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Abstract

Glycogen, a branched polymer of glucose, acts as an intracellular carbon and energy reserve in
many tissues and cell types. An important pathway for its degradation is by transport to lysosomes
in an autophagy-like process. It has been proposed that starch-binding domain-containing protein
1 (Stbd1) may participate in this mechanism by anchoring glycogen to intracellular membranes. In
addition, Stbd1 has been reported to interact with a known autophagy protein, GABARAPL1, a
member of the Atg8 family. Here, we confirm this interaction and identify an Atg8 interacting
motif (AIM) in Stbd1 necessary for GABARAPL1 binding as judged by co-immunoprecipitation
from cell extracts and co-localization in cells as evidenced by immunofluorescence microscopy.
The AIM sequence of Sthd1 20°0HEEWEMV206 |ies within a predicted disordered region of the
molecule and fits the consensus of other AIM sequences in cargo-specifying proteins such as p62
and Nix. Mutation of the AIM, including single point mutations of either W203 or V206,
eliminated the co-localization of Stbd1 with both over-expressed and endogenous GABARAPL1.
Stbd1 may therefore function as a novel cargo binding protein that delivers glycogen to lysosomes
in an autophagic pathway that could be termed “glycophagy”.
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1. Introduction

Glycogen, a branched glucose polymer, acts as an intracellular carbon and energy reserve in
many cell types [1,2]. Many studies of glycogen metabolism have focused on its cytosolic
synthesis and degradation. Although glycogen is usually considered cytosolic, glycogen
particles have been found by electronic microscopy close to intracellular membranes such as
the endoplasmic reticulum (ER) in liver [3] and the sarcoplasmic reticulum (SR) in muscle
[4]. Glycogen is also present in the lysosomes of mammalian cells where it is directly
hydrolyzed by lysosomal acid a-glucosidase (acid maltase, GAA) [5]. The significance of
the lysosomal hydrolysis pathway is underscored by the fact that defects in the glucosidase

© 2011 Elsevier Inc. All rights reserved.

"Corresponding author. Fax: +1 317 274 4686. proach@iupui.edu (P.J. Roach).
Present address: Department of Pharmacology, University of Texas Southwestern, Medical Center, Dallas, TX 75390, United States.

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the online version, at doi:10.1016/j.bbrc.2011.08.106.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jiang et al.

Page 2

cause a severe glycogen storage disease, Pompe disease, which eventually destroys tissues
by over-accumulating glycogen in lysosomes [6].

The molecular mechanism for glycogen trafficking to the lysosome is not well understood
although autophagy or an autophagy-like process is likely to be involved [7,8]. Initial clues
for a mechanism came from a recent study of starch-binding domain-containing protein 1
(Stbd1), also known as genethonin 1 [9]. Stbd1 contains a conserved N-terminal
hydrophobic sequence and a conserved C-terminal carbohydrate binding module of the
CBM20 family (see Supplemental Fig. 2 of Jiang et al. [7]). The intervening region within
Stbd1, which is overall much less conserved [7], is predicted to be disordered by analysis of
the Stbd1 sequence using the “predictors of natural disordered regions” (PONDR) algorithm
[10]. Stbd1 binds glycogen /n vitro and is associated with glycogen in cells [7]. Jiang et al.
[7] proposed that Stbd1 functions to anchor glycogen to membranes via its N-terminus. A
further linkage to vesicular transport of glycogen is suggested by a yeast two-hybrid screen
using human Stbd1 lacking the first 171 residues as bait. Among the targets identified were
two autophagy related proteins, GABARAP and GABARAPL1, which are members of the
Atg8 family [11]. Because GABARAPL1 more strictly co-distributed with Stbd1l in cells, it
may be the preferred physiological binding partner. GABARAPL1 was originally cloned as
an estrogen-regulated message in guinea pig endometrial glandular epithelial cells (GEC)
and given the name Gecl [12] which is still in use. Several functions have been proposed for
GABARAPL1, including a role in autophagy, but much remains to be learned about its
physiological function [13].

In mammalian cells, macroautophagy was initially thought to be an essentially random
process for recycling cellular materials in response to nutritional deprivation [14-18].
However, there is emerging evidence that autophagic pathways can be more selective
[17,18]. The autophagic disposal of several organelles has been described by processes
named pexophagy (peroxisomes), mitophagy (mitochondria), ribophagy (ribsosomes) and
reticulophagy (surplus edoplasmic reticulum). Aggrephagy describes removal of protein
inclusions called aggrosomes and lipophagy refers to the disposal of oxidized lipids.
Xenophagy is a process to eliminate intracellular pathogens like bacteria and viruses [16—
18]. One idea to explain such selectivity is that cargo-specific receptors are coupled to
individual selective autophagic pathways. Several cargo adaptor proteins have been
identified, including p62, NBR1 and Nix. The ubiquitin-binding protein p62, also called
sequestosome protein-1 (SQSTML), is proposed to function as a cargo receptor for
autophagic degradation of ubiquitinated protein substrates [17,19,20]. NBR1 has been
suggested to function as an SQSTM1/p62 partner in disposal of misfolded proteins [21]. Nix
has been proposed to selectively target the clearance of mitochondria in a ubiquitin-
independent manner [22]. These receptors are all proposed to act by binding to Atg8 family
members via short, specific and conserved sequences in the cargo receptors, termed Atg8-
family interacting motifs (AIM) [23] or LC3 interacting regions (LIR) [20]. We propose that
Sthd1 acts as a cargo receptor for glycogen and report the identification of the AIM in Sthd1l
responsible for its interaction with GABARAPL1.

2. Materials and methods

2.1. Plasmid construction

Mammalian expression vectors containing HA-tagged hStbd1 (hStbd1-HA) and different
truncation mutants thereof (AN24-HA and AC96-HA) for mammalian expression were
made by PCR amplification of a human cDNA with addition of an HA tag at the C-terminus.
The products were subcloned into BamHI/EcoRI sites of the pcDNA3 vector. Plasmids with
double or single point mutations as well as deletion of the potential AIM regions ((W203A,
V206A)-HA, (W212A, V215A)-HA, W203A-HA, V206L-HA and A198-222-HA) were
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constructed by site-directed mutation using pcDNA3-hStbd1-HA as template. The primers
containing the mutated sequences were designed using the on-line service of PrimerX and
were synthesized by Invitrogen. The Pfu Turbo DNA polymerase (Stratagene, 600250) was
used for the PCR. The PCR product was digested with Dpnl (New England Biolabs,
R0176S) at 37 °C for 2-3 h to remove the parental DNA. The PCR product was transformed
into competent cells to generate pcDNA3-(W203A, V206A)-HA, pcDNA3-(W212A,
V215A)-HA, pcDNA3-W203A-HA, pcDNA3-V206L-HA and pcDNA3-(A198-222)-HA.
cDNA encoding GABARAPL1 were respectively subcloned into Eco-RI/Xbal sites of
pFLAGCMV-2 vectors. Sequences of all constructs were verified by the DNA Sequencing
Core Facility, Indiana University School of Medicine.

2.2. Antibodies

Rabbit polyclonal anti-HA epitope tag antibodies were from Rockland (600-401-384).
Mouse monoclonal anti-HA epitope tag antibodies were from Covance (MMS-101P). Rabbit
polyclonal GABARAPL1 antibodies were from Protein Tech Group (11010-1-AP). Mouse
monoclonal anti-FLAG M2 antibodies were from Sigma—Aldrich (F3165).

2.3. Cell culture and transfections

COSMQ cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Media Tech,
MT10013CV) with 25 mM glucose and 10% fetal bovine serum (FBS) (Atalanta
Biologicals, S11550). Transfections were performed with FUGENE 6 (Roche Applied
Science, 11814443001) following the manufacturer’s instructions. All cells were incubated
at 37 °C with 5% CO,.

2.4. Preparation of cell lysate and immunoblotting

Cultured cells were lysed in buffer containing 50 mM Tris—HCI, 100 mM NaCl, pH 7.5,
0.5% Triton X-100, 1 mM PMSF, 0.1 mM TLCK, 1 mM benzamidine, 1 pg/ml aprotinin,
pepstatin, and leupeptin. The cell lysates were centrifuged at 10,000g for 15 min at 4 °C to
pellet insoluble materials. Protein concentration was determined by the Bradford method
using BSA as standard [24]. Samples were subjected to 10% SDS-PAGE. Proteins were
transferred to nitrocellulose membranes and incubated with antibodies, followed by
horseradish peroxidase (HRP)-conjugated secondary antibodies and ECL (Thermo
Scientific, P132106).

2.5. Co-immunoprecipitation of Stbd1 and GABARAPL1

COSMQ cells co-transfected with pcDNA3-hStbd1-HA and pCMVFLAG-GABARAPL1, or
related vectors expressing mutated hStbd1, were lysed and centrifuged at 8000 g for 15 min
at 4 °C. EZ-view red anti-FLAG gel (Sigma—Aldrich, F2426) was equilibrated with lysis
buffer before use. The supernatant from cell lysates was mixed with affinity gel and
incubated at 4 °C overnight. The samples were centrifuged at 8000g for 30 s to pellet the
agarose. The agarose was washed by lysis buffer three times, and loading buffer was added
for SDS-PAGE and immunoblotting.

2.6. Immunofluorescence staining and microscopy

Cells were grown on glass coverslips for 24 or 48 h before fixation. Cells were fixed in PBS
with 4% paraformaldehyde. Cells were then quenched and permeabilized in PBS with 100
mM glycine and 0.2% Triton X-100. Nonspecific binding sites were blocked with 5%
bovine serum albumin (BSA) (Sigma—Aldrich, A7906) in PBS before addition of primary
antibodies diluted in PBS with 2% BSA. Antibody dilutions were as follows: anti-HA,
1:1000; anti-FLAG, 1:1000; anti-GABARAPL1, 1:100. Cells were then washed in PBS with
2% BSA and developed with secondary antibodies (1:400, Invitrogen), conjugated with
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either Texas Red or Alexa488 fluorophores. Nuclei were visualized by staining with 1 pg/ml
Hoechst (Invitrogen, H1398). The specimens were imaged using a Zeiss Axio Observer Z1
microscope with a Plan Apochromat X63 oil immersion objective (Zeiss) as structured light
acquired via an Apotome (Zeiss). Images were processed with Zeiss Axiovision 4.7.

The goal of the current study was to identify whether Stbd1 contained a functional AIM
motif, which would both define its interacting region with GABARAPL1 and strengthen the
argument that Stbd1 shares the basic mechanism for autophagic targeting defined for other
Atg8-family interacting cargo receptors. AIM sequences were initially defined by the simple
consensus motif WxxL [25] that was later refined to X_3x_,X_1W/F/Yx1x,L/1/V, where xq
and/or x, and at least one of x_3—x_,—X_1 would be acidic residues [23]. Seven occurrences
of the more inclusive motif W/F/YxxL/I/V were present in Stbd1 (Fig. 1), one in the N-
terminal region and three in the C-terminus. Because Flag-tagged GABARAPL1 co-
immunoprecipitated both N-terminal (AN24-HA) and C-terminal (AC96-HA) truncation
mutants of Stbd1 from extracts of COSMO cells (Fig. 1), none of these four motifs likely
mediate the interaction of Stbd1 with GABARAPL1. The data with the N-terminal
truncation mutant are consistent with the fact that the original identification of
GABARAPL1 by yeast two-hybrid screening had used as bait Stbd1 that was N-terminally
truncated [7].

The other three putative AlMs, SRSYSEV (Y137 and V140), HEEWEMY (W203 and
V206) and HSSWGDYV (W212 and V215) all reside in the disordered central region of the
Sthd1 protein sequence. The SRSYSEV sequence was excluded because it is poorly
conserved in different mammalian species [7]. The remaining two putative AIMs were
located in the most conserved portion of the otherwise non-conserved disordered region.
Specifically, W203, V206 and W212 are invariant in all 16 mammalian Stbd1 protein
sequences that were analyzed [7]. V215 is conserved in 12 out of 16 Stbd1 sequences, and is
replaced by lle, another large hydrophobic residue, in the other four proteins. We therefore
engineered several mutations in this region: (1) a deletion A198-222 that removes both
putative AlMs of Sthd1, (2) two double point mutations, W203A, V206A and W212A,
V215A, and (3) four single point mutations, W203A, V206A, W212A and V215A. All the
mutants had an HA tag at their C-termini like the full length protein that we had studied. We
previously reported that overexpression of wild type Stbd1l localized in distinctive
perinuclear structures that sequestered glycogen as well as either endogenous or ectopically
expressed GABARAPL1. When each Stbd1l mutant was individually overexpressed in
COSMQ cells, the familiar perinuclear enlarged vesicle-like structure was observed in all
cases (Fig. S1) indicating that none of the mutations per se affected the subcellular
distribution of Sthd1l.

In other experiments, Flag-GABARAPL1 was co-expressed with each mutant. The deletion
mutant, A198-222—-HA, failed to immunoprecipitate Flag-GABARAPLL1 (Fig. 2) and did
not co-localize with GABARAPLL as visualized by immunfluorescent staining (Fig. 3B),
even though A198-222-HA appeared in the perinuclear structures. Similar analyses of the
two double mutations indicated that only (W203A, V206A)-HA reproduced what was
observed with A198-222-HA (Fig. 3C). (W212A, V215A)-HA acted like wild type full
length Stbd1-HA (Fig. 3D). Mutation of either W203 or V206 in Stbd1 was sufficient to
eliminate association with GABARAPLL1 (Fig. S2A and B). In contrast, the other single
mutants, W212A-HA and V215A-HA, behaved like wild-type Stbd1, in terms of subcellular
co-localization with Flag-GABARAPL1 (Fig. S2C and D). We had previously shown that
mutation of W293 in the CBM domain eliminated co-localization of glycogen with Stbdl in
cells, while largely retaining the characteristic perinuclear localization of Stbdl [7]. We
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analyzed cells expressing a W293G-HA mutant, which does not bind to glycogen, and
observed that co-localization with Flag-GABARAPL1 was unaffected (Fig. S2E). Thus, the
ability to recruit glycogen is not required for Stbdl interaction with GABARAPLL1. To
further validate the results with overexpressed GABARAPL1, we also analyzed the co-
localization of Stbd1l mutants with endogenous GABARAPL1. The results were essentially
identical to those observed with ectopically expressed GABARAPL1 (Fig. 4). There was no
co-localization with the Stbd1 A198-222 HA and (W203A, VV206A)-HA mutants whereas
the (W212A, V215A)-HA mutant behaved like wild type Stbdl1. Therefore, we conclude that
the AIM defined by W203 and V206, in the sequence HEEWEMV, is necessary for
interaction with GABARAPLL.

4. Discussion

A relationship between glycogen and autophagy or an autophagy-like process has long been
inferred even though the mechanism is not well-defined. The fact that Pompe disease is
associated with massive over-accumulation of glycogen had implicated a lysosomal
degradative pathway [8] and the more recent work of Raben and Plotz has explicitly
connected autophagy and glycogen [26]. Physiologic contexts for this process have been
described in the liver, muscle and heart of newborn animals [27,28] as a mechanism to meet
the extensive energy requirements during the period after birth until the start of suckling
[29]. In the liver of newborns, glycogen autophagy is proposed to act in addition to the
phosphorolytic degradation of glycogen to oppose hypoglycemia since the gluconeogenic
pathway is not well developed at birth [30]. Further links between glycogen and autophagy
came from genetic studies of the yeast Saccharomyces cerevisiae [31].

Initial mechanistic insights into the mechanism of glycogen transfer to the lysosome have
come from study of the glycogen binding protein Stbd1 [7]. We proposed that Stbd1l targets
glycogen to a membrane compartment in the cell. Based on the observation that Stbdl
interacts in cells with GABARAPL1, and to a lesser extent GABARAP, it could represent a
new cargo-specifying receptor. Stbd1l was also identified by Behrends et al. [32] as
interacting with GABARAP, GABARAPL1 and GABARAPLZ2. In recent years, it has
become apparent that not all autophagy is random and, depending on the cargo, there are
multiple selective autophagy pathways including aggrephagy, pexophagy, mitophagy,
reticulophagy, ribophagy, lipophagy and xenophagy [16-18], as discussed in the
Introduction. The three best studied mammalian cargo receptors are SQSTM1/p62, NBR1
and Nix although new candidates are rapidly emerging [17]. These, and other Atg8-family-
interacting proteins, share a specific conserved interacting motif or AIM (Table 1). From the
work described herein, Stbd1 contains a single AIM, 200HEEWEMV2%6, that matches well
the canonical sequence, including acidic residues in the X-1 X—p and X; positions [23]. This
sequence is highly conserved in mammals and is located in a segment of the molecule
predicted to be disordered, a property that is associated with increased likelihood of
participation in protein—protein interactions [33].

Our proposal is that Stbd1 is a cargo receptor for glycogen and, like SQSTM1/p62, NBR1
and Nix, delivers its cargo to an autophagic pathway resulting in the transport of glycogen to
lysosomes. In parallel to the naming of other selective autophagy pathways mentioned
above, the process could be designated “glycophagy”. Stbd1 binds more tightly to glycogen
that has fewer than normal branch points [7]. Overaccumulation of such poorly branched
polysaccharide can have serious consequences and is associated with several genetic
glycogen storage diseases, including Andersen disease, [34] Tarui disease [35] and Lafora
disease [36—39]. Therefore, poorly branched glycogen is to be avoided and Stbd1 could have
a housekeeping function to preferentially dispose of abnormal glycogen via lysosomes.
Alternatively, Stbd1-dependent glycophagy could be regulated by as yet undefined
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mechanisms. Nor can we exclude the possibility that multiple pathways exist for the
trafficking of glycogen to the lysosome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Stbhdl starch-binding domain-containing protein 1
GABA ~y-aminobutyric acid
GABARAP GABA, receptor-associated protein
GABARAPL1 GABARAP-like 1
AlM Atg8 family interacting motif
LIR LC3 interacting region
TLCK N-p-tosyl-I-lysine chloromethyl ketone.
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Fig. 1.

Interaction of GABARAPL1 with truncated mutants of Stbd1. Truncated hSthd1 lacking 1-
24 residues or 262-358 residues with a C-terminal HA-tag (AN24-HA or A96-HA) and N-
terminal Flag-tagged GABARAPL1 were expressed alone, or in the indicated combination
in COS M9 cells. Control cells were transfected with empty pcDNA3 vector (Vector). (A)
Schematic of potential AIM sites. (B) Immunoblotting of the cell lysates with the indicated
antibody. Immunoprecipitation of GABARAPL1 with Anti-Flag antibodies covalently
bound to agarose followed by immunaoblotting with the indicated antibody.
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Fig. 2.

Interaction of GABARAPL1 with Stbdl and potential Atg8 family interacting motif (AIM)
mutants of Stbd1. hStbd1, full-length or mutants lacking 198-222 residues or double point
mutations at potential AIMs with a C-terminal HA-tag (A198-222-HA (W203A, V206A)-
HA, or (W212A, V215A)-HA) and N-terminal Flag-tagged GABARAPL1 were expressed
alone, or in the indicated combination in COS M9 cells. Control cells were transfected with
empty pcDNA3 vector (Vector). (A) Immunoblotting of the cell lysates with the indicated
antibody (left panels). (B) Immunoprecipitation of GABARAPL1 with Anti-Flag antibodies
covalently bound to agarose followed by immunoblotting with the indicated antibody (right
panels).
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Fig. 3.

Subcellular localization of GABARAPL1 and Atg8 family interacting motif (AIM) mutants
of Stbd1 co-expressed in COS M9 cells. Mutated hStbd1 with a C-terminal HA-tag was co-
expressed in COS M9 cells with N-terminal Flag-tagged GABARAPL1 and immunostained
with anti-HA antibodies (red) or anti-Flag antibodies (green). (A) Co-localization of hSthd1
and GABARAPL1 (merged in left panel) in cells co-expressing C-terminal HA-tagged full
length hStbd1 (right panel) and N-terminal Flag-tagged GABARAPL1 (middle panel). (B)
Loss of co-localization (merged in left panel) of Flag-tagged GABARAPL1 (middle panel)
with potential AIM deletion mutant of hStbd1, A198-222—-HA (right panel). (C) Impaired
co-localization (merged in left panel) of Flag-tagged GABARAPL1 (middle panel) with
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double mutation in a potential AIM on hSthdl, (W203A, V206A)-HA (right panel). (D)
Unaffected co-localization (merged in left panel) of Flag-tagged GABARAPL1 (middle
panel) with double mutation in another potential AIM on hStbd1, (W212A, V215A)-HA
(right panel). Nuclei were stained with Hoechst (blue). The scale bar is 20 pm.
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Subcellular localization of endogenous GABARAPLL and overexpressed Stbd1 with Atg8
family interacting motif (AIM) mutations in COS M9 cells. Overexpressed full length or
mutated hStbd1 with a C-terminal HA-tag and endogenous GABARAPLL in COS M9 cells
was immunostained with anti-HA antibodies (red) or anti-GABARAPL1 antibodies (green).
(A) Co-localization of hStbd1l and GABARAPLL1 (merged in left panel) in cells expressing
C-terminal HA-tagged full length hStbd1 (right panel) and endogenous GABARAPL1
(middle panel). (B) Loss of co-localization (merged in left panel) of endogenous
GABARAPL1 (middle panel) with potential AIM deletion mutant of hStbd1, A198-222—
HA (right panel). (C) Impaired co-localization (merged in left panel) of endogenous
GABARAPLL1 (middle panel) with double mutation in potential AIM on hStbd1, (W203A,
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VV206A)-HA (right panel). (D) Unaffected co-localization (merged in left panel) of
endogenous GABARAPL1 (middle panel) with double mutation in another potential AIM
on hStbdl, (W212A, V215A)-HA (right panel). Nuclei were stained with Hoechst (blue).
The scale bar is 20 um.
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Table 1

Comparison of AIM sequences in selective autophagy receptors.

Receptor AIM sequence
SQSTM1/p62 DDDWTHLSS
NBR1 SEDYIIILP

Nix NSFWVELPM
Stbd1 HEEWEMVPR
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