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NIMA-related kinase 9-mediated phosphorylation of the
microtubule-associated LC3B protein at Thr-50 suppresses
selective autophagy of p62/sequestosome 1
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Human ATGS8 family proteins (ATGS8s) are active in all steps of
the macroautophagy pathway, and their lipidation is essential for
autophagosome formation. Lipidated ATGS8s anchored to the
outer surface of the phagophore serve as scaffolds for binding of
other core autophagy proteins and various effector proteins
involved in trafficking or fusion events, whereas those at the inner
surface are needed for assembly of selective autophagy substrates.
Their scaffolding role depends on specific interactions between the
LC3-interacting region (LIR) docking site (LDS) in ATG8s and LIR
motifs in various interaction partners. LC3B is phosphorylated at
Thr-50 within the LDS by serine/threonine kinase (STK) 3 and
STK4. Here, we identified LIR motifs in STK3 and atypical protein
kinase C{ (PKC{) and never in mitosis A (NIMA)-related kinase 9
(NEKO9). All three kinases phosphorylated LC3B Thr-50 in vitro. A
phospho-mimicking substitution of Thr-50 impaired binding of
several LIR-containing proteins, such as ATG4B, FYVE, and
coiled-coil domain-containing 1 (FYCO1), and autophagy cargo
receptors p62/sequestosome 1 (SQSTM1) and neighbor of BRCA1
gene (NBR1). NEK9 knockdown or knockout enhanced degrada-
tion of the autophagy receptor and substrate p62. Of note, the sup-
pression of p62 degradation was mediated by NEK9-mediated
phosphorylation of LC3B Thr-50. Consistently, reconstitution of
LC3B-KO cells with the phospho-mimicking T50E variant inhib-
ited autophagic p62 degradation. PKC{ knockdown did not affect
autophagic p62 degradation, whereas STK3/4 knockouts inhibited
autophagic p62 degradation independently of LC3B Thr-50 phos-
phorylation. Our findings suggest that NEK9 suppresses
LC3B-mediated autophagy of p62 by phosphorylating Thr-50
within the LDS of LC3B.

Macroautophagy (hereafter referred to as autophagy) is an
evolutionarily-conserved pathway for degradation of cytosolic
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components (1). Autophagy begins with the formation of a
crescent-shaped membrane structure termed the phagophore.
The phagophore grows to envelop cytosolic content resulting
in the formation of a closed, double-membrane structure sur-
rounding the content, the autophagosome. The autophago-
some might fuse with late endosomes before ultimately fusing
with lysosomes forming an autolysosome, in which the content
is degraded (2). Autophagy can either be nonspecific, i.e. deg-
radation of long-lived cytosolic proteins, termed bulk autophagy
or selective, ie. targeted degradation of specific proteins and
organelles (3). Selective autophagy is involved in the degradation
of a diverse range of cytosolic components, including mitochon-
dria (mitophagy), peroxisomes (pexophagy), protein aggregates
(aggrephagy), bacteria (xenophagy), and the endoplasmic reticu-
lum (reticulophagy) (4). Selective autophagy relies on a number of
cargo receptors of which the most well-studied is p62/SQSTM1
(sequestosome-1) (5, 6). These cargo receptors interact with
ATGS proteins through the LC3-interacting region (LIR)* motif,
which tethers the cargo receptors, along with their cargo, to the
phagophore (7).

Core to the autophagic pathway is the ATG8 family of pro-
teins (ATG8s) that, except for an N-terminal arm, structurally
resemble the ubiquitin family of proteins (8). The mammalian
ATG8 family consists of seven members subdivided into two
families: MAP1LC3/LC3 (microtubule-associated protein 1
light chain 3) -A, -B, -B2, and -C and GABA receptor-associated
proteins (GABARAP), GABARAPL1 (GABA A receptor-asso-
ciated protein-like 1) and GABARAPL2. Newly-synthesized
ATG8s are processed by the cysteine protease family ATG4
exposing a C-terminal glycine (9). In a manner analogous to the
ubiquitin system, ATGS8s are first activated by ATG7 (E1-like),
transferred to ATG3 (E2-like), before finally becoming cova-
lently attached to phosphatidylethanolamine (PE) by the action
of the ATG12-ATG5-ATG16 complex (E3-like), enabling

3 The abbreviations used are: LIR, LC3-interacting region; CLIR, C-type LIR;
LDS, LC3-docking site; PKC, protein kinase C; NIMA, Never in Mitosis A; PE,
phosphatidylethanolamine; GABA, y-aminobutyric acid; GABARAP, GABA
receptor-associated protein; DMEM, Dulbecco’s modified Eagle’s medium;
ETD, electron transfer dissociation; LDH, lactate dehydrogenase; AR, auto-
radiography; ANOVA, analysis of variance; EGFP, enhanced GFP; CBB, Coo-
massie Brilliant Blue; PDB, Protein Data Bank; HBSS, Hanks’ balanced salt
solution; PTM, post-translational modification; STK, serine/threonine
kinase; mTOR, mechanistic target of rapamycin; GST, glutathione S-trans-
ferase; CID, collision-induced dissociation.
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membrane attachment (10). ATGS8s are released from the
phagophore, and from the outer membrane of the autophago-
some, by ATG4-mediated cleavage of the ATG8-PE bond,
thereby restoring free ATG8 (11). The ATG8s have been shown
to be involved in the nucleation, expansion (12), and closure of
the phagophore (13).

The ATGS8s coat the inner and outer membrane of the
phagophore (14) and function as anchoring points for the
autophagic machinery as well as recruitment of cargo receptors
to the phagophore (7). A growing number of protein interac-
tions involving ATG8s have been shown to be mediated
through an LIR motif on the binding partner of ATG8, which
interacts with the LIR-docking site (LDS) on the ATGS8s (15).
The LDS consists of two hydrophobic pockets (HP1 and -2)
capable of encompassing the core residues of the consensus LIR
sequence separated by two variable amino acids ((W/F/
Y)XX(L/I/V)) (16). Another type of LIR motif termed C-type
LIR (CLIR) has also been shown to bind LC3C through interac-
tion with HP2 (17). LIR motifs are very often flanked N-termi-
nally by acidic residues that interact with basic residues in the
N-terminal a-helix of ATGS8s (15). The variation within the LIR
motif sequence determines preferential binding to individual
ATGS8 family members and determines binding affinity and
thereby competitive interaction with other LIR motif-contain-
ing autophagic proteins. Such binding specificity might regu-
late the autophagy pathway (15). The autophagy pathway is
tightly regulated by several autophagy-related proteins. Among
such regulatory proteins are kinases such as ULK1 (unc-51-like
autophagy activating kinase 1) and ULK2 and mechanistic tar-
get of rapamycin (mTOR) (18). Several other serine-threonine
kinases were identified as interactors of the ATG8 family pro-
teins in a human autophagy interactomics study (19). NEK9
belongs to the NIMA (Never in Mitosis A)-related kinase fam-
ily. Members of the NIMA family are associated with cell cycle—
related functions during mitosis. Specifically, NEK9 plays an
essential role in the assembly of spindle fibers early in mitosis
(20). STKS3 (serine/threonine-protein kinase 3) and STK4 play
an essential role in the Hippo signaling pathway. STK3 and
STK4 act as negative regulators of transcription co-activators
YAP1 (Yes-associated protein 1) and WWTR1 (WW domain-
containing transcription regulator 1 (WWTR1). YAP1 and
WWTRI are associated with genes that regulate cell prolifera-
tion, survival, and differentiation (21). Besides its role as a
tumor suppressor, loss of STK4 leads to high susceptibility
toward infection likely due to loss of immune cells (B and T
lymphocytes) (22, 23). STK4 was first reported as a negative
regulator of autophagy. STK3 was shown to negatively regulate
autophagy via phosphorylation of Beclin 1 at Thr-108, thereby
promoting interaction between Beclin 1 and Bcl-2 (24). The
role of atypical protein kinase C in autophagy is less under-
stood. Recently, protein kinase Ct (PKCt) was shown to nega-
tively regulate autophagy via direct phosphorylation-mediated
activation of PI3 kinase—AKT-mTOR-signaling pathway (25).

Several post-translational modifications (PTMs) have been
reported in LC3B both surrounding the core LDS as well as in
the N-terminal arm (26). Phosphorylation of threonine 6
(Thr-6) and Thr-29 in the N-terminal arm of LC3B by PKC has
been reported but was found to have no effect on overall
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autophagy or LC3B processing (27). Several other studies have
reported PTMs near the LDS, including phosphorylation of
Thr-50 (28), as well as acetylation of lysine 49 (Lys-49) and
Lys-51 (29). Phosphorylation of Thr-50 by STK3 and -4 is
reported to be required for proper autophagosome-lysosome
fusion (28). Furthermore, STK3"/~/STK4 '~ knockout cells
display deficient xenophagy, as these cells are unable to effi-
ciently clear intracellular bacteria (28). Acetylation of Lys-49 and
Lys-51 is reported to cause nuclear retention of LC3B in full
medium. Upon starvation, LC3B is deacetylated by SIRT1 and
transported out of the nucleus by DOR/TP53INP2. This shuttling
was found to be crucial for the ability of LC3B to form puncta, most
likely representing autophagosomes, in the cytosol (29).

Given the proximity to the LDS, we hypothesized that phos-
phorylation of Thr-50 could regulate the interaction between
LC3B and LIR-containing proteins. To this end, we used
CRISPR/Cas9 technology to establish a Flp-In T-Rex HEK293
LC3B knockout (KO) cell line. By stably reconstituting the
LC3B KO cell line with LC3B WT, -T50A, -T50E, and LC3B
F52A/L53A (LDS mutants), we found that selective autophagic
flux was strongly inhibited by both T50E and F52A/
L53A mutations. Furthermore, the phospho-mimicking LC3B
T50E mutant displayed significantly reduced interaction with
several essential autophagy-related proteins such as p62/
SQSTMI(sequestosome-1), ATG7, ATG4B, FYCO1, and Syn-
taxin-17. By in vitro phosphorylation assays, we identified NEK9 as
a potential kinase that mediates phosphorylation of LC3B Thr-50.
Interestingly, the KD of NEKO9 led to enhanced autophagic flux in
WT cells but had no effect on LC3B KO cells reconstituted with
mutant LC3B T50A/T50E. This result suggests that NEK9 regu-
lates autophagy involving LC3B by phosphorylation of Thr-50
within the LDS.

Results
STK3 interacts with LC3C and GABARAP via a CLIR

The pioneering proteomic analysis of the autophagy interac-
tion network in human cells by Behrends et al. (19) revealed
several serine/threonine kinases as part of the ATGS8s interac-
tome, including STK3, STK4, NEK9, and PKC{. The major
autophagy regulating protein kinases ULK1 and -2 (30) and the
yeast orthologue Atgl (31) have been shown to bind to ATGS8s
and to do so via LIR motifs. To study whether NEK9, PKC{,
STKS3, and -4 engage in LIR-dependent interactions with ATG8s,
we first validated that they are bound to LC3B in vivo.
NEK9, PKC{, and STK3/4 were transiently co-expressed with
GABARAP or LC3B in HEK293 cells. The kinases were immu-
noprecipitated and co-precipitated ATGS8s detected by West-
ern blotting (Fig. 1A). For this purpose, we used both a func-
tional kinase (WT) and a kinase-deficient mutant (KD) (Fig.
S1A). Previously, mutations in the Mg®" -binding motif (DFG)
or the ATP-binding motif (VAIK) of PKCs, which both abolish
ATP binding, have been shown to cause apoptotic effects in
vivo (32). We therefore chose to mutate the aspartic acid of the
His—Arg—Asp (HRD) motif necessary for proton transfer from
the serine/threonine residue. Both GFP-LC3B and GFP-
GABARAP co-immunoprecipitated with all the tested kinases
independent of their kinase activity. Albeit the kinase-dead vari-
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ants of STK3 and NEK9 bound slightly less to both GABARAP and
LC3B in the experiments shown (Fig. 1A4), this was not consistently
observed. Of note, co-expression of the GEP tag alone with the
kinases caused apoptosis leading to a low yield of STK3 and -4,
PKC{, and NEKO, as reported previously (33).

To further characterize the interaction between the kinases
and ATG8 family proteins, we first addressed the interactions
between the hippo kinases and ATG8 family proteins. To this
end, GST-pulldown assays using translated in vitro STK3
showed that STK3 interacted directly with several of the
ATGSs, but most strongly with LC3C and GABARAP and more
weakly with GABARAPLI (Fig. 1, B and C). However, STK4
interacted very weakly with the ATGS8s (Fig. 1D). STK3 con-
tains an N-terminal kinase domain followed by an unstructured
region important for inhibition of the kinase activity by cover-
ing the active site. In the far C-terminal region resides the
SARAH domain, which is important for dimerization (Fig. 1E)
(34). A caspase-3 cleavage site (Asp-322) is located at position
Asp-322 which, if cleaved, produces a C-terminally truncated,
activated version of STK3 (35). To map the binding site for
ATG8 on STK3, we established expression constructs corre-
sponding to the fragment produced by caspase cleavage in vivo
as well as various C-terminally—deleted constructs (Fig. 1E).
GST pulldown assays using the various deletion constructs of
STK3 identified the interaction to be mediated by the fragment
encompassing the C-terminal region from amino acid position
323, and not the N-terminal part (from position 1 to 357) (Fig.
1F). GABARAP was used as an interaction partner in these
LIR-mapping experiments because it bound strongly to STK3.
However, because STK3 also bound strongly to LC3C, we
searched the C-terminal part of STK3 for CLIR with the con-
sensus PDOD, where P is an aliphatic amino acid. A candidate
CLIR, “MVT” was located at positions 365—367, reminiscent of
the CLIR previously described for the interaction between
CALCOCO2/NDP52 and LC3C (36). Strikingly, mutation of
this CLIR motif to AAA abolished binding between STK3 and
LC3C (Fig. 1G). Consistently, mutation of the LDS in LC3C
F58A resulted in a strongly-decreased binding to STK3 (Fig.
1H). GST-pulldown assays using extracts from HeLa cells
expressing the FLAG-STK3 or the FLAG-STK3 MVI/AAA
CLIR mutant verified the strong binding of FLAG-STK3 to
GABARAP and LC3C, whereas the CLIR mutant FLAG-STK3
MVI/AAA did not show significant binding. Furthermore, the
GABARAP Y49A LDS mutant displayed strongly-reduced
binding to FLAG-STK3 (Fig. 11). Taken together, the results

show that the CLIR motif in STK3 mediated LDS-dependent
binding to both LC3C and GABARAP.

PKC({ binds to GABARAP and GABARAPL 1 via an LIR motif
overlapping with the AGC kinase docking motif

The atypical PKCs contain a C-terminal kinase domain
whose activity is regulated by the N-terminal region composed
of an N-terminal Phox and Bem1p (PB1) domain, followed by a
C1-like zinc finger domain, which is preceded by a pseudosub-
strate peptide (Fig. 24). We conducted a peptide array screen to
probe the entire PKC{ for any LIR-like motifs (37). Three can-
didate motifs were identified (Fig. 2B). Because there are no 3D
structures available for PKC{, we used the structure of PKC.
(Protein Data Bank code 3A8W) to assess whether the motifs
that were positive hits from the peptide array were likely to be
exposed on the surface of PKC{. The motif “DIDWVQ” is
located in a solvent-exposed part of the kinase domain of
PKC/{/4, in an a-helical structure with the aromatic tryptophan
pointing inward toward the ATP-binding pocket. “WDLL”
(WDMM in PKCy) is located just C-terminal to the kinase
domain and is solvent-exposed in the structure; however, tryp-
tophan is facing inward between the two a-helices. The motif
showing the strongest binding in the peptide array “FEYI” over-
laps with the AGC kinase—docking motif (FEGFEYI), impor-
tant for the binding and activation of PKC{¢/t by PDK1 (38), and
it is located in a solvent-exposed region in the far C-terminal
part of PKC{/t. However, again the aromatic phenylalanine is
pointing inward in the structure. Mutation of the aromatic Phe
residue in the FEYI core sequence in a peptide covering the
C-terminal part of PKC{ prevented the interaction with
GABARAP, and mutation of the hydrophobic Ile residue strongly
reduced binding (Fig. 2C). This supports that FEYI might be a
functional LIR motif. This was confirmed by GST-pulldown assays
with full-length PKC{ with both the aromatic and hydrophobic
residues in the core LIR mutated to alanines, which strongly inhib-
ited binding to the ATG8s both in vitro (Fig. 2, D and E) and in cell
extracts (Fig. 2F). PKC{ bound most strongly to GABARAP and
GABARAPLI in vitro (Fig. 2E), and in lysates from HEK293 cells
transfected with EGFP-PKC{ (Fig. 2F). PKC{ did not interact with
LC3C. The interaction with LC3B in vitro and in vivo was very
weak (Fig. 2, D—F), although LC3B is efficiently immunoprecipi-
tated with PKC{ from cell extracts (Fig. 1A). This suggests that
either PTMs of LC3B or PKC{ are required for efficient binding or
the association is not direct, i.e. they are part of a larger complex.
Confirming that PKC{ bound via an LIR-LDS interaction, a sim-

Figure 1. STK3 interacts with LC3C and GABARAP via a C-type atypical LIR motif. A, HEK293 cells were transiently co-transfected with the indicated
FLAG-tagged kinases, wildtype (WT), or kinase-dead (KD), and either GFP-LC3B or GFP-GABARAP. Cell lysates were immunoprecipitated (/P) with FLAG
antibodies and analyzed by Western blotting. B, Myc-tagged STK3 kinase constructs were translated in vitro in the presence of [>**SImethionine and analyzed
in GST affinity isolation experiments for binding to the indicated ATGS8s fused to GST. Bound proteins were detected by autoradiography and immobilized GST
or GST-tagged proteins visualized by Coomassie Brilliant Blue staining. C, quantification of STK3 binding shown in B and based on three independent
experiments. Values are mean = S.E. D, Myc-tagged STK4 kinase construct was translated in vitro in the presence of [>>Slmethionine and analyzed in GST affinity
isolation experiments for binding to the indicated ATG8s fused to GST. E, schematic drawing of the domain organization of STK3 with the kinase domain, the
LIR motif,and the SARAH domain indicated. The extent of deletion mutants and the location of the MVI/AAA LIR mutation are shown below the domain cartoon.
F, GST pulldown analyses of binding of the Myc-tagged STK3 deletion constructs shown in E to GST-GABARAP. The deletion constructs were translated in vitro
in the presence of [3*SImethionine. G, and H, GST pulldown analyses of binding of Myc-tagged STK3 WT and LIR mutant translated in vitro in the presence of
[**SImethionine to GST-LC3C (G) or Myc-tagged STK3 WT translated in vitro in the presence of [**S]methionine to GST-LC3C or GST-LC3C F58A (H). The F58A
mutant inhibits binding to the LDS of LC3C. /, HEK293 cells were transiently transfected with FLAG-tagged constructs of STK3 WT and LIR mutant (MVI/AAA),
and whole-cell lysates were incubated with recombinant GST or GST-ATG8s family proteins. The bound FLAG-tagged STK3 protein was detected by Western
blotting using anti-FLAG antibodies and immobilized GST or GST-tagged proteins visualized by Ponceau S staining. AR, autoradiography; CBB, Coomassie
Brilliant Blue.
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Figure 2. PKC{ binds to GABARAP and GABARAPL1 via a LIR motif overlapping with the AGC kinase docking motif. A, schematic diagram of the domain
organization of PKC{ with the N-terminal PB1 domain involved in heterodimerization, the pseudosubstrate sequence (PS), the zinc finger domain (ZnF), the
kinase domain, and the overlapping AGC kinase docking and LIR motifs. B, identification of GABARAP-binding putative LIR motifs in PKC{. An array of 20-mer
peptides covering full-length PKC{ (each peptide shifted three amino acids relative to the previous) was mixed with GST-GABARAP (1 ng/ml) and binding
detected using ant-GST antibodies. The extensions of the most strongly interacting peptides are indicated, of which the overlapping peptides harboring the
FEYI core LIR motif clearly bound most strongly. C, peptide array performed as in B but with the 20-mer harboring the FEYI motif with or without the core
phenylalanine (F) and/or isoleucine (/) residues mutated to alanine and a more N-terminal F mutated to Ala. D, Myc-tagged PKC{ WT and LIR mutant (F575A/
I578A) constructs were translated in vitro in the presence of [**SImethionine and tested in GST affinity isolation experiments for binding to human ATG8 family
proteins. Bound proteins were detected by autoradiography (AR) and immobilized GST or GST-tagged proteins by CBB. £, quantification of the binding of WT
Myc-PKC{ to GST-ATGSs. Values are mean = S.E. F, HEK293 cells were transiently transfected with EGFP-tagged WT and LIR mutant (F575A/I1578A) PKC{
expression constructs and whole-cell lysates were incubated with recombinant GST or GST-ATG8 family proteins. The bound EGFP-tagged PKC{ proteins were
detected by Western blotting using anti-EGFP antibodies and immobilized GST or GST-tagged proteins visualized by Ponceau S staining. G, similar experiment
as in F but with FLAG-tagged PKC{ and GST-ATG8 proteins, including the LDS mutants GABARAP Y49A and LC3B F52A/L53A. The bound FLAG-tagged PKC{
protein was detected by Western blotting using anti-FLAG antibodies and immobilized GST or GST-tagged proteins visualized by Ponceau S staining.

ilar pulldown experiment as in Fig. 2F was performed using NEK9 interacts with ATG8s via a C-terminal LIR motif

extracts from HEK293 cells transfected with FLAG-tagged PKC{ NEK9 comprises an N-terminal kinase domain, an RCC1 (reg-
and GST-ATGS proteins, including the LDS mutants GABARAP  ulator of chromatin condensation)-like B-propeller domain with
Y49A and LC3B F52A/L53A. The LDS mutants showed strongly  six RCC repeats followed by a C-terminal domain with an unstruc-
reduced binding to FLAG-PKC{ (Fig. 2G). tured region that binds to NEK6 and a coiled-coil region (Fig. 3A).
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To identify putative LIR motifs within NEK9, we employed the
iLIR prediction server (39) and peptide array screening meth-
ods (37). The iLIR server predicted three putative C-terminal
LIR motifs: 7'*WHTI’*', 3**YEEL®**®, and °°“WCLL°"°,
whereas the peptide array revealed only the most C-terminal
LIR motif as a candidate ATG8-binding domain (Fig. 3B). To
determine whether any of the predicted LIR motifs mediated
the ATG8s interaction, the aromatic and hydrophobic residues
of the putative core LIRs were mutated to alanine in the three
predicted LIRs. NEK9 WT and the three mutants were assayed
for GABARAP binding in a GST-pulldown assay. The NEK9
W967A/L970A mutant displayed strongly-reduced binding
with GST GABARAP, whereas the other mutations did not
affect binding at all (Fig. 3C). GST-pulldown assay with in
vitro—translated NEK9 showed that WT NEKO9 interacted very
well with all ATG8s, whereas the W967A/L970A LIR mutant
lost almost all binding to the ATG8s (Fig. 3D). Strikingly, NEK9
bound with equal affinity to all six ATG8 family proteins (Fig.
3E). A similar binding pattern was seen in GST-pulldown
assays, with whole-cell lysates from HeLa cells transiently
transfected with Myc-tagged NEK9 WT and NEK9 LIR mutant
constructs incubated with recombinant GST or GST-ATG8s
beads. All ATGS proteins bound well, although the LIR muta-
tion abolished binding (Fig. 3F). In conclusion, NEK9 contains a
C-terminal LIR motif with the core LIR sequence **”WCLL""°.

To further analyze the sequence requirements for binding to
GABARAP of the C-terminal LIR of NEKY, a two-dimensional
peptide array mutation analysis was performed. Each position
of an 18-mer NEK9 peptide encompassing amino acids 960 —
977 was substituted with all 19 alternative amino acids, and the
array was probed with GST-GABARAP (Fig. 3G). The results
confirm the absolute requirements of an aromatic residue at
position 0 and either Leu, Ile, or Val at the hydrophobic position
+3. Tyr is not as efficient in replacing Trp as Phe at position 0.
Apart from the invariant aromatic and hydrophobic positions
of the core LIR, the intermediate +1 and +2 positions also
show clear preference for allowed substitutions. The rather
unusual Cys at position +1 is most effectively replaced by Glu,
Val, or Thr, whereas the Leu at +2 is only productively substi-
tuted by the hydrophobic Ile or Val and the aromatic residues
(Trp, Phe, and Tyr). As almost always seen (15, 30), basic resi-
dues (Arg and Lys) and proline and glycine are selected against
in the core LIR. Interestingly, there are serines at the —1 and —3
positions suggesting that LIR binding can be positively regu-
lated by phosphorylation. There are also acidic residues at posi-
tions —2 and —4 that are often involved in electrostatic inter-
actions with N-terminal residues of the ATG8s (15). Position

—1 shows a preference for either acidic Ser, Thr, Pro, or Gly
residues. These residues are most often found in this position
(15, 40). Position —2 also shows a strong preference for acidic
(Asp and Glu) or Ser residues. At position +4 C-terminal to the
core LIR, Cys, aromatic, and hydrophobic residues (Leu, Ile,
and Val) are detrimental to the binding. There is a tendency for
counterselection of these residues in the following +5 to +7
positions as well. A recent study of determinants regulating the
selective binding of autophagy adapters and receptors to ATG8
proteins allows us to speculate that the fact that NEK9 binds so
well to LC3B may perhaps be explained by favorable residues
for LC3B binding located at +2 and —1 and —2 of the NEK9
LIR (40).

LC3Bis phosphorylated in vitro by STK3, STK4, NEK9, and PKC{

Recently, the hippo kinases STK3 and STK4 were shown
to phosphorylate LC3B on Thr-50 leading to enhanced
autophagosome-lysosome fusion (28). Thus, we asked whether
NEK9 and PKC{, which we show bind to ATG8s via LIR-LDS
interactions, are also similarly able to phosphorylate LC3B at
Thr-50. STK3 and -4 were included as positive controls. We
constructed a GST-LC3B T50A nonphosphorylatable mutant
and conducted in vitro kinase assays. PKC{ as well as NEK9
were able to phosphorylate LC3B and interestingly exhibited
less phosphorylation when probed against LC3B T50A (Fig. 4,
A and B). As reported previously (28), both hippo kinases were
able to phosphorylate LC3B and displayed reduced phosphor-
ylation of LC3B T50A (Fig. 4, A and B). As a control, PTEN-
induced kinase 1 (PINK1) was not able to phosphorylate LC3B,
although it phosphorylated its known substrate ubiquitin (Fig.
4C). To validate that STK3, STK4, NEK9, and PKC{ phosphor-
ylates LC3B at Thr-50 and that the reduced phosphorylation of
LC3B T50A is not a result of interference with the structural
integrity of LC3B, we chose to employ MS. We performed in
vitro kinase assays on GST-tagged LC3B, and the phosphory-
lated GST-LC3B was excised from the gel and subjected to
in-gel chymotrypsin digestion before analysis by HPLC-tan-
dem MS (HPLC-MS/MS) to map the phosphorylations sites
(Fig. 4D and Table S1). Although several other sites were iden-
tified as phosphorylated, threonine 50 was by far the major
phosphorylated site by NEK9 and STK4. It was also, along with
Thr-6, the most efficiently phosphorylated site by STK3.
Thr-50 was also phosphorylated by PKC{, but not so efficiently
(Fig. 4D). All sites shown in Fig. 4D were identified as high-
confidence sites. As an example, the data for identification of
Thr-50 phosphorylation by NEK9 is shown in Fig. S2.

Figure 3. NEK9 interacts with ATG8s via a C-terminal LIR motif. A, schematic diagram of NEK9 domain structure comprising the N-terminal kinase domain,
the regulator of chromosome condensation 1(RCC1) repeats, a NEK6-binding region, a coiled-coil domain (CC), and the C-terminal LIR motif. B, identification
of GABARAP-binding LIR motifs in the C terminus of NEK9. An array of 20-mer peptides, moved increments of three amino acids (aa), covering the entire
979-amino acid-long sequence of NEK9 was probed with GST-GABARAP (1 wg/ml), and binding was detected using anti-GST antibodies. The sequences of the
overlapping peptides giving a positive signal are shown below the array with the core LIR motif WCLL indicated. C, Myc-tagged NEK9 LIR mutant constructs
were translated in vitro, labeled with [**SImethionine, and analyzed for binding to GST-GABARAP. D, GST pulldown assays with in vitro-translated and
[**SImethionine-labeled Myc-tagged NEK9 WT and LIR mutant W967A/L970A and GST-ATGS proteins. Bound proteins were detected by AR, and immobilized
GST or GST-tagged proteins by CBB staining. E, quantification of the binding of WT Myc-NEK9 to ATG8 family proteins. Values are mean = S.E. F, GST pulldown
assay, where Myc-tagged NEK9 WT and NEK9 LIR mutant constructs were transiently transfected into HelLa cells. The whole-cell lysates were incubated with
recombinant GST or GST-ATG8s beads and bound NEK9 was detected by immunoblotting using anti-NEK9 antibody. The GST and GST-ATG8 proteins were
visualized by Ponceau S staining. G, two-dimensional peptide array to investigate effects of single amino acid substitution at all positions of an 18-mer peptide
from NEK9(960-977) harboring the LIR motif. The array was probed with GST-GABARAP (1 ug/ml), and binding was detected using anti-GST antibodies.
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Figure 4. NEK9, PKC{, and STK3/4 phosphorylate LC3B in vitro. A, in vitro kinase assay. GST-tagged LC3B or LC3B T50A was incubated with the indicated
kinases in the presence of [y->2PJATP. Of note, FLAG-NEK9 was purified from HEK293 cells, and the other kinases were obtained from commercial vendors.
Incorporation of radioactive-labeled phosphate was detected by AR, and immobilized GST or GST-tagged proteins were visualized by CBB staining. B, relative
phosphorylation of LC3B WT/T50A normalized to the autophosphorylation of the kinase. Values are mean = S.E. with quantifications of STK4/NEK9 (n = 3) and
STK3/PKC{ (n = 3). C, in vitro kinase assay with PINK1 as the serine-threonine kinase and GST-LC3B and GST-ubiquitin as substrates. D, identification of
phosphosites by MS following in vitro kinase assay with NEK9, STK4, STK3, and PKC{.

Phospho-mimicking Thr-50 mutant of LC3B inhibits LIR-LDS
binding

Phosphorylation of LC3B at Thr-50 by STK3/4 has been
reported to be crucial for the fusion of the autophagosome with
the lysosome (28). The potent ability of NEK9 and the STK3/4
kinases to phosphorylate Thr-50 in vitro prompted us to inves-
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tigate further the biochemical consequences. Thr-50 is located
close to Arg-10 in the N-terminal arm of LC3B, which forms
part of the LDS (Fig. 54). The Arg-10 residue is involved in
electrostatic interactions with several LIR-containing proteins,
including the Asp-336 residue at position —2 of the p62 LIR
(Fig. 5A) (41). Phosphorylation of Thr-50 may impose a steric
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Figure 5. Phospho-mimicking T50E mutant of LC3B inhibits LIR-LDS interactions. A, structure of LC3B and p62 (Protein Data Bank code 2ZJD) in which
Thr-50is substituted by glutamic acid (E). The p62-LIR peptide is shown with a black backbone. The core p62 LIR residues Trp-338 and Leu-341 (both purple) are
shown docking into HP1 and HP2, respectively. The structure shows the side chain of Arg-10 (green) of LC3B interacting with Asp-336 (yellow) of p62. T50E (red)
is very close to Arg-10. B, Myc-tagged p62 R21A/D69A (monomeric mutant) was translated in vitro and tested for binding to LC3B fused to GST with or without
mutations at Thr-50 or the LDS of LC3B. Bound proteins were detected by AR and immobilized GST or GST-tagged proteins by CBB. C, quantification of p62
binding shown in B, based on three independent experiments. D, HEK293 cells were transiently transfected with the indicated GFP-tagged LC3B constructs.
Cell lysates were immunoprecipitated (/P) with GFP antibodies, and endogenous p62 was analyzed by Western blotting. E, recombinant GST or GST LC3B with
or without mutation of Thr-50 and LDS mutation were incubated with RIPA buffer cell lysate from HeLa cells. The bound endogenous NBR1 was detected by
immunoblotting with NBR1 antibodies. F, quantification of NBR1 binding is shown in E, based on three independent experiments. G, recombinant GST or GST
LC3B with or without mutation of Thr-50 and LDS mutation was incubated with RIPA buffer cell lysate from HeLa cells and bound endogenous FYCO1 detected
by immunoblotting. H, quantification of binding affinity of endogenous FYCO1 based on three independent replicates. /, HEK293 cells were transiently
transfected with myc-FYCO1 and FLAG-LC3B. Cell lysates were immunoprecipitated with anti-FLAG antibodies and analyzed by Western blotting. For the
quantifications, values are mean * S.E;n = 3; nsis p > 0.05; ¥, p < 0.05; **, p =< 0.01; and ***, p < 0.001; one-way ANOVA.
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hindrance for LIR-LDS interactions where Arg-10 of LC3B is
engaged in binding an acidic residue N-terminal to the core
LIR, such as in p62. We tested this first for the p62—LC3B LIR-
LDS interaction. We employed myc-p62 with a mutated PB1
domain, unable to form polymers (42). The phospho-mimick-
ing T50E mutant of LC3B exhibited a 60% reduced binding to
p62 compared with WT in an in vitro GST-pulldown assay. The
LC3B F52A/L53A double mutant affecting both hydrophobic
pockets (HP1 and -2) of the LDS completely lost binding to p62
(Fig. 5, Band C). Furthermore, endogenous p62 co-precipitated
with GFP-LC3B from HeLa cell extracts bound with less affin-
ity to LC3B T50E compared with WT LC3B (Fig. 5D). These
results clearly show that introducing a phospho-mimicking
T50E mutation in LC3B reduces its affinity for the cargo recep-
tor p62. Next, the binding of LC3B T50E to the autophagy
receptor NBR1 was analyzed. Whole-cell extracts from HeLa
cells was subjected to pulldown assays with WT, T50A, T50E,
or F52A/L53A mutants of GST-LC3B and bound endogenous
NBR1 detected by immunoblotting with an NBR1 antibody.
The phospho-mimicking T50E mutant showed a 45% reduc-
tion in binding with endogenous NBR1 compared with WT
LC3B (Fig. 5, E and F).

Thr-50 is conserved in the LC3 subfamily of ATGSs, but not
present in the GABARAP subfamily (Fig. S1B). The kinesin
adaptor and Rab?7 effector FYCO1 transports autophagosomes
along microtubules in the plus-end direction and has a clear
preference for binding to LC3A and -B (43). The LC3B T50E
mutation strongly reduced binding to endogenous FYCO1 in
GST-pulldown assays and also when co-immunoprecipitated
with myc-FYCOL1 expressed in HeLa cells (Fig. 5, G-1). It is
important to note that both NBR1 and FYCO1 also displayed a
slight reduction in binding with LC3B T50A, indicating that
this substitution also affects LIR-LDS binding, albeit slightly.

The cysteine protease ATG4B is required for processing of
LC3B before conjugation to phosphatidylethanolamine (PE)
and for delipidation and recycling of LC3B (44). To test whether
T50E would compromise efficient binding of ATG4B, we con-
ducted a GST pulldown assay with translated in vitro ATG4B
probed against GST-LC3B WT, T50A, T50E, and the LDS dou-
ble mutant F52A/L53A. Importantly, ATG4B displayed less
affinity for LC3B T50E than for WT LC3B (Fig. 6A4). In GST-
pulldown assays with endogenous ATG4B from HelLa cell
lysates, LC3B T50E showed 74% reduction in binding with
ATG4B compared with LC3B WT and very little binding to the
LDS mutant (Fig. 6, B and C).

The efficient conjugation of LC3 to PE requires sequential
interaction of LC3 with ATG3 and ATG7 (45, 46). To investi-
gate whether the interaction of LC3B with ATG7 was affected
by the T50E mutant, GST pulldown with endogenous ATG7
was done. The phospho-mimicking mutant LC3B T50E almost
lost all binding to ATG7, whereas LC3B T50A and LC3B F52A/
L53A (LDS) bound similarly to WT (Fig. 6, D and E).

ATGS8s family proteins are essential both for efficient
autophagosome biogenesis and fusion with lysosomes (13). The
role of ATGSs in the fusion of autophagosomes with lysosomes
has been shown via its interaction with syntaxin 17 (STX17)
(47) and PLEKHM1 (48). Both STX17 and PLEKHM1 are
known to interact with ATGS8s via LIR motifs (47, 48). Consis-

SASBMB

tent with the results obtained for interaction with the other
LIR-containing ATGS8 interactors tested here, LC3B T50E
showed a strongly reduced binding affinity for STX17. Almost
no binding of STX17 was seen for the LDS mutant LC3B F52A/
L53A, and there was also reduced binding to LC3B T50A (Fig. 6,
Fand G).

Taken together all these results show that binding of LIR-
containing protein to LC3B T50E is compromised. This can be
explained by steric hindrance and charge repulsions occurring
due to the close proximity of Thr-50 to the LDS. Phosphoryla-
tion of Thr-50 will most likely exaggerate the effects observed
with T50E, having an even stronger impact on LIR-LDS
interactions.

LC3B T50E phospho-mimicking mutant impairs selective
autophagic flux of p62 and NBR1

To investigate the importance of the phosphorylation of
LC3B on Thr-50, we established an LC3B knockout (KO) cell
line to avoid the influence of endogenous LC3B. We employed
the CRISPR/Cas9 system targeting exon 2 of the human LC3B
gene on chromosome 16 to generate a Flp-In T-Rex HEK293
cell line lacking expression of LC3B (Fig. S3, A and B). The
LC3B KO cells showed accumulation of the selective autophagy
receptors p62/SQSTM1 and NBR1 compared with WT cells
(Fig. 7, A and B). In contrast to the effect of LC3B KO on the
selective autophagic degradation of p62 and NBR1, we did not
find any difference in bulk autophagy measured by the LDH
sequestration assay (Fig. S3C) (49). The result is in line with
earlier publications where KD of LC3s affects p62 degradation
but not bulk autophagy measured by LDH sequestration assay
(50, 51). To avoid any overexpression artifacts, we employed
stable reconstitution of the LC3B KO cells by use of the Flp-In
system under the control of a tetracycline-inducible promoter.
LC3B KO cell lines with reintroduced Myc—-LC3B WT, Myc—
LC3B T50A, Myc-LC3B T50E, and the LDS mutant F52A/
L53A were established (Fig. 7C). Reduced lipidation was
observed for T50E, and no lipidation was seen for the LDS
mutant. An increase in lipidation was seen for T50A as
expected because LDS binding cannot be negatively regulated
by phosphorylation (Fig. 7C). The reconstitution of LC3B KO
cells with Myc—LC3B WT restored the autophagic flux as indi-
cated by a reduced level of p62 and NBR1. Interestingly, the
reconstitution of Myc—LC3B T50E and Myc-LC3B F52A/
L53A led to a strongly-reduced autophagic degradation of p62
and NBR1 (Fig. 7D). To further investigate the autophagic turn-
over of the LC3B T50A and T50E mutants in the KO cells, we
reintroduced mCherry—YFP-LC3B WT and mutants. The
mCherry-YFP tag allows for monitoring entry into acidic
structures such as the lysosome because YFP fluorescence is
rapidly lost in acidic structures, leaving only mCherry as a func-
tioning fluorophore (52). First, we quantitated the amount of
LC3B-containing puncta (indicative of autophagosomes) per
cell. We scored the ability of the different cell lines to produce
LC3B puncta during starvation. Although more than 90% of
LC3B WT (n = 550) and T50A cells (# = 710) contained LC3B
puncta, the T50E cell line (# = 680) exhibited puncta in 75% of
the cells. We had to exclude the LC3B F52A/L53A cell line
because, as expected, only a few cells produced LC3B puncta.

J. Biol. Chem. (2020) 295(5) 1240-1260 1249


http://www.jbc.org/cgi/content/full/RA119.010068/DC1
http://www.jbc.org/cgi/content/full/RA119.010068/DC1
http://www.jbc.org/cgi/content/full/RA119.010068/DC1

LC3B T50E mutant inhibits selective autophagy of p62

ATG4B

150-
100+

T
o
[T2]

(&) Buipuiq aAe|al %,

ATG4B
GST-LC3B

GST

W%A mmdq
vsbg g £oy
im mmow

3Q¢. /o
(]

0

m g

kDa ™
50—
40—

Myc-ATG4B| aR
GST-LC3B

- - =

CcBB

25—

GST

(/2]
c Ve,
bQ\th« o
~ i ll30g, €0y
o - 8eoy &
< o x
2 % Seoy 7
im
QM,Q
7 T T
g £ & -° g @
> BHIPUIQ SABE[OI % ) Buipuiq aAne|a1 %
m
e N~
(&] ] m
~ =1 wlA %
Tmah.# m _& ﬂ Q.v -~
Vee < o ) Ve & o s
S} Y ®
/) 472 o o o
Jog, 71 | 54 8¢y
8¢, 30, 507 |
bo 7 L gg
Ug, Yo 97 L]
%oy | Mooy ) |y
189 Ing, LSO
"y o ) %0, | _
zg & 3 5 2§ o & b
=S & < & LL ==X B S Q

SBMB

i
f*‘\\ S
5

1250 J. Biol. Chem. (2020) 295(5) 1240-1260



LC3B T50E mutant inhibits selective autophagy of p62

Only by actively searching for LC3B puncta— containing cells
were we able to identify cells with LC3B puncta (less than 15%;
n = 220) (Fig. 7E). Next, we focused on the cells containing
LC3B puncta in WT, T50A, and T50E cell lines. Looking at the
number of puncta per cell volume, we found slightly fewer
LC3B puncta in the T50A cell line when compared with LC3B
WT (Fig. 7F) and more so during starvation (Fig. 7G). LC3B
T50E— expressing cells displayed a strongly reduced amount of
LC3B-containing puncta, both when grown in full medium and
when starved in Hanks” medium (Fig. 7, F and G). For each
construct, we determined the ratio of red-only to yellow
puncta. When grown in full medium, LC3B T50E displayed a
slightly-reduced fraction of red only puncta compared with
LC3B WT and T50A4, indicating that T50E-positive puncta do
not have a higher turnover rate (Fig. 7H). In conclusion, the
lower total amount of puncta in the T50E cell line is caused by a
reduced ability of LC3B T50E to become lipidated. Notably, the
lower fraction of red-only puncta under basal conditions may
indicate that not only formation but also maturation of LC3B-
positive puncta is affected by the T50E mutation (Fig. 7H).
However, when starved, there was no statistically significant
difference in the fraction of red-only puncta between the cells

(Fig. 7H).

Selective autophagic degradation of p62 and NBR1 is
negatively regulated by NEK9 and positively regulated by
STK3/4, whereas PKC{ has no effect

Our results from in vitro kinase assays and binding studies with
a number of autophagy-related proteins clearly begged the
question whether selective autophagy could be regulated via
phosphorylation of LC3B Thr-50. To address this, we knocked
down the individual kinases STK3, STK4, PKC{Z, and NEK9 and
measured the turnover of p62 in full medium (Fig. 8, A—H).
Knockdown of NEK9 led to a decreased level of p62 in full
medium (Fig. 8, A-C). To further validate the NEK9 KD data,
we generated HeLa NEK9 KO cells using CRISPR/Cas9 (Fig. S3,
D and E). In HeLa NEK9 KO cells we also observed increased
autophagic degradation of p62 and NBRI1 as well as increased
LC3B lipidation in full medium (Fig. 8D). In contrast to NEK9
KD or KO, KD of STK3 and -4 showed increased p62 levels and
LC3B lipidation levels indicating inhibition of autophagy (Fig.
8E). To further support our siRNA-mediated KD data, we gen-
erated CRISPR/Cas9 STK3/4 double KO cells (Fig. S4, A-C). In
STK3/4 double KO cells, we also found both increased p62
levels and decreased lipidation of LC3B (Fig. 8, F-G). The accu-
mulation of lipidated LC3B indicates an inhibition of matura-
tion of LC3B-positive autophagosomes. These results are in
line with a previous study where it was shown that STK3/4 KO
inhibits autophagosome-lysosome fusion (28). In contrast to

NEK9 KD and KO and STK3/4 KD and KO, we observed no
effect on selective degradation of p62 by PKC{ KD suggesting
PKC{ might not be involved in regulation of selective
autophagy (Fig. 8H). To determine whether regulation of selec-
tive autophagy via NEK9 and STK3/4 is mediated via the
Thr-50 site of LC3B, we knocked down NEK9 and STK3/STK4
in HEK293 LC3B KO cells reconstituted with WT Myc—LC3B,
Myc-LC3B T50A, and Myc-LC3B T50E mutant. KD of NEK9
in HEK293 LC3B KO cells reconstituted with WT Myc-LC3B
led to a reduction in p62 levels, although this did not occur in
LC3B KO cells reconstituted with LC3B T50A or LC3B T50E
(Fig. 81). In contrast to KD of NEK9, the KD of STK3 and -4
resulted in an increased accumulation of p62 in LC3B KO cells
reconstituted with either WT LC3B, LC3B T50A, or LC3B
T50E (Fig. 8]). This suggests a more general inhibition of
autophagy that is not mediated through the Thr-50 site of
LC3B. In conclusion, our results suggest that NEK9 inhibits
autophagic degradation of p62 via phosphorylation of LC3B at
the Thr-50 site, whereas STK3/4 positively regulates autophagy
independent of the Thr-50 site.

Discussion

The hippo kinases have previously been reported to phos-
phorylate LC3B at Thr-50 (28). Here, we show that in vitro
NEK9 phosphorylates this residue very efficiently, whereas
PKC{ is also able to phosphorylate this residue, but with far
lower efficiency. Furthermore, we mapped an atypical C-type
LIR motif mediating binding to LC3C and GABARAP in STK3,
a GABARAP-preferring LIR motif overlapping with the AGC
kinase— docking motif in PKC{, and a C-terminal LIR motif in
NEK9 mediating efficient binding to both LC3 and GABARAP
subfamily members of the ATG8 family proteins. Knockdown
and KO experiments showed that NEK9 acts to inhibit the
selective autophagic degradation of p62 and NBR1. This inhi-
bition is mediated via phosphorylation of Thr-50 in LC3B. Our
reasoning is partly based on our findings that the LC3B T50E
phospho-mimicking mutant impaired selective autophagic flux
by inhibiting LIR-LDS binding to a number of autophagy-re-
lated proteins. These include the selective autophagy receptors
p62 and NBR1, the basal autophagy proteins important for con-
jugation and delipidation of LC3B ATG7 and ATG4B, FYCO1
involved in microtubule-dependent transport of autophago-
somes and lysosomes, and the SNARE STX17 implicated both
early and late in the process of autophagosome formation and
maturation. We also base the conclusion on NEK9 inhibiting
autophagy of p62 on the results of siRNA-mediated knockdown
of NEK9 and reconstitution of LC3B KO cells with WT and
T50A and T50E mutants of LC3B.

Figure 6. TS0E mutant of LC3B inhibits LIR-LDS interactions with ATG4B, ATG7, and syntaxin-17 (STX17). A, Myc-tagged ATG4B was translated in vitro
in the presence of [**Slmethionine and subjected to GST pulldown assays with recombinant GST-LC3B WT, T50A, T50E, and the LDS double mutant F52A/L53A.
Bound proteins were detected by AR and immobilized GST or GST-tagged proteins by CBB staining. B, GST pulldown assays using RIPA buffer cell lysate from
Hela cells with recombinant GST-LC3B WT, T50A, T50E, and the LDS double mutant F52A/L53A. The bound endogenous ATG4B was detected by immuno-
blotting. C, quantification of binding affinity of endogenous ATG4B based on three biological replicates. D, HeLa cell lysates were used in GST pulldown assays
as in B except that ATG7 binding was analyzed by immunoblotting of the bound fraction. E, quantification of ATG7 binding affinity from three independent
experiments. F, Hela cells were transfected with EGFP-Syntaxin 17 (GFP-STX17), and cells were lysed with RIPA buffer. The cell lysate was incubated with
recombinant GST or GST LC3B with or without the indicated mutations. Bound GFP-STX17 was detected by Western blotting with EGFP antibody. G, quanti-
fication of binding affinity of GFP-STX17 based on three biological replicates. For the quantifications values are mean = S.E.; n = 3; ns, p > 0.05; *, p =< 0.05; **,

p = 0.01; and ***, p < 0.001; one-way ANOVA.
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STK4 has previously been shown to bind to ATG8s in vitro.
However, the binding appeared weaker than the binding of
STK3 to the ATGS8s (19). We also observed this difference in
binding in vitro between STK3 and -4. Interestingly, knock-
down of STK3 was recently shown to have the most dramatic
effect on autophagy measured as an increased basal level of p62
and increased level of lipidated LC3B (28). Our findings support
these earlier published results about STK3/4 positively regulat-
ing autophagy. However, a difference is that we found that the
positive effect STK3/4 has on degradation of p62 does not
depend on phosphorylation of the LC3B Thr-50 site. Interest-
ingly, ERK8/MAPKI15 binds to LC3B via an LIR motif, but it
does not phosphorylate LC3B itself and is reported to positive-
ly-regulate autophagy (53). Hence, in future studies it would be
interesting to explore the functional importance of the STK3
LIR motif and to identify all the substrates of STK3/4 involved
in regulating autophagy. In addition to influencing autophagy,
STK3 was also shown to stimulate xenophagy by enhancing the
clearance of bacteria via phosphorylation of the LC3B Thr-50
site (28). The xenophagy receptor NDP52 has been shown to
rely on binding to LC3C (17, 36). Here, we show that STK3 has
a preference for binding to GABARAP and LC3C, and we iden-
tified a C-type LIR (MVI) in STK3. Consistent with our finding
that the phospho-mimicking mutant T50E negatively affects
its LIR-LDS-mediated interactions, the LC3C T56A/T56E
mutants significantly reduced its interaction with NDP52 (Fig.
S4, D and E). Clearly, this link to the regulation of xenophagy
warrants further studies.

Interestingly, the CLIR of STK3 and surrounding residues
has been identified as a nuclear export signal (54). Furthermore,
the STK3 substrate MOB1 has been shown to bind to STK3
dependent on several phosphorylated threonines, with Thr-364
(next to the LIR) being the most crucial for this binding (55),
indicating a possible competition for this site in STK3.

Previously, PKC{ has only been indirectly implicated in the
phosphorylation of LC3B (27). However, it has long been
known that PKC{/u binds p62 (42) and thereby might co-local-
ize with LC3B in vivo. The atypical PKCy, which is very similar
to PKC{¢, has been shown to negatively regulate autophagy via
PIK3CA/AKT-mTOR signaling (25). Our study showed that
PKC{ does not regulate degradation of p62 by autophagy. How-
ever, we mapped a functional LIR motif in PKC{ that overlaps
completely with the AGC kinase docking motif, a hydrophobic
motif known to mediate PKC{ interaction with its activating
kinase, PDK1 (56). This hydrophobic motif is essential for the

activation of PKC{ by PDKI. In future studies, it will be inter-
esting to investigate different conditions where interactions
mediated by these overlapping motifs might influence the roles
of PKC{¢, or PKCy, in regulation of autophagy and other cellular
processes.

Except for the pioneering study of Behrends et al. (19), NEK9
has not been implicated in autophagy processes or the regula-
tion of autophagy before. In the Behrends et al. paper (19),
NEK?9 was scored among the positive regulators of autophago-
some formation based on a reduced amount of LC3-positive
puncta formed upon siRNA-mediated KD of NEK9. We also see
reduced lipidated LC3B upon KO of NEKO9, but this can also be
interpreted as an increased turnover (Fig. 8D). This would then
be consistent with our findings of an inhibitory role of NEK9 on
selective autophagy. We found that NEK9 interacted strongly
with all ATG8s compared with PKC{, which showed preferen-
tial binding toward GABARAPs.

We show that the Thr-50 phospho-mimicking mutant dis-
plays a strongly reduced binding to several autophagy-related
proteins. A phosphorylatable residue in the LDS of LC3B is
intriguing as it might function as a dynamic “switch” governing
which proteins bind to LC3B. Regulation of LDS binding by
phosphorylation/dephosphorylation might be executed at a
certain stage(s) of autophagosome formation and maturation
adding another regulatory layer. An intriguing idea is that LC3B
on a fully-matured autophagosome becomes phosphorylated at
Thr-50. This causes canonical LIR-binding proteins to dissoci-
ate, leaving ATG4B to delipidate LC3B from the autophago-
some. Such a model might also explain why we observed less
II-form of LC3B T50E. If LC3B T50E is unable to bind effec-
tively to cargo receptors such as p62 on the inside of the phago-
phore, LC3B might be exposed for ATG4B-mediated delipida-
tion. This way LC3B T50E is delipidated, removed from the
autophagosome before maturation, and thus is no longer
sequestered inside the autophagosome, hence the lower
amount of LC3B-II. Importantly, phosphorylation is assumed
to have a greater effect on all the interactions and functions of
LC3B, due to the more negatively charged and bulky phosphate
compared with our phosphor-mimicking glutamic acid. One of
the limitations of using a phospho-mimicking T50E mutant is
that it is mimicking a constitutively phosphorylated state. So,
the phospho-mimicking T50E mutant behaves as a constitu-
tively dominant-negative on LIR-LDS interactions that might
affect both autophagosome formation and autophagosome—
lysosomal fusion. Such an effect is supported by our results

Figure 7. Phospho-mimicking T50E mutation inhibits autophagic flux of the selective autophagy receptors p62 and NBR1. A, Western blot analysis of
p62 and NBR1 levels in HEK293 WT and HEK293 LC3B KO cells. Actin was probed as a loading control. B, quantification of p62 and NBR1 levels in WT and LC3B
KO cells from three biological replicates. C, Western blottings of Myc-LC3B in cell lysates from HEK293 LC3B KO cells reconstituted with Myc-LC3B-WT, -LC3B
T50A, -LC3B T50E, and Myc-LC3B F52A/L53A and grown in full medium only, or in full media first and then incubated for 4 h in HBSS, or for 4 h in HBSS with
bafilomycin A1 (HBSS + BAF). The blot was developed using anti-Myc antibodies, and proliferating cell nuclear antigen (PCNA) was used as the loading control.
D, Western blottings of p62 and NBR1 in cell lysates from HEK293 WT and LC3B KO cells reconstituted with Myc-LC3B-WT, -LC3B T50A, -LC3B T50E, and
Myc-LC3BF52A/L53A and grown in full medium. Actin was used as a loading control. E-H, under basal conditions (full medium) both formation and maturation
of LC3B positive puncta (autophagosomes) are negatively affected by the T50E mutation. E, representative confocal fluorescence microscopy images of
starving cells expressing the different mCherry-YFP-LC3B constructs used in F-H. The indicated LC3B cell lines expressing mCherry-YFP-LC3B WT, -LC3BT50A,
-LC3B T50E, and mCherry-YFP-LC3B F52A/L53A were induced with tetracycline (1 uwg/ml) for 24 h and grown in full medium or buffered Hanks’ balanced salt
solution for 2 h after which the cells were fixed and analyzed by confocal microscopy. Individual cells were marked, and LC3B-containing puncta were plotted
as a function of cell volume for cells grown in full medium (F) or in Hanks’ balanced salt solution for the final 2 h (G). The total number of cells scored is indicated
above the plots. Note only cells positive for LC3B puncta are included. Results represent three independent experiments (H). The ratio of red-only to yellow
puncta from the experiment shown in F and G was analyzed for the different cell lines. Mean = S.E. of three independent experiments: NS, p > 0.05; *, p = 0.05;
** p =< 0.01; *** p =< 0.001. One-way ANOVA was followed by the Tukey multiple comparison test.
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Figure 8. NEK9 negatively regulates the selective autophagic degradation of p62 and NBR1; STK3/4 positively regulates autophagy, and PKCZhas no
effect. A, and B, Western blot analysis of p62 in HeLa cells with control siRNA and NEK9 SmartPool siRNA. Actin was used as loading control. C, quantification
of p62 levels following siRNA-mediated knockdown of NEK9 in full medium based on three biological replicates. Values are mean = S.E; n = 3; *, p < 0.05;
one-way ANOVA. D, Western blottings of cell extracts from HeLa WT and HeLa NEK9 KO cells with antibodies against NEK9, NBR1, p62, and LC3B with B-actin
as loading control. £, Western blot analysis of p62 in HeLa cells with control siRNA and STK3/4 SmartPool siRNA. Actin was used as loading control. F, Western
blottings of cells extracts from HeLa WT and STK3/4 KO cells. G, quantification of p62 levels in HeLa WT cells and STK3/4 KO cells based on three biological
replicates. Values are mean = S.E; n = 3; %, p < 0.05; one-way ANOVA. H, Western blotting showing level of p62 in HeLa cells treated with control siRNA and
PKCZ SmartPool siRNA. |, Western blot analysis of p62 level from cell extracts harvested after transfection with control siRNA and NEK9 siRNA on HEK293 LC3B
KO cells reconstituted with Myc-LC3B WT, Myc-LC3B T50A, and Myc-LC3B T50E. J, Western blot analysis of p62 level from cell extract harvested after treatment
with control siRNA and STK3/4 siRNA on HEK293 LC3B KO reconstituted with Myc-LC3B WT, Myc-LC3B T50A, and Myc-LC3B T50E. / and J, relative band
intensities of p62 (ratio of p62 signal to the actin loading control) with the value obtained from WT LC3B in KO cells with control siRNA set to 1.0 are shown below
the p62 blots. Values for representative experiments performed twice are shown.

where the selective autophagic flux is reduced as well as the
formation of autophagosomes (fewer puncta).

Interestingly, during starvation, the LC3B T50A cell line was
also less able to make puncta than LC3B WT (Fig. 7, E and G).
This may indicate that phosphorylation of Thr-50 is important
for autophagosome formation. Hence, puncta formation is
inhibited, and this might be more evident during the fast pro-
tein turnover occurring during starvation. We saw no consis-
tent difference between the Myc-tagged versions of LC3B WT

1254 J Biol. Chem. (2020) 295(5) 1240-1260

and T50A neither in the amount of p62 nor the band pattern of
LC3B. Furthermore, there was no difference between LC3B
WT and T50A in the fraction of red-only puncta between full
medium and starvation. This indicates that the slightly-
negative effect of T50A is occurring during autophagosome
formation.

The reduced ability of LC3B T50E to become lipidated may
seem surprising when considering the reported positive effect
on the fusion of autophagosomes and lysosomes (28). However,
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Table 1 Table 2
Gateway cloning vectors Gateway entry clones
Plasmid Description Source Plasmid Source
pENTRIA, -2B,and -3C  Gateway entry vectors Invitrogen pENTR-STK3 This study
pDest 3XFLAG Mammalian triple Flag-tagged 62 pENTR-STK4 This study

expression vector, CMV
Mammalian EGFP-tagged 42
expression vector, CMV
Bacterial GST-tagged expression
vector, T7 promoter
Mammalian Flp-In expression 30
vector, Tet-inducible, CMV

pDestEGFP-C1
pDest15 Invitrogen

pDestYFP—Flp-In

neither our in vitro binding data nor in vivo data support a
pro-autophagic role of the phosphorylation of Thr-50. There
are, however, important differences between the studies. First,
the study by Wilkinson et al. (28) is based on the transient
overexpression of LC3B harboring Thr-50 mutations. Second,
they did not use an LC3B knockout cell line. Our cell lines
mimic global phosphorylation, which might retard a dynamic
process depending on only a fractional pool of phosphorylated
LC3B at any one time. Our data support that LC3B lipidation is
impaired and that interactions of LC3B with effector proteins
on the inner or outer surface of the phagophore/autophago-
some are strongly reduced. Furthermore, roles not directly
related to autophagy have been reported for LC3B (57), such as
the regulation of endocytic pathways (58), and the Rho-signal-
ing pathway (59). How the phosphorylation of Thr-50 affects
these pathways in vivo was not addressed. Because these inter-
actions are reported to be LIR-mediated, it is likely that the
phosphorylation also affects these interactors. Recently, acety-
lation of residues in the LDS was shown to have a drastic effect
on LC3B causing LC3B to be unable to produce puncta (29). We
show that the phospho-mimicking T50E mutant also strongly
affects LC3B function strengthening the notion of a potent reg-
ulation of the LDS by PTMs. Both acetylation and phosphory-
lation sites in the LDS region are conserved within the LC3
subfamily of ATGS proteins.

Recent KD and KO studies of ATG8 family members show
that GABARAPs are critical facilitators of autophagic flux (51,
60, 61). LC3 family proteins are not required for nonselective,
bulk degradation of cytosolic proteins, whereas GABARAPs
are required (51). A similar conclusion was reached for some
forms of selective autophagy based on triple KOs of LC3 or
GABARAP subfamily members (60, 61). However, we observed
that cells only KO for LC3B displayed impaired turnover of p62
and NBR1, although the effect was not very strong. The T50E
mutant had a stronger effect, most likely because it also has a
dominant-negative effect. More studies will be required to
determine the relative contributions of the different ATGS8
family members to different forms of selective autophagy. We
have also just begun to elucidate how PTMs may regulate LIR—
LDS interactions and the effects mediated on different steps of
the autophagy pathway.

Experimental procedures

Plasmids

The Gateway entry clones used in this study are listed in
Tables 1-3. QuikChange site-directed mutagenesis kit (Strat-
agene) was used to create desired point mutation, which was

SASBMB

pDONOR223-NEK9

Addgene plasmid no. 23459
pENTR-FYCO1 63

pENTR-NBR1 42
PENTR-p62 42
pENTR-ATG4B 64
pENTR-GABARAP 52
PENTR-GABARAPLI1 52
pENTR-GABARAPL2 52
pENTR-LC3A 52
pENTR-LC3B 52
pENTR-LC3C 52
pENTR-STK3(1-357) This study
pENTR-STK3(1-411) This study
pENTR-STK3(1-404) This study
pENTR-STK3(F402A/K405A) This study
PENTR-STK3(323-491) This study
pENTR-STK3 A405-411 This study
PENTR-STK3 D146N This study
pENTR-STK3 MVI365-367AAA This study
PENTR-STK4 D149N This study
pDONOR223-NEK9 D179N This study

pENTR-GABARAP Y49A 52

pENTR-LC3C F58A This study
PENTR-LC3B T50A This study
pENTR-LC3B T50E This study
pENTR-LC3B F52A/L53A This study

pENTR-NBR1 D50R ACC 42

pDONOR223-NEK9 W718A/1721A This study
pDONOR223-NEK9 Y845A/L848A This study
pDONOR223-NEK9 W967A/L970A This study
pENTR-ATG7 This study
PENTR-PKC{ This study
pENTR-PKC{ F37A/L40A This study
PENTR-PKC{ F252A/1255A This study
pENTR-PKC{ W434A_L454A This study
pENTR-PKC{ W575A/1578A This study
pENTR-LC3C T56A This study
pENTR-LC3C T56E This study

verified by DNA sequencing (BigDye Sequencing kits, Applied
Biosystems). For a generation of Gateway destination plasmid,
the Gateway LR and BP recombination kit from Invitrogen was
used.

Cell culture

HEK293 cells were cultured in DMEM (Sigma, D6046)
supplemented with 10% fetal bovine serum (Biochrom,
S0615) and 1% streptomycin/penicillin (Sigma, P4333).
HEK293 FlpIn T-Rex cell lines were cultured in high-glucose
DMEM (Sigma, D5671). For amino acid and serum starva-
tion, Hanks’ balanced salt solution was used (Sigma, H9269).

Generation of stable cell lines

LC3B KO HEK293 FlpIn T-Rex cells were used to make sta-
ble LC3 mutant cell lines. The mCherry—YFP or Myc-tagged
LC3B WT, LC3B phospho-mimicking mutant (T50E), T50A,
and LC3B LDS mutants (F52A-Leu-53) were cloned into
pcDNA 3.1 FRT/TO plasmid. The generation of a stable cell
line was made in accordance with the manufacturer’s instruc-
tions (Invitrogen, V6520-20). Briefly, the different mutants of
LC3B expressed from pcDNA 3.1 FRT/TO plasmids were
transfected into LC3B KO cells. Following 48 h of transfection,
colonies of cells with the gene of interest integrated into the
ERT site were selected with 150 ng/ml hygromycin (Calbi-
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Table 3
Gateway expression clones
Plasmid Source

pDestmCherry YFP—Flp-In-LC3B This study
pDestmCherry YFP—Flp-In-LC3B T50A This study
pDestmCherry YEP—Flp-In-LC3B T50E This study
pDestmCherry YFP—Flp-In-LC3B F52A/L53A This study
pDestMyc—Flp-In-LC3B This study
pDestMyc—Flp-In-LC3B T50A This study
pDestMyc—Flp-In-LC3B T50E This study
pDestMyc—Flp-In-LC3B F52A/L53A This study
pDestMyc ATG4B 64

pDestMyc ATG7 This study
pDestMyc NBR1 D50R ACC1 65

pDestMyc NEK9 This study
pDestMyc NEK9 W718A/1721A This study
pDestMyc NEK9 Y845A/L848A This study
pDestMyc NEK9 W967A/L970A This study
pDest3XFlag—-NEK9 D179N This study
pDestMyc—STK3 1-357 This study
pDestMyc—STK3 1-411 This study
pDestMyc—STK3 1-404 This study
pDestMyc—STK3 F402A/K405A This study
pDestMyc—STK3 323-491 This study
pDestMyc—STK3 A405-411 This study
pDestMyc—STK3 D146N This study
pDestMyc—STK3 MVI365-367AAA This study
PENTR-STK4 D149N This study
PENTR-STK3 D146N This study
pDest15-GABARAP 52

pDest15-GABARAPL1 52

pDest15-GABARAPL2 52

pDest15-LC3A 52

pDest15-LC3B 52

pDest15-LC3C 52

pDestMyc—PKC{ This study
pDestMyc—PKC{ F37A/L40A This study
pDestMyc—PKC{ F252A/1255A This study
pDestMyc—PKC{ W434A_L454A This study
pDestMyc—PKC{ W575A/1578A This study
pDestMyc—LC3C T56A This study
pDestMyc—LC3C T56E This study

ochem, 400051). The expression of the gene was induced with 1
pg/ml tetracycline for 24 h.

CRISPR/Cas9

To construct the LC3B/NEK9/STK3/STK4 specific CRISPR/
Cas9 vectors the sense and antisense oligonucleotides encoding
the selection guide sequences were annealed and then inserted
into plasmid pSpCas9(BB)-2A-Puro (PX459). For a generation
of CRISPR/Cas9 KO cells, ~30,000 of HEK293 Flp-In T-Rex
cells were seeded into 24-well plates and then 500 ng of plasmid
PX459 per well were transfected using Metafectene Pro (Bion-
tex, T040). The clonal selection was achieved by puromycin
treatment 24 h after transfection for 48 =72 h. Later, single cells
were sorted into 96-well plates via FACS sorting. The clones
were allowed to grow for 7-10 days, and each clone was
screened for KO by both Western blotting and DNA sequenc-
ing of PCR products amplified from the targeted region in the
genome.

Peptide arrays

Peptides were synthesized on cellulose membranes using a
MultiPep automated peptide synthesizer (INTAVIS Bioanalyti-
cal Instruments AG, Cologne, Germany), as described previ-
ously. Membranes were blocked using 5% nonfat dry milk in
TBS containing 0.1% Tween 20. The membrane was probed by
overlaying with 1 ug/ml of either GST-GABARAP for 2 h at
room temperature. Membranes were washed three times in
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TBS containing 0.1% Tween 20. Bound protein was detected
with horseradish peroxidase-conjugated anti-GST antibody
(GE Healthcare, RPN1236).

Antibodies and reagents

The following antibodies were used: rabbit anti-LC3B
(Novus, NB100-2220); mouse anti-p62 (BD Biosciences,
610833); rabbit anti-CALCOCO2 (Abcam, AB68588); mouse
anti-NBR1 (Santa Cruz Biotechnology, sc-130380); rabbit anti-
GFP (Abcam, AB290); rabbit anti-actin (Sigma, A2066); mouse
anti-FLAG (Sigma, F3165); rabbit anti-ATG7 (Cell Signaling,
8558); rabbit anti-ATG4B (Santa Cruz Biotechnology, sc-130968);
mouse anti-Myc (Cell Signaling, 2276); rabbit anti-STK3
(Abcam, ab52641); rabbit anti-STK4 ( Cell Signaling, 3682);
rabbit anti-PKC{ ( Cell Signaling, 9372); rabbit anti-NEK9
(Abcam, ab138488); rabbit anti-FYCO1 (Sigma, HPA0355526);
horseradish peroxidase-conjugated goat anti-mouse (BD Bio-
sciences, 554002); and anti-rabbit (BD Biosciences, 554021)
secondary antibodies. Other reagents used were bafilomycin
A1 (Santa Cruz Biotechnology, sc-201550) and [**S]methio-
nine (PerkinElmer Life Sciences, NEG709A500UC).

siRNA transfection

The target small interfering RNAs (siRNAs) were transfected
into cells by reverse transfection. The transfection was carried
out using Lipofectamine RNAiMax(Invitrogen 13778) proto-
col. The siRNAs were used at final concentration of 20 nm, and
experiments were performed 48 h post-transfection. The fol-
lowing validated predesign target siRNAs purchased from
Dharmacon were used in our study: ON-TARGETplus
SMARTpool human STK3 (L-004874-00-0005); ON-TARGET-
plus SMARTpool human STK4 (L-004157-00-00056789); si-
GENOME SMARTpool human NEK9 (M-004869-01-0005); and
siGENOME SMARTpool human PKC{¢ (M-003526-03-0005).

Protein purification and GST affinity isolation experiments

GST-tagged proteins were expressed in E. coli BL21 (DE3).
GST-(Atg8-family proteins) fusion proteins were purified on
GSH-Sepharose 4 Fast Flow beads (GE Healthcare, 17513201)
followed by washing with NET-N buffer (100 mm NaCl, 1 mm
EDTA, 0.5% Nonidet P-40 (Sigma, 74385), 50 mm Tris-HCI, pH
8) supplemented with cOmplete Mini EDTA-free protease
inhibitor mixture tablets (Roche Applied Science, 118361-
70001). GST-tagged proteins were eluted with 50 mm Tris, pH
8, 200 mMm NaCl, 5 mm L-GSH reduced (Sigma, G425). GST-
affinity isolation assays were performed with **S-labeled pro-
teins co-transcribed and translated using the TNT Coupled
Reticulocyte Lysate System (Promega, L4610) as described pre-
viously. For quantifications, gels were vacuum-dried, and ®>S-
labeled proteins were detected on a Fujifilm bioimaging ana-
lyzer BAS-5000 (Fujifilm, Tokyo, Japan).

Kinase assay

Kinase assays were performed in a 25-ul final volume, con-
taining 50 ng of recombinant active kinases, 1-2 ug of substrate
proteins, 60 um ATP, 2 uCi/sample of [y-**P]ATP in 35.5 mMm
Tris-HCI, pH 7.5, 10 mm MgCl, 0.5 mm EGTA, pH 8.0, 0.1 mm
CaCl,. The kinase reaction was stopped by the addition of 5X
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SDS-loading buffer followed by boiling for 5 min. Commercial-
ly-available His-tagged kinases were used unless otherwise
stated (PKC¢Z: Millipore, 14-525M; STK3: Millipore, 14-524;
STK4: Millipore, 14-624). FLAG-tagged kinases were obtained
by transient expression of HEK cells with WT or KD kinases,
and after immunoprecipitation of the FLAG-tag, different
amounts of eluted kinase were run in the kinase assay as above.
The expression of kinases from cells was verified with Western
blotting. Proteins were resolved by SDS-PAGE and stained with
Coomassie Blue. Gels were vacuum-dried and **P-labeled pro-
teins detected on a Fujifilm bioimaging analyzer BAS-5000
(Fujifilm, Tokyo, Japan).

For identification of phosphorylation sites, in vitro-kinase
assays were performed as stated above in the absence of radio-
active ATP. SDS-PAGE-resolved proteins were analyzed by
mass spectrometry to identify phosphorylation sites.

Mass spectrometry

In-gel chymotrypsin digestion was performed before analysis
by HPLC-tandem MS (HPLC-MS/MS). Gel pieces were sub-
jected to in-gel reduction, alkylation, and digestion using 6
ng/ul chymotrypsin (V1062; Promega). OMIX C18 tips (Var-
ian) were used for sample cleanup and concentration. Peptide
mixtures containing 0.1% formic acid were loaded onto a
Thermo Fisher Scientific EASY-nLC1200 system. Samples
were injected to a trap column (Acclaim PepMap 75 um X 2
cm, C18, 3 um, 100 A; Thermo Fisher Scientific) for desalting
before elution to the separation column (EASY-Spray column,
C18, 2 um, 100 A, 50 um, 50 cm; Thermo Fisher Scientific).
Peptides were fractionated using a 4—40% gradient of increas-
ing amounts of 80% acetonitrile in water over 60 min at a flow
rate of 300 nl/min. The mobile phases contained 0.1% formic
acid. Separated peptides were analyzed using an Orbitrap
Fusion Lumos mass spectrometer. The mass spectrometer was
operated in a data-dependent mode with the precursor scan in
the orbitrap over the range m/z 350 -1500. The most intense
ions were selected for ETD or CID fragmentation using 3 s
between each master scan. Dynamic exclusion was set to 8 s.
The Orbitrap AGC target was set to 4E5 with a maximum injec-
tion time of 50 ms. The MS2 scans in the Ion Trap or orbitrap
was set to 1E4 with a dynamic injection time. Precursor ions
with charge 3+ in the m/z range 350 — 650 and 4+ or 5+ ions in
the m/z range 350-900 were fragmented with ETD. All ions
with charge of 6+ or higher were also fragmented using ETD.
The rest of the precursor ions were fragmented using CID. Pro-
tein identification and PTM mapping was done using the Pro-
teome Discoverer 2.4 software (Thermo Fisher Scientific) using
the ptmRS module (>75%). Peak lists generated in Proteome
Discoverer were searched against the UniProt Homo sapiens
proteome (April, 2019; 73,645 sequences) using the built-in
Sequest HT search engine. Search parameters were as follows:
enzyme, chymotrypsin (full); maximum missed cleavage, 2; pre-
cursor mass tolerance, 10 ppm; fragment mass tolerance, 0.02
Da (Orbitrap); 0.6 Da (Ion Trap); fixed modifications: carbam-
idomethyl (C); dynamic modifications: oxidation (M), phospho
(ST), acetyl (protein N-terminal), Met-loss (protein N-termi-
nal), Met-loss + acetyl (protein N-terminal); threshold score
Xcorr >2.0; no. of peptides >2. The MS proteomics data have
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been deposited to the ProteomeXchange Consortium via the
PRIDE (66) partner repository with the dataset identifier
PXDO016681.

LDH sequestration assay

The autophagic sequestration assay was performed by mea-
suring the activity of autophagosomal lactate dehydrogenase
(49). For LDH sequestration assay, cells were seeded in 6-well
plates either in complete medium or incubated in HBSS in the
presence of 200 nM of bafilomycin for 4 h. The cells were then
harvested by using Accumax. Later, harvested cells were
washed with solution containing 10% sucrose and 1% BSA. The
washing steps were followed by resuspension in solution con-
taining 10% sucrose and 0.2% BSA. These resuspended cells
were electro-disrupted by a single high-voltage pulse at 2
kV/cm using an electrode chamber. The disrupted cells were
diluted in 400 pl of phosphate-buffered sucrose (100 mm
sodium phosphate, 2 mm DTT, 2 mMm EDTA and 1.75% sucrose,
pH 7.5). Then, 600 ul of the disrupted cells are transferred to
new tubes that are further diluted with 900 ul of resuspension
buffer (RSB; 50 mm sodium phosphate, 1 mm EDTA, 1 mm
DTT) containing 0.5% BSA and 0.01% Tween 20. Finally, the
tubes were centrifuged for 30 min at 20,000 X g. The pellet and
the total cell lysate (200 ul) were freeze-thawed at —80 °C. The
pellets were resuspended in 500 ul of RSB containing 1% Triton
X-405, and the total cell lysates were further diluted with 200 ul
of RSB/2% Triton X-405. The short centrifugation at 21,000 X
g for 5 min was carried out to remove cell debris. The LDH
activity was measured in a multianalyzer (MaxMat PL-II, Erba
Diagnostics) by using an LDH assay kit (RM LADHO0126V, Erba
Diagnostics). The net LDH sequestration value was calculated
by measuring the amount of LDH sedimented with cell pellets
relative to the amount in total cell lysate. The rate of LDH
sequestration (%/h) was calculated by dividing net value with
incubation time.

Western blotting and immunoprecipitation experiments

For Western blotting experiments, cells were washed in
PBS (137 mm NaCl, 2.7 mm KCl, 4.3 mm Na,HPO,, 1.47 mm
KH,PO,, pH 7.4) followed by lysis directly in SDS-PAGE load-
ing buffer (2% SDS, 10% glycerol, 50 mm Tris-HCI, pH 6.8) and
boiled for 10 min. Protein concentration was measured fol-
lowed by addition of bromphenol blue (0.1%) and DTT (100
mwm). Samples (20 pg) were run on 10-16% gradient or 10%
SDS-polyacrylamide gels and blotted on Hybond nitrocellulose
membranes (GE Healthcare, 10600003) followed by Ponceau S
staining. Blocking was performed in 5% nonfat dry milk in PBS/
Tween 20 (0.1%). The primary antibody was diluted in PBS/
Tween 20 containing 5% nonfat dry milk, and incubation was
performed overnight at 4 °C. Secondary antibody incubation
was performed at room temperature for 1 h in PBS/Tween 20
containing 5% nonfat dry milk. Membranes were washed three
times prior to the addition of secondary antibody and develop-
ment using LAS-300 (Fujifilm, Tokyo, Japan). Immunoprecipi-
tations were performed by use of either GFP-Trap—agarose in
accordance with the manufacturer’s instructions (Chromotek,
gta-20) or anti-FLAG affinity gel (Sigma, A2220). For immuno-
precipitations of FLAG-tagged proteins, cells were grown and
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transfected with 2 ug of the plasmid in 6-cm dishes, and after
24 h the cells were washed and lysed in RIPA buffer followed by
centrifugation to remove cell debris. After the removal of input
control, the lysate was incubated with FLAG affinity gel over-
night. The gel was washed five times in RIPA buffer and ana-
lyzed by Western blotting. For GST pulldowns using cell
extracts, FLAG-tagged kinases were eluted by addition of the
FLAG peptide (100 ng/ml) (Sigma, F3290), and the eluate was
evenly divided to tubes containing GST-tagged ATG8s pre-
pared as described above.

Bioinformatics and statistics

Data in all figures are shown as means = S.E. from at least
three independent experiments unless otherwise stated. Statis-
tical significance was evaluated with one-way ANOVA fol-
lowed by the Tukey multiple comparison test performed in
PRISM (Graphpad) (nsis p > 0.05; *, p = 0.05; **, p = 0.01; and
#* p = 0.001).
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