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Autophagy is an evolutionarily conserved degradation pathway characterized by dynamic rearrangement of membranes that
sequester cytoplasm, protein aggregates, organelles, and pathogens for delivery to the vacuole and lysosome, respectively. The
ability of autophagosomal membranes to act selectively toward specific cargo is dependent on the small ubiquitin-like modifier
ATG8/LC3 and the LC3-interacting region (LIR) present in autophagy receptors. Here, we describe a comprehensive protein-
protein interaction analysis of TBC (Tre2, Bub2, and Cdc16) domain-containing Rab GTPase-activating proteins (GAPs) as po-
tential autophagy adaptors. We identified 14 TBC domain-containing Rab GAPs that bind directly to ATG8 modifiers and that
colocalize with LC3-positive autophagy membranes in cells. Intriguingly, one of our screening hits, TBC1D5, contains two LIR
motifs. The N-terminal LIR was critical for interaction with the retromer complex and transport of cargo. Direct binding of the
retromer component VPS29 to TBC1D5 could be titrated out by LC3, indicating a molecular switch between endosomes and
autophagy. Moreover, TBC1D5 could bridge the endosome and autophagosome via its C-terminal LIR motif. During starvation-
induced autophagy, TBC1D5 was relocalized from endosomal localization to the LC3-positive autophagosomes. We propose
that LC3-interacting Rab GAPs are implicated in the reprogramming of the endocytic trafficking events under starvation-in-
duced autophagy.

Autophagy is a conserved cellular catabolic process that in-
volves the formation of a membrane double layer, cargo

sequestration, sealing, maturation, and eventual fusion with vac-
uoles and lysosomes. In Saccharomyces cerevisiae, the core machin-
ery consists of 33 essential autophagy (Atg) genes, including two
ubiquitin-like conjugation systems (47). The small ubiquitin-like
modifier Atg8p (MAP1LC3/GABARAP in mammals) is processed
and conjugated to phosphatidylethanolamine (PE) residing in a
growing preautophagosomal structure (PAS) via sequential ac-
tion of Atg4p, Atg7p, and Atg3p and cooperation with Atg10p,
Atg5pOAtg12p (where O indicates covalent binding), and
Atg16p. Lipidated Atg8p serves as a docking site for specific cargo
receptors, such as the cytosol-to-vesicle targeting (cvt) protein
Atg19p or the outer mitochondrial membrane protein Atg32p
(52). In mammals, lipidated MAP1LC3 and GABARAP proteins
recruit receptors for specific cargo, such as p62, NBR1, Nix,
NDP52, and OPTN (22, 28, 31, 34, 48, 51), and adaptor proteins
that regulate the movement of autophagosomes or their matura-
tion (20, 33, 34). All known autophagy receptor and adaptor pro-
teins bind to ATG8 modifiers via an LC3-interacting region (LIR)
motif with a consensus sequence W/Y/F-X-X-I/L (40).

Though major signaling cascades leading to induction or sup-
pression of autophagy are known, the membrane dynamics ac-
companying autophagy remain unclear. Several membrane com-
partments in the cell, including the endoplasmic reticulum (ER),
Golgi apparatus, mitochondria, and plasma membrane, have been
suggested as sources of incipient autophagic membranes (13, 16,
19). Functional endomembrane trafficking mediated by ESCRT
(11), COPI (49), TRAPP complexes (25), and components of the
secretory pathway, as well as the SNARE fusion machinery (24, 27,
29, 39), have been demonstrated to impact autophagy. However,

what exactly links all those pathways is still unclear. Rab GTPase-
activating proteins (Rab GAPs) contain the highly conserved TBC
(Tre2, Bub2, and Cdc16) domain that regulates the activity of
small Rab GTPases via a dual-finger mechanism (32). Hence, Rab
GAPs are essentially implicated in the spatial and temporal dy-
namics of the cellular endomembrane system (4). In this study, we
performed a comprehensive analysis of TBC domain-containing
Rab GAPs in the context of autophagy. By screening a library of 36
human TBC proteins for binding to MAP1LC3 and GABARAP
proteins, we identified 14 ATG8-interacting TBC proteins. Motif
mapping revealed two LIR motifs in TBC1D5, which are both
required for binding to and vesicular colocalization with human
ATG8. Remarkably, the LIR1 motif in TBC1D5 was also required
for retromer binding, cation-independent mannose-6-phosphate
receptor (CI-M6PR) internalization, and trans-Golgi network
(TGN) retrieval. LC3 and retromer interactions with TBCD5 were
dependent on LC3 abundance, suggesting that TBC1D5 can
switch from retromer-decorated endosomal to LC3-lipidated
autophagosomal membranes upon autophagy induction. More-
over, CI-M6PR localization in the TGN appeared to be more pro-
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nounced under starvation conditions. Due to its implication in
the regulation of autophagy and retrograde transport, TBC1D5
might be an important factor in preserving the balance between
the endocytic pathway and remodeling of cellular membranes to
generate functional autophagosomes.

MATERIALS AND METHODS
Plasmids and cell lines. Open reading frame (ORF) clones were obtained
from Francis Barr or from the human ORFeome collection (http://horfdb
.dfci.harvard.edu/) or cloned from available full-length cDNAs (see Table
S3 in the supplemental material). The VPS29 clone for bacterial expres-
sion was obtained from James Hurley (17). All human TBC proteins were
employed as N-terminal green fluorescent protein (GFP) fusions in
pEGFP-C2. ORFs for selected TBC proteins were subcloned into
pMALC2, pGEX4T-1, and pGEX6P1 vectors (Clontech). Point mutations
and LIR tetrapeptide motif deletion and domain-mapping fragments
were generated by site-directed mutagenesis. Sequence-validated ORFs in
pDONR223 were recombined into the Gateway destination vectors
MSCV-Tet-FLAG-HA-IRES-PURO (which uses a tetracycline-inducible
cytomegalovirus [CMV] promoter [iTAP]) for stable cell lines, pET60-
DEST (Novagen) for recombinant expression, and pDEST-CMV-N-Myc
and pHAGE-CMV-N-mCherry for transient transfection using � recom-
binase. Virus was produced for the indicated ORFs by cotransfecting the
respective iTAP, GAG/POL, and vesicular stomatitis virus Indiana G pro-
tein (VSVG) plasmids into 293T cells. After packaging, the viruses were
used to infect the TREx-293 (Invitrogen) or U2OS cell line and subse-
quently selected for stable expression using 1 �g/ml puromycin.

Stable knockdown cell lines. HeLa cells stably expressing two differ-
ent short hairpin RNA (shRNA) oligonucleotides targeting all 3 isoforms
of human TBC1D5 (GAGAACGAACAGATCACCATT and GCAAAGG
TGATGGACACTCAT) were generated by lentiviral infection. Virus was
produced for each shRNA oligonucleotide (Open Byosystems; pLKO) by
cotransfecting the respective pLKO plasmid, together with Tat1b,
Hgpm2, CMV-Rev, and VSVG plasmids, into 293T cells. After packaging,
viral supernatants were used to infect HeLa cells and subsequently selected
for stable expression using 1 �g/ml puromycin. An shRNA-resistant
TBC1D5 variant (against GAGAACGAACAGATCACCATT) was gener-
ated by mutagenesis and transiently transfected in cells using pDEST-
CMV-N-Myc. Control shRNA cells were generated using Mission non-
target shRNA control lentiviral particles obtained from Sigma-Aldrich.

Antibodies. The antibodies used in this study were as follows: goat
polyclonal anti-TBC1D5 (Santa Cruz), mouse monoclonal anti-LC3
(NanoTools), rabbit polyclonal anti-LC3 (MBL) and rabbit polyclonal
anti-LC3B (a gift from Z. Elazar), rabbit polyclonal anti-p62 (Enzo Life
Sciences) and mouse monoclonal anti-p62 (MBL), polyclonal rabbit anti
VPS29 (Sigma-Aldrich; Atlas), goat polyclonal anti-VPS35 (LSBio),
mouse monoclonal MEM-238 anti-mannose 6 phosphate receptor
(cation independent) (Abcam), rabbit polyclonal anti-TGN46
(Sigma-Aldrich), rabbit polyclonal anti-Atg5 (Cell Signaling), rabbit
polyclonal anti-GFP (Living Colors), mouse monoclonal anti-Flag M2
(Sigma-Aldrich), mouse monoclonal anti-myc (Santa Cruz), and mouse
monoclonal antivinculin (Sigma-Aldrich). All corresponding secondary
horseradish peroxidase (HRP)-conjugated antibodies were from Santa
Cruz, and Cy5-, Cy3-, and fluorescein isothiocyanate (FITC)-conjugated
secondary antibodies were from Jackson ImmunoResearch.

Antibody-feeding assay. HeLa cells were grown on glass coverslips
and transferred to Dulbecco’s modified Eagle’s medium (DMEM) with
2% fetal bovine serum (FBS) for 10 h prior to antibody feeding. After
blocking with 5% bovine serum albumin (BSA) in phosphate-buffered
saline (PBS) (containing Ca2� and Mg2�) for 30 min, antibody against
CI-M6PR was applied (10 �g/ml in 5% BSA in PBS) for 30 min. The cells
were washed twice with PBS, and warm medium (DMEM-10% FBS) was
added. After 10, 30, and 40 min of incubation at 37°C, the cells were fixed
with 2% paraformaldehyde, permeabilized in 0.2% Triton X in PBS, and
counterstained using secondary Cy5-conjugated donkey anti-mouse an-

tibody. The plasma membrane fraction of the receptor (at time point 0)
was stained on nonpermeabilized cells.

Protein purification and binding assay. The indicated glutathione
S-transferase (GST) fusion proteins were expressed in E. coli BL21 cells
and purified using glutathione (GSH)-Sepharose. For lysate analysis,
ORFs encoding TBC domain family proteins in pEGFP-C2 or N-Myc
were transiently transfected in 293T cells using GeneJuice. After 20 h,
whole-cell extracts were incubated with the indicated GST fusion proteins
purified from bacteria. The washed beads were subjected to SDS-PAGE
and immunoblotting using anti-GFP and anti-Flag antibodies, respec-
tively. For in vitro analysis, recombinantly purified VPS29 and maltose-
binding protein (MBP)-tagged MAP1LC3A were incubated with the in-
dicated GST fusion proteins in binding buffer (50 mM HEPES, pH 7.5,
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1% Triton-X, 25
mM NaF, 50 mM ZnCl2, 1 mM dithiothreitol [DTT]). After 2 h, the GSH
resin was washed 5 times with binding buffer, and bound proteins were
subjected to SDS-PAGE and immunoblotted using anti-MBP and anti-
VPS29 antibodies.

Immunoprecipitation. For Western blot analysis, TREx-293 cells sta-
bly expressing various TBC1D5 constructs (iTAP) and 293T cells tran-
siently expressing human ATG8 family members (pEGFP-C2) were in-
duced and transfected (GeneJuice; Novagen) for 24 h. Whole-cell lysates
were incubated for 1 h with anti-Flag M2-coupled resin, anti-GFP-cou-
pled beads, or anti-VPS35, followed by incubation with protein G-Sep-
harose. Samples were subjected to SDS-PAGE and immunoblotted with
anti-Flag, anti-VPS34, anti-VPS29, anti-TBC1D5, and anti-GFP antibod-
ies. For liquid chromatography coupled to tandem mass spectrometry
(LC–MS-MS) analysis, four 15-cm tissue culture dishes of cells (�80%
confluence; �107 cells) stably expressing TBC1D5 and TBC1D25 were
harvested and lysed with 3 ml lysis buffer (50 mM Tris, pH 7.5, 150 mM
NaCl, 0.5% Nonidet P40, and a Complete EDTA-free protease inhibitor
tablet [Roche]). Centrifugation-cleared lysates (13,000 rpm) were filtered
through 0.45-mm spin filters (Millipore Ultrafree-CL) and immunopre-
cipitated with 60 �l antihemagglutinin (anti-HA) (Sigma) resin. Resin
containing immune complexes was washed five times with lysis buffer,
followed by five PBS washes and elution with 150 �l of 250 mg/ml HA
peptide in PBS.

Mass spectrometry. The eluted immune complexes were precipitated
with 20% trichloroacetic acid (TCA) (Sigma), and the pellets were washed
once with 10% TCA and four times with cold acetone. The precipitated
proteins were resuspended in 100 mM ammonium bicarbonate (pH 8.0)
with 10% acetonitrile and incubated with sequencing-grade trypsin (Pro-
mega) at a concentration of 12.5 ng/ml at 37°C for 4 h. Trypsin reactions
were quenched by addition of 5% formic acid, and peptides were desalted
using the C18 StageTip method (37). For each LC–MS-MS run using an
LTQ Velos linear ion trap mass spectrometer (Thermo Scientific), 4 �l
was loaded onto an 18-cm by 125-�m (inside diameter [i.d.]) C18 col-
umn, and peptides were eluted using a 50-min 8% to 26% acetonitrile
gradient. Spectra were acquired using a data-dependent Top-10 method.
Each sample was shot twice in succession, followed by a wash with 70%
acetonitrile and 30% isopropanol.

Confocal microscopy and live-cell imaging. HeLa cells were tran-
siently transfected with ORFs encoding TBC domain family or Rab pro-
teins in pEGFP-C2, pDEST-CMV-N-Myc, or pHAGE-CMV-N-mCherry
using GeneJuice (Novagen). After 20 h, cells were fixed on coverslips with
2% paraformaldehyde and counterstained for endogenous proteins with
the indicated antibodies. Images were acquired with an LSM510 micro-
scope (Zeiss) and processed using ImageJ software. Pearson’s correlation
coefficients of colocalizations after subtraction of background fluores-
cence were calculated with Volocity Demo software (Perkin Elmer), and
graphs were created in Graph Pad Prism. The level of significance was
calculated using a t test (Graph Pad Prism). Imaging of live U2OS cells,
grown in 8-well Lab-Tek chambers, was performed on a Leica CTR7000
HS epifluorescence microscope. Movies were processed using Leica soft-
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ware, and separate images were exported as TIFF images following anal-
ysis with ImageJ (NIH).

RESULTS
TBC domain-containing Rab GAPs as novel ATG8-binding pro-
teins. To identify novel ATG8-interacting proteins implicated in
autophagy, we performed a yeast two-hybrid screen using three
different ATG8 proteins as bait: yeast Atg8p and two of its
mammalian homologues, MAP1LC3B and GABARAPL2 (GATE-
16). Among the ATG8-interacting proteins identified in this ini-
tial screening approach were NBR1 (22), Nix (31), and OPTN
(51). Intriguingly, several TBC domain-containing proteins
(TBC1D2B, TBC1D9, TBC1D9B, and TBC1D17) were highly
abundant clones in all three screens (see Table S1A in the supple-
mental material). Moreover, several TBC domain-containing
proteins, including TBC1D2B, TBC1D4, TBC1D5, TBC1D7,
TBC1D9B, TBC1D15, TBC1D18, and TBC1D23, were also pro-
teomically identified within autophagy interaction networks (5).
Lastly, TBC1D25 (also known as OATL1) was recently identified
as a novel ATG8-binding protein involved in regulation of
Rab33B and autophagosome-lysosome fusion (20).

Thus, to generally probe TBC domain-containing proteins for
their role in autophagy, we employed a transiently overexpressing
library of human TBC proteins N-terminally tagged with GFP in
293T cells, together with GST pulldown assays to systematically
screen for binding to human ATG8 proteins. Fourteen TBC pro-
teins were specifically bound to GST-fused mammalian ATG8
proteins, but not to GST alone (Fig. 1A; see Fig. S1A to C in the
supplemental material). Out of these 14 candidates, four TBC
proteins colocalized with MAP1LC3B and p62 in HeLa cells (see
Fig. S3A and Table S1B in the supplemental material). Since more
than a dozen TBC proteins bind to ATG8 modifiers but differ in
specificity for Rab GTPases, cellular localization, and domain ar-
chitectures (see Fig. S3B in the supplemental material), we hy-
pothesized that TBC Rab GAPs may have redundant functions in
regulating different vesicular-trafficking pathways and bridge
these pathways to autophagy in a stimulus-specific manner and in
specific cellular compartments. To analyze whether the interac-
tions of these four TBC proteins and mammalian ATG8 family
members are direct, we purified full-length TBC proteins or
fragments thereof from bacterial lysate and performed in vitro
binding assays with purified MAP1LC3 and GABARAP family
members. Direct binding between TBC1D2B, TBC1D5,
TBC1D17, TBC1D25, and mammalian ATG8 proteins was readily
detected (see Fig. S2A to D in the supplemental material). By per-
forming a series of deletion mutageneses, we were able to map two
LIR motifs in TBC1D5 (Fig. 1B).

TBC1D5 function is required for autophagy. In contrast to
the majority of established LIR-containing ATG8-interacting pro-
teins (Fig. 1C), TBC1D5 contains two LIR motifs, which flank the
TBC domain. Both TBC1D5 LIR motifs mediate binding to mam-
malian ATG8 in vitro (Fig. 1B). We performed a series of coim-
munoprecipitations on lysates derived from cells transiently
cotransfected with mammalian ATG8 proteins and a TBC1D5
�LIR1 or �LIR2 mutant to examine the contribution of each LIR
motif to binding to MAP1LC3 in cells. Surprisingly, separate de-
letions of LIR1 and LIR2 led to substantially increased and de-
creased binding to MAP1LC3, respectively (Fig. 2A). Ectopically
expressed TBC1D5 colocalized with mCherry-MAP1LC3B
puncta (Fig. 2B), while TBC1D5 variants carrying LIR1 or LIR2

deletions did not colocalize with MAP1LC3-positive puncta (Fig.
2B). Thus, both LIR motifs of TBC1D5 seem to differentially con-
tribute to the recruitment of TBC1D5 to autophagosomes.

To fully understand the role of TBC1D5 in autophagy,
we monitored colocalization of endogenous TBC1D5 with
MAP1LC3 and the autophagy receptor p62 in basal and stimulus-
induced autophagy. TBC1D5 and MAP1LC3 readily colocalized
moderately under basal autophagy. However, starvation substan-
tially increased their colocalization (see Fig. S3A in the supple-
mental material). Next, we examined whether the observed re-
cruitment of TBC1D5 to autophagosomes is concomitant with
autophagosomal degradation of TBC1D5. Therefore, we moni-
tored the abundance of TBC1D5 upon inhibition of lysosomal
and proteasomal degradation. Bafilomycin A1 (BafA1) or MG132
treatment did not result in accumulation of TBC1D5 (Fig. 2C),
suggesting that TBC1D5 is not an autophagy substrate. Moreover,
stable shRNA-mediated depletion of TBC1D5 in cells led to an
accumulation of p62-positive puncta (see Fig. S3B in the supple-
mental material), suggesting that TBC1D5 may play an important
role in cargo engulfment, autophagosome biogenesis, and/or reg-
ulation of autophagosomal flux.

To dissect potential roles of TBC1D5 in autophagy more rig-
orously, we examined autophagy flux in cells stably depleted of
TBC1D5 by expressing the tandem mCherry-enhanced green
fluorescent protein (eGFP)-LC3B “traffic light” reporter. In au-
tophagosomes, mCherry-eGFP-LC3 produces yellow fluores-
cence, but upon transfer to the more acidic compartment of the
(auto)lysosome, GFP fluorescence is specifically quenched due to
pH-dependent unfolding, thereby rendering lysosomes mCherry
positive. The ratio between yellow (autophagosome and [auto]ly-
sosome) and red ([auto]lysosome) puncta provides a rapid means
by which to determine autophagic flux. Upon starvation, au-
tophagosomes and (auto)lysosomes accumulate, reflecting au-
tophagic vesicle populations accompanying ongoing autophagy
flux (Fig. 2D; see Fig. S3C in the supplemental material). How-
ever, depletion of TBC1D5 led to the almost complete disappear-
ance of autophagic vesicles (Fig. 2D; see Fig. S3C in the supple-
mental material). Blockage of autophagosome clearance during
basal or starvation-induced autophagy by BafA1 treatment
yielded increased levels of lipidated LC3 (LC3-II) (Fig. 2E). Re-
markably, TBC1D5 depletion substantially ablated BafA1-in-
duced increase of LC3-II during both forms of autophagy (Fig.
2E). Thus, TBC1D5 seems to be critically required for efficient
steady-state and starvation-induced formation of cargo-compe-
tent autophagosomes.

TBC1D5 binds the retromer in a LIR-dependent manner. To
probe the biological context in which TBC1D5 acts, we performed
LC–MS-MS on trypsinized immune complexes derived from
TREx-293 cells retrovirally expressing stable, doxycycline-induc-
ible Flag-HA-tagged TBC1D5. All subunits of the retromer vesicle
proteins sorting (VPS) subcomplex, VPS35, VPS26A, VPS26B,
and VPS29, as well as the WASH complex component FAM21A,
were detected as high-confidence candidate interaction proteins
(HCIPs) in complex with TBC1D5 (Fig. 3A) (5, 45). Furthermore,
known components of the retromer-sortin-nexin subcomplex,
including SNX1, SNX5, and SNX6 were detected with subthresh-
old HCIP values (see Table S2A in the supplemental material).

Next, we examined whether the association of TBC1D5 with
the retromer complex depends on the LIR motifs in TBC1D5.
Immune complexes derived from stable inducible TREx-293 cell
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lines expressing Flag-HA-tagged wild-type TBC1D5, a catalytic
TBC1D5 mutant (RA), or TBC1D5 variants lacking either LIR1
(�LIR1) or both LIRs (�LIR1 �LIR2) were subjected to LC–MS-
MS. Importantly, TBC1D5 bait peptides were detected at similar
abundances across all four parallel proteomic experiments (see
Table S2B in the supplemental material). Though association of
TBC1D5 with retromer components was independent of TBC1D5
catalytic activity, as reported previously (14), binding of retromer
components was abolished in single and double TBC1D5 LIR mu-
tants (Fig. 3B).

To validate these results, we performed coimmunoprecipita-
tion of Flag-HA TBC1D5 wild-type and mutant proteins from
TREx-293 cells. Specific bands corresponding to endogenous

VPS35 and VPS29 were present in the immunoprecipitated frac-
tion of wild-type TBC1D5, as well as RA and �LIR2 TBC1D5
variants, but not in �LIR1 TBC1D5 or TBC1D5 W59A mutants
(Fig. 3C; see Fig. S4A in the supplemental material). Consistently,
reciprocal immunoprecipitation of endogenous VPS35 precipi-
tated wild-type TBC1D5 and the RA mutant, but not TBC1D5
�LIR1 variants (see Fig. S4B in the supplemental material). Im-
munofluorescence microscopy revealed that myc-tagged wild-
type TBC1D5 colocalized with the endogenous retromer subunit
VPS35 in cells. While the catalytic RA and LIR2 mutants did not
affect the subcellular distribution of TBC1D5, LIR1 deletions
abolished localization with VPS35 and led to diffused cytoplasmic
localization (Fig. 3D; see Fig. S4C in the supplemental material).

FIG 1 TBC proteins bind human ATG8 proteins via canonical LIR. (A) ATG8-interacting TBC proteins. HEK 293T cell lysates overexpressing GFP-tagged
human TBC proteins were subjected to pulldown assays using GST, GST-MAP1LC3A, and GST-GABARAPL1. Coprecipitated TBC proteins were detected with
anti-GFP antibody. Inputs are shown in Fig. S1A in the supplemental material. WB, Western blot. (B) (Top) Schematic representation of TBC1D5 with Pfam
domains annotated and LIR motifs identified. (Bottom) The wild type and catalytic RA and LIR mutants of TBC1D5 were transiently expressed in 293T cells and
subjected to pulldown assays with GST alone or GST-ATG8 proteins. GST fusion proteins were visualized by Ponceau S staining. (C) Alignments of canonical LIR
motifs from annotated ATG8-interacting partners and LIR motifs mapped in TBC1D5. Magenta, acidic residues; blue, small and hydrophobic residues; green,
serine residues.
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Thus, the N-terminal TBC1D5 LIR1 motif is differentially em-
ployed in mediating MAP1LC3 and retromer binding, while LIR2
is required only for binding to mammalian ATG8 proteins. Fi-
nally, we also monitored the abundance of VPS retromer subunits
upon inhibition of lysosomal and proteosomal degradation.
BafA1 or MG132 treatment did not result in accumulation of VPS
subunits, suggesting they are not autophagy substrates (Fig. 3E).

TBC1D5 partitions between LC3 and retromer-mediated
functions. Since TBC1D5 interacts with MAP1LC3 and retromer
components, we addressed whether these three proteins form a
tripartite complex. Surprisingly, VPS29, which was proposed to
mediate direct interaction with TBC1D5 (14), was not detected in
MAP1LC3A-associated TBC1D5 in GST pulldown and coimmu-
noprecipitation experiments (Fig. 4A; see Fig. S4D in the supple-

mental material). Next, we rigorously examined binding of
TBC1D5 to MAP1LC3 and retromer components in vitro using
bacterial purified VPS29, MBP-MAP1LC3A, wild-type GST-
TBC1D5, and the double LIR mutant. TBC1D5 bound directly to
VPS29 and MAP1LC3A in a LIR-dependent manner (Fig. 4B).
Incubating TBC1D5 with MAP1LC3A and various amounts of
VPS29 or with VPS29 and various amounts of MAP1LC3A re-
vealed that MAP1LC3A competed with VPS29 for binding to
TBC1D5 (Fig. 4C). Based on our observations, we propose that
TBC1D5 partitions between retromer-decorated endosomes and
LC3-decorated autophagosomes, thereby potentially acting as a
switch between these two vesicle-trafficking pathways. In that
case, local increase in the LC3 concentration on the autophago-
somal membrane upon autophagy induction might promote re-

FIG 2 TBC1D5 is implicated in regulation of autophagy flux. (A) Coimmunoprecipitation (IP) of wild-type TBC1D5 and the �LIR1 and �LIR2 mutants with
MAP1LC3A and MAP1LC3B proteins transiently overexpressed in 293T cells. (B) Immunofluorescence assay of myc-tagged TBC1D5 (wild type and �LIR1 and
�LIR2 mutants) and mCherry-MAP1LC3B transiently overexpressed in HeLa cells. HeLa cells were cultured in regular medium, washed with PBS, fixed in 2%
paraformaldehyde (PFA), and incubated with primary antibodies against myc tag. (C) Abundance of endogenous TBC1D5 and MAP1LC3 in HeLa cells 12 and
24 h after treatment with BafA1 (200 nM) and MG132 (10 �M), respectively. The indicated proteins were detected in whole-cell lysates by immunoblotting.
DMSO, dimethyl sulfoxide. (D) shRNA control (shCNTRL) and stable knockdown cell lines expressing tandem mCherry-GFP-MAP1LC3B were subjected to
starvation conditions or treated with BafA1 for 4 h. Autophagosomes were quantified in more than 100 cells in 3 independent experiments. A paired t test was
used to indicate significance. The error bars represent standard deviations (SD) (GraphPad Prism). (E) shRNA control cells and two stable TBC1D5 knockdown
HeLa cell lines were starved (starv.) in EBSS, treated with bafilomycin A1, or starved in the presence of BafA1 (4 h). Total cell lysates were analyzed by SDS-PAGE
following immunoblotting of endogenous TBC1D5, MAP1LC3B, and vinculin (as a loading control). exp., expression.
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cruitment of TBC1D5 to autophagosomes from juxtaposed endo-
somes.

To test our hypothesis, we examined colocalization of all three
components by employing cells stably expressing mCherry-
TBC1D5 and GFP-MAP1LC3B, together with immunostaining of
the endogenous retromer subunit VPS35. Since we did not ob-
serve colocalization of all three components, we quantified colo-

calization of VPS35 with TBC1D5, TBC1D5 with MAP1LC3B,
and VPS35 with MAP1LC3B. VPS35 and TBC1D5 colocalized at
basal autophagy, but their colocalization significantly decreased
during starvation-induced autophagy. In contrast, colocalization
of TBC1D5 and MAP1LC3B was not detectable at basal autophagy
but significantly increased upon starvation (Fig. 4D; see Fig. S5A
in the supplemental material). This shift in TBC1D5 colocaliza-

FIG 3 TBC1D5 requires LIR1 to bind to the retromer. (A) Proteomic analysis of TBC1D5. The association map shows identified HCIPs. The dashed lines
indicate interactions annotated in the BIOGRID, MINT, and HPRD protein interaction databases. (B) Proteomic analysis of TBC1D5. Immune complexes from
cells expressing wild-type and catalytic RA and �LIR mutant TBC1D5 proteins were subjected to IP–LC–MS-MS. Normalized spectral abundance factors
(NSAF) were calculated based on total spectral counts (41). (C) Validation of TBC1D5-associated proteins. Expression of HA-Flag-tagged wild-type TBC1D5,
TBC1D5 RA, TBC1D5 �LIR1, or TBC1D5 �LIR1 �LIR2 was induced in stable TREx293 cells for 24 h. Cell lysates were immunoprecipitated with Flag
M2-coupled resin and immunoblotted with anti-Flag and anti-Vps29 antibody, respectively. Units for numbers (left) are kDa. (D) Immunofluorescence of
endogenous Vps35 and transiently expressed myc-tagged TBC1D5 (wild type [wt], TBC1D5 RA, TBC1D5 �LIR1, TBC1D5 �LIR2, and TBC1D5 �LIR1 �LIR2)
in HeLa cells. Colocalization of more than 100 cells was quantified in 3 independent experiments for each TBC1D5 construct using Volocity Demo software, and
a paired t test was performed using GraphPad Prism. The error bars indicate SD. (E) Abundance of endogenous TBC1D5, MAP1LC3, and retromer subunits
VPS35, VPS26B, and VPS29 in HeLa cells 12 and 24 h after treatment with BafA1 (100 nM) and MG132 (10 �M).
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tion from VPS35 to MAP1LC3B occurred to similar extents when
cells undergoing basal autophagy or starvation-induced au-
tophagy were treated with BafA1. Notably, VPS35 did not show
any significant colocalization with MAP1LC3B (Fig. 4D; see
Fig. S5A in the supplemental material). Finally, we monitored
colocalization of TBC1D5 and MAP1LC3B during starvation-
induced autophagy using live-cell imaging. Autophagosomes
appeared overlying and moving on microtubules with
TBC1D5-positive vesicles shortly after autophagy induction
with Earle’s balanced salt solution (EBSS) (see Movie S1 in the
supplemental material). Two hours after starvation induction,
larger vesicles containing double staining on the membrane
could be observed, indicating possible transfer of TBC1D5
from endosomes to autophagosomes (see Fig. S6B and Movie
S2 in the supplemental material).

TBC1D5 function is required for retrograde transport. The
retromer complex plays an essential role in retrograde transport

from endosomes to the TGN (reviewed in references 3 and 6).
TBC1D5 binds components of the retromer complex and has
been implicated in regulating retromer detachment from endo-
somes (43). However, TBC1D5 depletion did not alter retromer
localization (14) or the stability of VPS retromer components
(Fig. 5A). To start dissecting the specific role of TBC1D5 in retro-
grade transport, we monitored trafficking of the endosomal cargo
receptor CI-M6PR upon TBC1D5 depletion. While CI-M6PR was
enriched in the TGN, marked by trans-Golgi network protein 46
(TGN46) in shRNA control cells, CI-M6PR appeared partially
dispersed in the cytosol, as well as membrane localized in
TBC1D5-depleted cells (Fig. 5B). Next, we performed a comple-
mentary anti-CI-M6PR antibody-feeding assay to examine CI-
M6PR retrieval to the TGN. Consistently, TBC1D5 depletion
yielded significantly reduced internalization of anti-CI-M6PR
(Fig. 5C). Furthermore, during a 12-h cycloheximide chase, levels
of CI-M6PR and mature cathepsin D decreased in TBC1D5-de-

FIG 4 TBC1D5 partitions between LC3 and retromer-mediated functions. (A) Lysates from nontransfected and HA-Flag-VPS35-, HA-Flag-VPS26A-,
and HA-Flag-VPS26B-transfected 293T cells were incubated with GST, GST-MAP1LC3A, and GST-GABARAPL1. Copurifying proteins were detected by
immunoblotting with anti-Flag, anti-VPS29, and anti-TBC1D5 antibodies. Units for numbers (left) are kDa. (B) In vitro binding assay with purified
VPS29, MBP-coupled MAP1LC3A, and GST-TBC1D5 fusion protein. MAP1LC3A or VPS29 (1 �g) was used in a reaction volume of 400 �l (right). (C)
In vitro competition assay. Concentrations of VPS29 and MAP1LC3A are indicated. GST-fused proteins TBC1D5, TBC1D5 �LIR1 �LIR2, and VPS35 are
indicated by the asterisk on the Ponceau stain. (D) Immunofluorescence colocalization quantification of a double-stable U2OS cell line expressing
mCherry-TBC1D5 and GFP-LC3B under normal conditions and starvation or bafilomycin A1 and starvation plus BafA1 treatment. Endogenous VPS35
was stained, and the colocalization of all three proteins in more than 200 cells was analyzed in Volocity Demo. The data were compared using a paired t
test (GraphPad). The error bars indicate SD.
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FIG 5 TBC1D5 regulates retrograde transport and the autophagy pathway. (A) Total cell lysates from shRNA control and TBC1D5 knockdown cells were
analyzed on SDS-PAGE and blotted for TBC1D5 and retromer subunits, respectively. (B) CI-M6PR localization is changed upon TBC1D5 knockdown. shRNA
control cells and TBC1D5 knockdown cells were fixed and costained with primary antibodies against CI-M6PR and TGN46. Colocalization of both was analyzed
in more than 200 cells in 3 independent experiments using Volocity Demo. The error bars indicate SD. (C) TBC1D5 knockdown affects CI-M6PR internalization.
An antibody-feeding assay was performed as described in Materials and Methods, and CI-M6PR-positive vesicles were quantified in more than 300 cells using an
ImageJ particle analysis plug-in. (D) TBC1D5 is important for stability of CI-M6PR and cathepsin D sorting. A cycloheximide (CHX) chase was performed on
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pleted cells (Fig. 5D), suggesting that protein sorting is compro-
mised upon TBC1D5 depletion, as reflected by lysosomal target-
ing of CI-M6PR instead of TGN retrieval and excretion of
cathepsin D instead of lysosomal targeting (1, 2, 42).

To address whether the observed protein-sorting defect indeed
specifically depends on TBC1D5 and whether LIR1-mediated ret-
romer binding is involved in this process, we generated myc-
tagged shRNA-resistant variants of wild-type TBC1D5 and the RA
and �LIR1 mutants. After transient expression of shRNA-resis-
tant clones, we performed a CI-M6PR antibody-feeding assay and
determined the numbers of receptor-positive vesicles, as well as
colocalization of CI-M6PR with the TGN. Intriguingly, only wild-
type TBC1D5, but not the RA and LIR1 mutant forms of TBC1D5,
rescued the retrieval of CI-M6PR to the TGN (Fig. 5E; see Fig. S6A
in the supplemental material), suggesting that Rab GAP activity
and LIR1-mediated retromer binding are required for the proper
function of TBC1D5 in the context of retrograde transport.

Interdependence between autophagy and retrograde trans-
port. TBC1D5 appears to be involved in two pathways: autophagy
and retrograde transport. Interestingly, ATG9 has been reported
to traffic between the TGN and endosomes in a ULK1- and star-
vation-dependent manner, suggesting retrograde transport is crit-
ical for autophagosome formation (53). To explore whether these
two pathways are interconnected, we monitored localization of
CI-M6PR in autophagy-deficient and -induced cells. First, colo-
calization of GFP-tagged CI-M6PR to Golgi networks and of myc-
tagged TBC1D5 to the retromer subunit VPS35 was unaffected in
ATG5�/� mouse embryonic fibroblasts (Fig. 6A; see Fig. S6B in
the supplemental material), indicating that basal autophagy does
not contribute to retrograde transport. Next, colocalization of en-
dogenous CI-M6PR to the TGN increased significantly upon star-
vation in cells stably expressing mCherry-TBC1D5 and GFP-
MAP1LC3B (Fig. 6B). This suggested that exit from the TGN or
retrieval of receptor to the TGN may be enhanced upon starva-
tion. Though we could show that TBC1D5 is critical for retrograde
transport, whether clathrin-, PACS-1/GGA3-, and TIP47/Rab9-
dependent pathways of M6PR transport are likewise affected upon
TBC1D5 depletion remains to be addressed. Taking the data to-
gether, we conclude that TBC1D5 can act as a molecular switch
between endosomal and autophagosomal transport and is ulti-
mately involved in reprogramming vesicle trafficking upon au-
tophagy induction. Overlapping binding of retromer and mam-
malian ATG8 proteins to TBC1D5’s LIR1 might be the basis of
TBC1D5 translocation from endosomes to autophagosomes
upon starvation-induced autophagy. Further investigations are
needed to address whether TBC1D5 translocation is part of a neg-
ative regulation of retrograde transport or actively participates in
autophagosome formation (Fig. 6C).

DISCUSSION

Collectively, our work indicates that TBC domain-containing Rab
GAPs contribute to autophagy dynamics by direct binding to

small ubiquitin-like modifiers of the LC3 and GABARAP family.
TBC Rab GAPs are conserved from yeast to human. Together with
guanine nucleotide exchange factors (GEF), GAPs tightly regulate
the nucleotide status of small Rab GTPases, which are spatially
organized in distinct membranes and act as small switches, alter-
nating between GDP-bound (inactive) and GTP-bound (active)
conformations. Rab GTPases are involved in the organization of
almost all cellular membrane trafficking processes (reviewed in
reference 46). For example, the activity of Rab GTPases residing in
endocytic and secretory compartments has been shown to be crit-
ical for organizing specific regions for recruitment of tethering
factors preceding docking and eventual fusion of donor and ac-
ceptor membrane compartments or progression from early to late
endosomal compartments (10, 35, 50).

Our screen revealed a set of ATG8-interacting proteins from
diverse branches within the phylogenetic tree of TBC domain-
containing Rab GAPs (12) covering endocytosis (TBC1D2B and
TBC1D5) (7), mTOR regulation (TBC1D7) (30), Rab33
(TBC1D25) (20), Rab35 and exocytosis (TBC1D10A and
TBC1D10B) (18), and the Rab6 and Mad2 spindle checkpoint
(TBC1D11/GAPCenA) (8, 26), as well as the Akt pathway
(TBC1D1) (54), suggesting potential regulatory links between au-
tophagy and these diverse cellular pathways. Notably, since ATG8
proteins can be hijacked for unconventional vesicle-trafficking
events under certain conditions, as recently reported for corona-
viruses (9, 38), ATG8-interacting Rab GAPs might also function
in nonautophagic processes.

As the autophagic compartment is not permanently present to
the same extent in the cell but rather is induced upon specific
stimuli, we envision that its appearance needs to be followed by
remodeling of distinct permanent membrane compartments in
the cell. Therefore, the formation of preautophagosomal struc-
tures (PAS) is driven, while other trafficking processes may be
redirected or downregulated so that the balance in the cellular
lipid content is preserved. Under autophagy-stimulated condi-
tions, different membrane compartments can contribute to form
PAS (13, 16, 19). Though autophagy stimulation can be driven by
many different stress factors, such as lack of nutrients, pathogen
entry, or a defect in protein folding or the stability of organelles,
many different signaling pathways may be involved in regulating
this highly dynamic and complex set of processes leading to PAS
formation, expansion, and cargo sequestration.

We focused on understanding how TBC1D5 functions in au-
tophagy and retrograde transport. The retromer complex is im-
portant for efficient sorting of CI-M6PR to the trans-Golgi net-
work (2), as well as Wntless-mediated secretion of Wnt (3, 15).
Interestingly, processing and localization of amyloid precursor
protein (APP) has been also shown to be regulated by the retro-
mer, implicating the retromer as a critical player in the pathogen-
esis of Alzheimer’s disease (44), and multiple VPS35 mutations
have been reported in Parkinson’s disease (55). We observed that

shRNA control and TBC1D5 knockdown cells, using 100 �g/ml of CHX and chase for 12 h. Total cell lysates were blotted against endogenous CI-M6PR,
cathepsin D, and TBC1D5. (E) Rescue experiment for CI-M6PR retrieval to the TGN. shRNA control cells were subjected to an antibody-feeding assay as
described for panel C; at the 10- and 30-min time points, cells were fixed, permeabilized, and incubated with primary antibody for TGN46 and then stained with
secondary antibodies for both primary antibodies, CI-M6PR and TGN46. Colocalization of the internalized fraction of CI-M6PR with TGN46 was analyzed using
Volocity Demo. Knockdown cells were transiently transfected with myc-tagged shRNA-resistant clones of TBC1D5, the wild type as well as RA and �LIR1
mutants. An antibody-feeding assay was performed 16 h posttransfection, and cells were fixed and stained using the same procedure described above. The graph
presents quantification of CI-M6PR-positive vesicles quantified for more than 200 transfected cells. An unpaired t test was performed using GraphPad Prism. ***,
P � 0.0005.
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FIG 6 Autophagy and retrograde transport are interdependent. (A) Localization of GFP-CI-M6PR and Golgi marker GM130 in WT and ATG5 knockout (KO)
mouse embryonic fibroblastes (MEFs) and quantification of GFP-CI-M6PR colocalization with Golgi marker GM130 in WT and ATG5 KO MEFs. Colocaliza-
tion with Golgi marker GM130 was analyzed in more than 60 transfected MEFs using Volocity Demo. The error bars indicate SD. (B) Immunofluorescence
analysis of localization of CI-M6PR and TGN46 in double-stable U2OS cell lines expressing mCherry-TBC1D5 and GFP-MAP1LC3B. Cells were starved for 4 h
in EBSS, fixed, and stained with corresponding endogenous antibodies. Colocalization of CI-M6PR/TGN46 and TBC1D5/MAP1LC3B was analyzed on more
than 200 cells using Volocity Demo, and a paired t test was performed in GraphPad Prism. (C) Working model for TBC1D5 function in retrograde transport of
CI-M6PR and autophagy. In steady state, TBC1D5 is localized on endosomes via binding to the retromer complex, regulating the dynamics of retrograde
transport of cargo–CI-M6PR. Upon starvation-induced autophagy, TBC1D5 binds to autophagosomes via LIR2 and is transferred to the autophagosomal
membrane via LIR1 and LIR2.
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the requirement for TBC1D5 in the CI-M6PR TGN retrieval path-
way is dependent on TBC1D5 catalytic activity and its ability to
bind to the retromer complex. Moreover, we started to dissect
how this pathway may be affected under autophagy-induced con-
ditions. TBC1D5 employs two different LIR motifs to switch from
being localized on endosomes via binding to the VPS retromer
subcomplex to localize on autophagosomes via ATG8 binding
upon starvation-induced autophagy. We observed that loading of
TBC1D5 on LC3-positive vesicles depends on both LIR motifs,
suggesting that TBC1D5 first must be localized in the endosomal
compartment by binding to the retromer in order to be effi-
ciently transferred to lipidated MAP1LC3 on autophagosomes
upon starvation. A functional consequence of this switch seems
to be pronounced colocalization of CI-M6PR with the TGN
upon autophagy induction. Intriguingly, WIPI-1 involvement
in both starvation-induced autophagy (36) and retrograde
transport of CI-M6PR (21) has been demonstrated. Whether
CI-M6PR retrieval to the TGN is regulated by PACS-1 clathrin-
mediated trafficking and TIP47/Rab9-dependent trafficking or
retromer-dependent Wntless-mediated Wnt secretion is regu-
lated interdependently on starvation-induced autophagy re-
mains to be addressed. Furthermore, the exact role of TBC1D5
on autophagosomal membranes awaits elucidation in future
studies. However, defects in efficient cargo-competent au-
tophagosome formation indicate a critical role of TBC1D5 in
regulating starvation-induced autophagy.

Taken together, this study provides a systematic analysis of the
TBC domain-containing family of proteins in the context of their
interaction with LC3/GABARAP autophagy modifiers. Impor-
tantly, we observed binding of mammalian ATG8 proteins to TBC
domain-containing GAPs that regulate a variety of different traf-
ficking pathways, revealing another level of complexity by which
autophagy dynamics might be regulated. Alternatively, these
ATG8-binding TBC GAPs might be employed in positioning the
autophagic compartment within the dynamic network of endo-
membrane remodeling mediated by small Rab GTPases and their
direct regulators. Tissue-specific expression, regulation by post-
translational modifications, the requirement for each TBC GAP,
and their possible roles in development or cargo-specific au-
tophagy are questions we wish to systematically address in our
future studies in the context of cellular localization, protein-inter-
acting networks, and specific Rab GTPase-GAP pairs.
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