood City, CA) and
reference mining.

In vitro kinase assay. Recombinant WT ARMCI10 and the ARMC10 S45A mutant
were expressed in bacteria and purified with use of a maltose-binding protein tag.
Both recombinant proteins were mixed with active recombinant AMPK (14-840;
Merck Millipore, Burlington, MA) and y-32P-ATP (NEG002A100UC; Perki-
nElmer, Waltham, MA) in a kinase buffer (25 mM Tris, pH 7.5, 5mM f-glycer-
ophosphate, 2 mM dithiothreitol, 0.1 mM Na3;VO,, 10 mM MgCl,). These samples
were incubated at 30 °C for 15 min. The reactions were stopped via boiling, and
proteins were separated using sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. The gel was dried, and it was imaged by using the PhosphorImager

software program!{.

Pulldown and immunoprecipitation. For pulldown and immunoprecipitation
assays, 1 x 107 cells were subjected to lysis with NETN buffer on ice for 30 min. The
lysates were incubated with 20 pL of conjugated streptavidin beads or S-beads (for
SFB-tagged pulldown) or with 20 uL of protein A/G agarose together with indi-
cated antibodies for 2 h at 4 °C. Beads were washed three times with NETN buffer
and boiled in 2x Laemmli buffer before Western blot analysis*8. Uncropped scans
of all Western blots are included in Supplementary Figure 7.

Immunofluorescent staining. Cells cultured on coverslips were fixed in 3% par-
aformaldehyde for 10 min at room temperature and then extracted with a 0.5%
Triton X-100 solution for 5 min. After blocking with a Tris-buffered saline/Tween
20 solution containing 1% bovine serum albumin, cells were incubated with the
indicated primary antibodies for 1 hour at room temperature. After that, cells were
washed and incubated with fluorescein isothiocyanate or rhodamine-conjugated
second primary antibodies (1:3000 dilution; Jackson ImmunoResearch Labora-
tories, West Grove, PA) for 1 hour. Cells were counterstained with 100 ng/mL 4’-6-
diamidino-2-phenylindole for 2 min to visualize nuclear DNA. The coverslips were
mounted onto glass slides with anti-fade solution and visualized using an Eclipse

E800 fluorescent microscope with a Plan Fluor 60x oil objective lens (numerical
aperture, 1.30; Nikon Instruments, Melville, NY).

Quantification of mitochondrial morphology followed the strategy reported
elsewhere!l. In brief, the quantification was scored from more than 150 cells with
three replicates, and it was done by a person who was blinded to genotype and
treatment of the samples. Morphology was scored as follows: “fragmented”, the
majority of mitochondria were spherical; “short”, the majority of mitochondria
were less than ~10 pm; “long”, the majority of mitochondria were more than ~10
um; and “fused”, highly interconnected mitochondria with fewer than 4-5 free
ends.

BiolD pulldown. BioID2 (Addgene) cDNA was amplified with ARMCI10 at the N-
terminus and inserted into a pDonor vector. After a subsequent reaction, BioID2-
bait pDEST constructs were obtained (Gateway cloning protocols). The constructs
were transfected into HEK293T cells by using polyethylenimine. HEK293T cell
lines with stable expression of tagged proteins were validated with Western blotting
after puromycin selection. For the BiolD pulldown experiment, 4 x 107 cells were
collected after incubation with 50 uM biotin for 16 h. Cells were subjected to lysis
and cleared via centrifugation. The supernatants were incubated with 100 pl of
streptavidin agarose beads overnight. After extensive washing, the samples were
eluted by boiling with 80 ul of 2x Laemmli buffer, then separated by SDS-PAGE
and visualized by Coomassie Blue staining.

The gel band containing the entire sample was excised into small pieces and
destained completely before digested with trypsin at 37 °C overnight. The peptides
were extracted with acetonitrile and vacuum dried. The mass spectrometry analysis
setting is similar to the method part of mass spectrometry analysis with a few
changes. The samples were subjected to nanoscale liquid chromatography (EASY-
nLC 1000 liquid chromatography system, ThermoFisher) coupled to tandem mass
spectrometry (Q Exactive Plus, ThermoFisher) analysis. The peptides were
separated with a 75-min discontinuous gradient of 4-24% ACN/0.1% formic acid
at a flow rate of 800 nl/minute. The MS raw data were searched in Proteome
Discoverer 1.4 (ThermoFisher) with Mascot algorithm 2.4 (Matrix Science). The
identified peptides and proteins were filtered by false discovery rate <1%.

Six repeats of the BiolD2-tagged ARMCI10 experiment were performed for the
bait, and eight repeats were performed for the controls, which included BioID2 tag
fused with mitochondria localization sequence (two repeats) or fused with a
nonrelated bait protein, SLX4IP (six repeats). To identify the significantly enriched
proteins, we compared the identification list from BioID2-tagged ARMCI10 to the
list from control groups. The results for samples and controls were compared via t-
tests.

Statistical analysis. Each experiment was repeated two or more times unless
otherwise noted. Differences between groups were analyzed by using the Student’s
t-test or two-way analysis of variance with the Tukey multiple comparisons test. P
values < 0.05 were considered statistically significant.

Data availability

The mass spectrometry proteomics data have been deposited to the Proteo-
meXchange Consortium via the PRIDE partner repository with the dataset iden-
tifier PXD011696. All relevant data not presented in the main figures or
Supplementary Data are available from the authors.

Received: 24 May 2018 Accepted: 3 December 2018
Published online: 10 January 2019

References

1. Hardie, D. G, Ross, F. A. & Hawley, S. A. AMPK: a nutrient and energy sensor
that maintains energy homeostasis. Nat. Rev. Mol. Cell Biol. 13, 251-262
(2012).

2. Viollet, B. & Andreelli, F. AMP-activated protein kinase and metabolic
control. Handb. Exp. Pharmacol. 203, 303-330 (2011).

3. Kim, J.,, Kundu, M., Viollet, B. & Guan, K. L. AMPK and mTOR regulate
autophagy through direct phosphorylation of Ulkl. Nat. Cell Biol. 13, 132-141
(2011).

4. Alers, S, Loffler, A. S., Wesselborg, S. & Stork, B. Role of AMPK-mTOR-Ulk1/
2 in the regulation of autophagy: cross talk, shortcuts, and feedbacks. Mol.
Cell. Biol. 32, 2-11 (2012).

5. Steinberg, G. R. & Kemp, B. E. AMPK in health and disease. Physiol. Rev. 89,
1025-1078 (2009).

6. Daurio, N. A. et al. AMPK activation and metabolic reprogramming by
tamoxifen through estrogen receptor-independent mechanisms suggests new
uses for this therapeutic modality in cancer treatment. Cancer Res. 76,
3295-3306 (2016).

7. Mogavero, A. et al. Metformin transiently inhibits colorectal cancer cell
proliferation as a result of either AMPK activation or increased ROS
production. Sci. Rep. 7, 15992 (2017).

| (2019)10:104 | https://doi.org/10.1038/541467-018-08004-0 | www.nature.com/naturecommunications 13


https://www.ebi.ac.uk/pride/archive/projects/PXD011696
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Choi, Y. K. & Park, K. G. Metabolic roles of AMPK and metformin in cancer
cells. Mol. Cells 36, 279-287 (2013).

Gwinn, D. M. et al. AMPK phosphorylation of raptor mediates a metabolic
checkpoint. Mol. Cell 30, 214-226 (2008).

Egan, D. F. et al. Phosphorylation of ULK1 (hATG1) by AMP-activated protein
kinase connects energy sensing to mitophagy. Science 331, 456-461 (2011).
Toyama, E. Q. et al. AMP-activated protein kinase mediates mitochondrial
fission in response to energy stress. Science 351, 275-281 (2016).

Schaffer, B. E. et al. Identification of AMPK phosphorylation sites reveals a
network of proteins involved in cell invasion and facilitates large-scale
substrate prediction. Cell Metab. 22, 907-921 (2015).

Hoffman, N. J. et al. Global phosphoproteomic analysis of human skeletal
muscle reveals a network of exercise-regulated kinases and AMPK substrates.
Cell Metab. 22, 922-935 (2015).

Ducommun, S. et al. Motif affinity and mass spectrometry proteomic
approach for the discovery of cellular AMPK targets: identification of
mitochondrial fission factor as a new AMPK substrate. Cell Signal. 27,
978-988 (2015).

Shalem, O. et al. Genome-scale CRISPR-Cas9 knockout screening in human
cells. Science 343, 84-87 (2014).

Koonin, E. V., Makarova, K. S. & Zhang, F. Diversity, classification and
evolution of CRISPR-Cas systems. Curr. Opin. Microbiol. 37, 67-78 (2017).
Ran, F. A. et al. Double nicking by RNA-guided CRISPR Cas9 for enhanced
genome editing specificity. Cell 154, 1380-1389 (2013).

Huang, R. et al. A specific splicing variant of SVH, a novel human armadillo
repeat protein, is up-regulated in hepatocellular carcinomas. Cancer Res. 63,
3775-3782 (2003).

Cox, J. & Mann, M. MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein
quantification. Nat. Biotechnol. 26, 1367-1372 (2008).

Hardie, D. G., Schaffer, B. E. & Brunet, A. AMPK: an energy-sensing pathway
with multiple inputs and outputs. Trends Cell Biol. 26, 190-201 (2016).
Garton, A. J., Campbell, D. G., Cohen, P. & Yeaman, S. J. Primary structure of
the site on bovine hormone-sensitive lipase phosphorylated by cyclic AMP-
dependent protein kinase. FEBS Lett. 229, 68-72 (1988).

Ichimura, T. et al. Phosphorylation-dependent interaction of kinesin light
chain 2 and the 14-3-3 protein. Biochemistry 41, 5566-5572 (2002).

Amato, S. et al. AMP-activated protein kinase regulates neuronal polarization
by interfering with PI 3-kinase localization. Science 332, 247-251 (2011).
Lee, S. Y. et al. APEX fingerprinting reveals the subcellular localization of
proteins of interest. Cell Rep. 15, 1837-1847 (2016).

van der Bliek, A. M., Shen, Q. & Kawajiri, S. Mechanisms of mitochondrial
fission and fusion. Cold Spring Harb. Perspect. Biol. 5, 011072 (2013).
Katoh, M. et al. Polymorphic regulation of mitochondrial fission and fusion
modifies phenotypes of microglia in neuroinflammation. Sci. Rep. 7, 4942 (2017).
Zhu, J., Wang, K. Z. & Chu, C. T. After the banquet: mitochondrial biogenesis,
mitophagy, and cell survival. Autophagy 9, 1663-1676 (2013).

Zhao, M. & Klionsky, D. J. AMPK-dependent phosphorylation of ULK1
induces autophagy. Cell. Metab. 13, 119-120 (2011).

Laker, R. C. et al. Ampk phosphorylation of Ulk1 is required for targeting of
mitochondria to lysosomes in exercise-induced mitophagy. Nat. Commun. 8,
548 (2017).

Rabinovitch, R. C. et al. AMPK maintains cellular metabolic homeostasis through
regulation of mitochondrial reactive oxygen species. Cell Rep. 21, 1-9 (2017).
Abdelwahid, E. et al. Mitochondrial disruption in Drosophila apoptosis. Dev.
Cell 12, 793-806 (2007).

Chen, H., McCaffery, J. M. & Chan, D. C. Mitochondrial fusion protects
against neurodegeneration in the cerebellum. Cell 130, 548-562 (2007).
Serrat, R. et al. The Armc10/SVH gene: genome context, regulation of
mitochondrial dynamics and protection against Abeta-induced mitochondrial
fragmentation. Cell Death Dis. 5, e1163 (2014).

Iglewski, M., Hill, J. A., Lavandero, S. & Rothermel, B. A. Mitochondrial
fission and autophagy in the normal and diseased heart. Curr. Hypertens. Rep.
12, 418-425 (2010).

Zhang, C. S. & Lin, S. C. AMPK promotes autophagy by facilitating
mitochondrial fission. Cell Metab. 23, 399-401 (2016).

Kim, D. I et al. An improved smaller biotin ligase for BioID proximity
labeling. Mol. Biol. Cell 27, 1188-1196 (2016).

Smirnova, E,, Shurland, D. L., Ryazantsev, S. N. & van der Bliek, A. M. A
human dynamin-related protein controls the distribution of mitochondria. J.
Cell Biol. 143, 351-358 (1998).

Yu, R. et al. MIEF1/2 function as adaptors to recruit Drpl to mitochondria
and regulate the association of Drpl with Mff. Sci. Rep. 7, 880 (2017).

39. Monticone, M. et al. The nuclear genes Mtfrl and Dufd] regulate mitochondrial
dynamic and cellular respiration. J. Cell. Physiol. 225, 767-776 (2010).

40. Kubli, D. A, Ycaza, J. E. & Gustafsson, A. B. Bnip3 mediates mitochondrial
dysfunction and cell death through Bax and Bak. Biochem. J. 405, 407-415 (2007).

41. Loson, O. C,, Song, Z., Chen, H. & Chan, D. C. Fis1, Mff, MiD49, and MiD51
mediate Drpl recruitment in mitochondrial fission. Mol. Biol. Cell 24,
659-667 (2013).

42. Herzig, S. & Shaw, R. J. AMPK: guardian of metabolism and mitochondrial
homeostasis. Nat. Rev. Mol. Cell Biol. 19, 121-135 (2018).

43. Smirnova, E., Griparic, L., Shurland, D. L. & van der Bliek, A. M. Dynamin-
related protein Drpl is required for mitochondrial division in mammalian
cells. Mol. Biol. Cell 12, 2245-2256 (2001).

44. Mears, J. A. et al. Conformational changes in Dnm1 support a contractile
mechanism for mitochondrial fission. Nat. Struct. Mol. Biol. 18, 20-26 (2011).

45. Humphrey, S. J., Azimifar, S. B. & Mann, M. High-throughput
phosphoproteomics reveals in vivo insulin signaling dynamics. Nat.
Biotechnol. 33, 990-995 (2015).

46. Ding, C. et al. A fast workflow for identification and quantification of
proteomes. Mol. Cell. Proteom. 12, 2370-2380 (2013).

47. Crooks, G. E., Hon, G., Chandonia, J. M. & Brenner, S. E. WebLogo: a
sequence logo generator. Genome Res. 14, 1188-1190 (2004).

48. Chen, Z. et al. Proteomic analysis reveals a novel mutator S (MutS) partner
involved in mismatch repair pathway. Mol. Cell. Proteom. 15, 1299-1308 (2016).

Acknowledgements

We thank Drs. Yi Wang, Yin Ye, My Kim Tran, and Antrix Jain for their kind help, and
Drs. Sebastien Herzig and Reuben Shaw for sharing unpublished observations. We also
thank the Department of Scientific Publications at The University of Texas MD
Anderson Cancer Center for editing the manuscript. This work was supported in part by
startup funds from MD Anderson Cancer Center and Era of Hope Scholar Research
Award W81XWH-09-1-0409 from the U.S. Department of Defense to J.C,; J.C. also
received support from the Pamela and Wayne Garrison Distinguished Chair in Cancer
Research. This project was supported in part by the National Institutes of Health through
Cancer Center Support Grant P30CA016672.

Author contributions

Z.C., C.L., J.Q, and J.C. conceived the project. Z.C,, C.L., CW.,, N.L, M.S, M.T,, H.Z, J.
M.C,, and S.Y.J. performed the experiments. Z.C. and J.C. wrote the manuscript with
input from all authors.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-08004-0.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information: Nature Communications thanks the anonymous
reviewers for their contribution to the peer review of this work. Peer reviewer reports are
available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

| (2019)10:104 | https://doi.org/10.1038/s41467-018-08004-0 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-018-08004-0
https://doi.org/10.1038/s41467-018-08004-0
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Global phosphoproteomic analysis reveals ARMC10 as an AMPK substrate that regulates mitochondrial dynamics
	Results
	Comprehensive global phosphoproteomic screening for AMPK substrates
	Validation of potential AMPK substrates
	ARMC10 is a novel AMPK substrate
	ARMC10 overexpression induces mitochondrial fission
	AMPK substrate ARMC10 regulates mitochondrial dynamics
	Phosphorylation of ARMC10 by AMPK is important for cell survival
	Interactome study suggests a potential mechanism of ARMC10 in mitochondrial dynamics

	Discussion
	Methods
	Cell culture and transfection
	Plasmid and antibodies
	CRISPR-Cas9-mediated gene knockout
	SILAC and protein digestion
	Phosphopeptide enrichment
	Mass spectrometry analysis
	Mass spectrometry data analysis
	In vitro kinase assay
	Pulldown and immunoprecipitation
	Immunofluorescent staining
	BioID pulldown
	Statistical analysis

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Supplementary information
	ACKNOWLEDGEMENTS




