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Figure 2. HDGF is downregulated in the presence of VA RNA. (A) HDGF and TIA-1 mRNA levels after VA RNA-expressing plasmid (pVAda41)
transfection. RNA (A) and protein (B) were isolated after 48 h from 293 cells transfected with pVA41da or control plasmid. HDGF or TIA-1 and 18S -
rRNA were quantified using gPCR and plotted for comparison. The expression level in control-plasmid transfected cells was set at 1, and the ratio of
the expression levels in all the cases was calculated. The error bars show the standard deviations of three different experiments, ¥*P<(0.05, **P<0.01
compared with mock cells (unpaired Student t-test). (B) HDGF and actin, used as a loading control, were evaluated using western blot analysis.

doi:10.1371/journal.pone.0108627.g002

VA RNAs suppressed the upregulation of HDGF gene
expression during the early phase of viral infection
Although the replication of AdV genome starts 8 h after
“infection, the possibility that the infected cells at 8 h might contain
cells reaching late phase cannot be ruled out. To examine the
change in HDGT gene expression strictly during the early phase,
VA-deleted and FG AdV-infected 293 cells were treated with
AraC (cytosine f-D-arabinofuranosde hydrochloride), a nucleoside
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Figure 3. Suppression of HDGF begins during the early phase
of viral infection. RNA was isolated from 293 cells infected with VA-
deleted AdV (VA (—)) or FG AdV (VA (4)) after the indicated time
periods. HDGF (A) and TIA-1 (B} mRNAs were quantified using gPCR. The
expression level in uninfected cells was set at 1, and the ratio of the
expression level in all the cases was calculated. The error bars show the
standard deviations of three different experiments. )
doi:10.1371/journal.pone.0108627.9003
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analog. AraC inhibits viral DNA replication and the transition
from the carly phase to the late phase; thus, AraC treatment
amplifies the effect during the carly phase. After the isolation of
cellular RNA at 8 h and 24 h after infection, the transcript level of
each gene was measured using gPCR and the relative mRNA level
of each gene against the steady state level was calculated
(Figure 4). The levels of both transcripts in AraC-treated cells at
8 h (white bars) was expected to be similar to those in untreated
cells, since the replication of the viral genome had not yet started
at this time point regardless of AraC treatment. Remarkably, the
induction of HDGF after VA-deleted AdV infection against
uninfected cells was detected at much higher levels at 24 h (bar 2)
than at 8 h (bar 1). Since AraC amplifies the effect during the early
phase, this result confirmed that HDGF gene expression is mduced
during the early phase of infection. Furthermore, after FG AdV
infection with AraC treatment, no significant suppression was
observed even at 24 h (bar 4), although without AraC the HDGF
level was obviously decreased (Figure 3A, white circle). This result
suggested that the increase in HDGF is offset by VARNAs at 24 h
in the presence of AraC, and the amount of VA RNA is not
sufficient to decrease this high HDGF level below the basal level.
In contrast, no significant change was observed in the TIA-1 level
after VA-deleted AdV infection in AraC-treated cells (bars 5 and
6) and at 8 h after FG AdV infection (bar 7), as expected.
However, the TIA-1 level was decreased at 24 h after FG AdV
infection even in AraC-treated cells (bar 8), though AraC
treatment inhibits transition to the late phase. The reason for this
observation is unknown, but the amount of accumulated VA RNA
might be sufficient for processing to mivaRINAs to suppress TIA-1
expression, which was not increased after AdV infection. Although
VA RNAs suppressed both HDGF and TIA-1, the results shown
here suggested that the suppression mechanism mediated by VA
RNA is different from each other.

Overexpression of HDGF gene inhibited VA-deleted AdV
replication
Since the expression of the HDGF gene was increased after VA-

deleted AdV infection during the early phase and, therefore, VA
RINAs seemed to be responsible for the suppression of the increase
in HDGF, we wondered whether HDGF aflects viral growth. To
test this hypothesis, HDGF-expressing VA-deleted AdVs and FG
AdVs were constructed and used to infect 293 cells; the growth
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Figure 4. HDGF is upregulated during the early phase of viral
infection in VA-deleted AdV-infected 293 cells. RNA was isolated
from AraC-treated 293 cells infected with VA-deleted AdV (VA (—)) or FG
AdV (VA (+)) after 8 h (white bars) and 24 h (gray bars), and each mRNA
level was quantified using qPCR. The expression level in uninfected cells
was set at 1, and the ratio of the expression level in all the cases was
calculated. The error bars show the standard deviations of three
different experiments.

doi:10.1371/journal.pone.0108627.g004

efliciency of ecach AdV was then determined using qPCR to
measure the viral genome copy number (Figure 5). We applied an
cfficient method of generating the VA-deleted AdVs using a site-
specific recombinase FLP [16]. A pre-vector, which contains VA
RNA genes flanked with a pair of FRT's that are target sequences
of FLP, was generated in 293 cells because it behaves as the same
as FG AdVs. Subsequently, an obtained pre-vector with a high
titer was used to infect 293hdel2 cells [19], which are 293 cells
expressing the humanized FLPe gene, to excise VA RNA genes
out from the replicating AdV genome. For the efficient production
of VA-deleted AdVs, a pre-vector was infected five-times more
than for FG-AdV production. Under this condition, all cells are
infected at once (one-step infection), and the amount of VA RNAs
expressed from a pre-vector is suflicient to support the generation
of HDGF-expressing VA-deleted AdVs. After AdV infection, the
HDGF gene on the AdV genome is expressed exogenously under
the control of a potent EFla promoter. Therefore, the amount of
HDGFT protein is probably much higher than the endogenous level
during AdV replication in 293 cells.

Each vector was used to infect 293 cells at an MOI of 0.5 and
the infected cells were collected after 1 to 4 days. GFP-expressing
AdV was used as a control. In this infection condition, only a
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Figure 5. AdV growth in 293 cells. Total DNA was isolated from VA-
deleted AdVs (VA (—)) or FG AdVs (VA (+)) infected 293 cells and each
AdV genome copy was quantified using qPCR. The level of AdV genome
in 293 cells after infection with GFP-expressing FG AdV on day1 was set
at 1, and the ratio of the expression level in all the cases was calculated.
Three independent experiments were carried out and representative
results are shown. :
doi:10.1371/journal.pone.0108627.g005 *
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fraction of cells are infected and the uninfected cells are further
infected by the newly produced AdVs (multistep infection).
Although the growth of HDGF-expressing and GFP-expressing
VA-deleted AdVs (dotted lines) was significantly lower than those
of FG AdVs (solid lines), this finding was consistent with previous
studies indicating a positive role of VA RNAs in viral growth
[16,34]. The results clearly showed that the overexpression of the
HDGF gene did not inhibit FG-AdV growth in comparison with
control-I'G AdV (solid lines). However, the growth of HDGF-
expressing VA-deleted AdVs, the genome of which was only
amplified to 20 copies on day 4, was much lower than that of GFP-
expressing VA-deleted AdVs (dotted lines), which reached 70
copies. These results showed that the overexpression of the HDGF
gene inhibited AdV replication as far as HDGY was not
suppressed by VA RNAs.

Discussion

In this study, we demonstrated that adenovirus encoding VA
RNAs suppressed HDGT gene expression. This finding revealed,
for the first time, a partial role of VA RNAs in the early phase of
viral infection.

The suppression of the HDGF level was observed even in cells
infected with replication-deficient FG AdVs, which express ‘a
much smaller amount of VA RNAs than replicating viruses. The
suppression was also detected during the early phase of viral
infection in the AdV replication system, i.c., at 8 h alter ¥'G AdV
infection in 293 cells. In contrast, we confirmed that TIA-1, which
is suppressed by VA RNAs during the late phase of viral infection
as reported by Aparicio et al. [15], was decreased only when VA
RNAs were abundant or during the late phase of infection.
Although both of these two genes, HDGF and TIA-1, were
suppressed in response to VA RINAs, we revealed that the
suppression of HDGF required a much smaller amount of VA
RNAs than the suppression of TIA-1. This result led us to
conclude that VA RNAs probably have diflerent functions during
cach phase through the regulation of different gene expressions.

According 'to the adenovirus life cycle, the expression of EIA
gene, which is a transactivator for DNA-polymerase II-dependent
viral early-gene expression, starts in the immediately during the
carly phase. The transcription of VA RNAs mediated by DNA
polymerase Il is independent of E1 A-regulated transcription and,
therefore, starts almost at the same time as E1A. The amount of
VA RNAs during the early phase is much lower than that during -
the late phase, since it depends on the number of genome copies,
which increases to 100,000 copies per cell in the late phase.
Actually, the level of VA RNAs during the early phase was about
200-times lower than that during the late phase (Table S3 in File
S1). Therefore, the amount of VA RNAs expressed from
replication-deficient FG-AdVs ‘is also much smaller than that
during the late phase of viral infection. It has been reported that
VA RNAs are processed to microRNAs (mivaRNAs) through
cellular RNAI machinery and that knockdown of Dicer using
siRNA promotes the growth of VA-deleted adenoviruses [35].
However, mivaRNAs suppress TIA-1 expression only during the
late phase [15] and have never been detected during the early
phase of viral infection [34,36]. These findings strongly suggest
that VA RNAs are processed to microRNAs only when the VA
RNAs arc abundant. Therefore, the suppression of HDGF gene
expression by VA RINAs may not due to mivaRINAs.

In fact, our reporter assay using luciferase suggested that HDGF
may not a target for mivaRINAs (Figure S2 in File S1). There is a
putative target sequence for a mivaRINA in the 3’ UTR region of
the HDGF gene, and we examined whether it is a target sequence
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or not. As a result, no significant reduction in luciferase activity
was detected when the putative seed sequence was cloned into the
downstream of luciferase gene. The result suggested that, at least,
the known mivaRNAs are not responsible for HDGF suppression.
Together with the results shown in Figure 2 and 4, this finding
indicated that the role of VA RINAs during the early phase differs
from that during the late phase of viral infection, although further
investigation is required to reveal the HDGI suppression
- mechanism mediated by VA RNAs,

The fact that the amount of VA RNA required for HDGF
suppression differs from that required for TIA-1 suppression may
explain why our microarray analysis did not detect the TIA-1 gene
as a positive target. Aparicio et al. used cells transfected with a VA
RNA-expressing plasmid for their microarray analysis [15];
however, it is difficult to introduce the same number of plasmid
copies into 100% of the cells uniformly. Therefore, the results for
cells with a high-copy number of plasmids, rather than those for
cells with a low-copy number of plasmids, might be favored if a cell
mixture containing both high-copy and low-copy number of
plasmids is used for the microarray analysis. Consequently, they
identified TIA-1 as a target of mivaRNA. In contrast, our
microarray using AdVs for VA RINA transduction enabled us to
introduce a small amount of VA RNAs into all the cells present in
the dish in a uniform manner [18], allowing us to identify novel
target genes of VA -RINAs during the early phase of infection.

The E1A gene is essential for the adenovirus life cycle and
viruses cannot replicate without E1A, such as AdV, which lacks
the El genes and replicates only in El-expressing 293 cells.
Recently, the interaction of ElA with a cellular factor, CtBP
(transcriptional corepressor C-terminal binding protein), has been
reported to be required for the efficient E1A-mediated transacti-
vation of early genes [37]. CtBP was initially discovered during
screening for cellular factors binding to, and modulating the
activity of E1A protein in Ras-mediated tumorigenesis [38]. CtBP
was subsequently shown to play an important role in the
regulation of cellular genes involved in growth and differentiation
[39]. The C-terminal region of E1A interacts with CtBP, and an
adenovirus containing the EIA mutation within the GtBP-binding
motif, PLDLS, has been shown to decrease the level of early gene
expression and, consequently, to inhibit viral growth.

HDGFT has also been reported to be a CtBP-binding protein.
Yang and Everett showed that HDGF functions as a transcrip-
tional repressor of the SET and MYND domain containing 1
(SMYD1) gene through its interaction with CtBP using the same
binding site as E1A [40]. HDGF is a transcription factor consisting
of a nuclear protein with both mitogenic and angiogenic activity
that is highly expressed in the developing heart and vasculature.
HDGF contains an N-terminal PWWP domain and a C-terminal
NLS signal. HDGF interacts with GtBP through a non-canonical
binding motil (PKDLF), which is located within the PWWP
domain, and represses target gene expression by binding to the
promoter region leading to cell proliferation. Since both the
HDGF and E1A proteins utilize the same binding site on the N-
terminus of GtBP using PXDLS-like motifs [40,41], HDGF might
compete with EIA to interact with CtBP. In other words,
adenovirus may suppress the expression of HDGF, a cellular-
CtBP binding protein, using VA RNAs so that EIA acquires an
advantage for GtBP binding.

Our results showed that the upregulation of HDGF, compared
with the steady-state level, was observed after infection with VA-
deleted AdVs both during the early phase of the replicating
condition and during replication-deficient conditions. Of note,
some of other CtBP-binding proteins were also transcriptionally

upregulated under the same conditions resulting in HDGF
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upregulation, and VA RINA suppressed these gene expressions,
although the expression changes in these genes were not as
noticeable as that of HDGF (Table S4 in File S1). These findings
suggest that VA RNAs selectively suppress the induction in gene
expressions, resulting in the expression of GtBP-binding proteins
that may play a role in competitive inhibition with the E1A-CtBP
interaction. Moreover, VA RNAs suppress the expression of these
genes before the replication of the viral genome, i.e., during the
early phase, because E1A-CtBP functions during this phase [37].
In other words, VA RINAs may act to prevent one of the host-
defense mechanisms that lead to the inhibition of E1A function,
which is essential for the initiation of viral replication.

In the case of AdV infection at a low MOI, which is similar to
the condition for native viral infection, the growth of HDGF-
expressing VA-deleted AdVs was much lower than that for GFP-
expressing VA-deleted AdVs as well as FG AdVs (Figure 5). This
result indicates that HDGF expression inhibits viral growth only
when the replication starts [rom a small amount of virus. Our
study using AdV at a low MOI may reflect actual viral infection
during the very early phase, since a target cell does not express
E1A protein before infection and viral infection does not occur at a
high MOI. From this point of view, the suppression of the
expression of CtBP-binding proteins mediated by VA RNAs might
be advantageous for viral growth. .

The El- and E3-deleted AdVs used in this study are widely
applied for various studies including gene therapy. However, this
vector has two concerns. One is that it, in fact, expresses viral
genes, pIX and VA RNAs, It is known that AdVs cause severe
immune responses, and we have reported that a main cause is
aberrant expression of immunogenic, viral pIX protein, and the
pIX protein is not produced when EFlo promoter is used for
transgene expression [42]. In terms of VA RNAs, it has not been
clear whether a small amount of VA RNAs transcribed via AdVs
affects physiological responses in the infected cells or not. The
study described here is the first report to show that the VA RNAs
expressed [rom AdVs disturb cellular gene expressions including a
transcription factor, HDGF. Our results strongly suggest that
production of VA RNAs would be avoided, if possible, when AdVs
are applied for gene therapy, since VA RNAs expressed [rom FG
AdVs may affect various cellular signaling pathways. Disturbance
of cellular gene expression caused by VA RNAs might also affect
the data in the basic study using AdVs. Moreover, although AdVs
are often applied for shRNA expression, VA RNA expressed from
AdVs inhibits shRNA activity [33], since VA RNAs utilize cellular
RNAI machinery for processing of mivaRINAs. The present study
provided further evidence that VA-deleted AdVs are useful and
might be substituted for FG AdVs.

Supporting Information

File S1. Figure S1, HDGF is suppressed after FG AdV infection
in HuH-7 cells. Figure $2, HDGF mRNA is not a direct target of
mivaRINAI-138. Table S$1, Gene list for gene clusters 2 and 5.
Table S2, HDGF and TIA-1 expression levels in 293 cell lines.
Table 83, Amount of VA RNAs after FG AdV infection in 293
cells. Table §4, Ratio of expression levels of genes known to be
CtBP-binding proteins after AdV infection in HuH-7 cells.
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Abstract

Several autophagy proteins contain an LC3-interacting region (LIR)
responsible for their interaction with Atg8 homolog proteins. Here,
we show that ALFY binds selectively to LC3C and the GABARAPs
through a LIR in its WD40 domain. Binding of ALFY to GABARAP is
indispensable for its recruitment to LC3B-positive structures and,
thus, for the clearance of certain p62 structures by autophagy. In
addition, the crystal structure of the GABARAP-ALFY-LIR peptide
complex identifies three conserved residues in the GABARAPs that
are responsible for binding to ALFY. Interestingly, introduction of
these residues in LC3B is sufficient to enable its interaction with
ALFY, indicating that residues outside the LIR-binding hydrophobic
pockets confer specificity to the interactions with Atg8 homolog
proteins.
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Introduction

Sequestration of cytoplasmic cargo for degradation by macroauto-
phagy (hereafter autophagy) is facilitated by binding of cargo-inter-
acting proteins, so-called autophagy receptors, to Atg8-homolog
proteins, which upon the induction of autophagy becomes cova-
lently linked to phosphatidylethanolamine (PE) in the autophagic
membrane [1]. Whereas yeast has a single Atg8 gene, mammals
have seven Atg8 homologs, which can be divided into two subfami-
lies: the LC3 family (including LC3A, LC3B, LC3B2 and LC3C) and

the GABARAP family (including GABARAP, GABARAPL1 and
GABARAPL2) [2]. The reason for such an expansion of this protein
family in higher eukaryotes is unclear, but it coincides with the
expansion of - cargo-recognition proteins and is likely to provide
specificity to cargo recruitment.

The currently known autophagy receptors include receptors for
the recoghition of bacteria, viral particles, mitochondria, peroxi-
somes, midbody remnants and protein aggregates [1]. They gener-
ally interact with two hydrophobic pockets in the Atg8 proteins
through a linear motif called an LC3-interacting region (LIR),
having the consensus sequence {W/F/Y]-x-x-[I/L/V][1]. Whereas
some autophagy receptors seem to interact with all Atg8 proteins
in vitro, others show selective binding to a few Atg8 family
members. The structural determinants in Atg8 proteins responsible
for such selectivity remain to be determined in most cases, but it
was recently shown that the specific interaction of the autophagy
receptor NDP52 with LC3C requires, in addition to its noncanoni-
cal LIR motif xLVV (termed a CLIR), interactions outside the CLIR-
binding pocket [3].

ALFY (autophagy-linked FYVE protein, also called WDFY3) is
a large phosphatidyl-inositol 3-phosphate-binding protein shown
to be recruited to ubiquitin-positive structures during stress. ALFY
interacts with the ubiquitin-binding autophagy receptors p62/
SQSTM1 and NBR1 [4,5] and contributes to autophagic clearance
of aggregated proteins [5]. In this study, we show that ALFY
binds selectively to the GABARAP subfamily, and weakly to
LC3C, through a conserved LIR motif in its WD40 region. We
demonstrate that the interaction of ALFY with GABARAPs is
indispensable for the recruitment of LC3B to ALFY-p62-positive
structures. We further identify three conserved residues in the
GABARAPs that confer selectivity to the interaction with ALFY
and show that introduction of these residues in the corresponding
positions of LC3B is sufficient to enable interaction of ALFY with
LC3B.
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Results and Discussion

ALFY interacts selectively and directly with LC3C and GABARAP
family proteins

ALFY was identified in a proteomic approach aimed at finding new
GABARAP-interacting proteins (Unpublished observations). In order
to verify this interaction, cells were transfected with GFP-tagged
Atg8 homologs of the LC3 and GABARAP subfamilies, followed by
anti-GFP immunoprecipitation (IP) and immunoblotting for endoge-
nous ALFY (Fig 1A). Whereas there was little or no interaction
between ALFY and LC3A or LC3B, ALFY was found to co-IP with
GABARAP, GABARAPL1 and GABARAPL2, but also weakly with
LC3C (Fig 1A).

To determine the minimal region of ALFY required for its interac-
tion with GABARAP, we initially performed GST pull-down assays
with in vitro-translated GFP-ALFY constructs that covered its entire

¢DNA sequence (Fig 1B). The C-terminal part of ALFY was found to

.interact strongly with GABARAP, and the binding site was mapped

558

to amino acid (aa) 3313-3363, located between the fourth and fifth
WD40 repeat of ALFY (Fig 1B, C). This part of ALFY was also suffi-
cient to co-IP endogenous GABARAP when transfected into
HEK293T cells (Supplementary Fig S1A, B). The interaction between
ALFY and GABARAPs was shown to be direct, as recombinant ALFY
(aa 2981-3526) was efficiently pulled down with GST-GABARAPs
and weakly with GST-LC3C (Fig 1D). These results indicate that
ALFY selectively and directly interacts with LC3C and GABARAP
family proteins.

Identification of a LIR in ALFY

When aligning the ALFY3313.3363 Sequence with the LIR consensus
motif [W/F/Y]-x-x-[I/L/V], we found one perfect alignment, F-I-F-V

(aa 3346-3349), that was conserved in homologous ALFY sequences.

(Fig 2A). Mutation of the potential LIR residues F3346, 13347, F3348
or V3349 to Ala/A all caused a large decrease in the binding of in
vitro-translated GFP-ALFY2081-3526 t0 GABARAP and LC3C (Fig 2B
and Supplementary Fig S1C). As the first Phe/F of the core LIR
proved essential for the interactions, we propose that binding of
ALFY to Atg8 homolog proteins is mediated by a canonical LIR
motif. However, as mutation of the 13347 residue had a greater
impact on the binding to LC3C than to GABARAP, we cannot
exclude the possibility that ALFY has a hybrid LIR/CLIR motif. The
importance of this motif was further validated with purified
proteins, showing that MBP-ALFY3;s5-3526, but not the LIR mutant
(ALFY3355-3526 F33464), Was able to interact directly with GABARAP

Figure 1. The C-termmal regron of ALFY mteracts with GABARAP.

ALFY interacts specifically with GABARAP  Alf Hdkon Lystad et al

(Fig 2C). To further investigate the affinity of ALFY for different
Atg8 proteins, we performed isothermal titration calorimetry (ITC)
(Fig 2D and Supplementary Fig S1D). The ALFY-LIR peptide (aa
3341-3354) used in this assay showed similar binding specificity for
Atg8 proteins, with strong affinity to the GABARAP family proteins
(0.327-0.871 M), weak affinity for L.C3C (20.8 uM) and no interac-
tion with LC3B. Furthermore, we show that the LIR motif is func-
tionally conserved, as the corresponding LIR peptide from the
Drosophila ALFY homolog, Blue Cheese [6], bound strongly and
specific to purified dAtg8a protein (Fig 2E), in line with dAtg8a
being more similar to GABARAPs than LC3s.

Overall structure of the GABARAP-ALFY-LIR complex

Next we decided to determine the structure of the GABARAP-ALFY-
LIR complex (PDB ID code 3WIM) by X-ray crystallography (Fig 3A

“and Supplementary Table S§1). The complex consists of full-length

GABARAP (aa 1-117) bound to an ALFY-LIR peptide (aa 3341-
3354), and its crystal structure was determined by molecular
replacement using wild-type GABARAP (PDB ID code 1GNU) and
refined to 2.6 A resolution (Fig. 3A). This represents the first struc-
tural determination of GABARAP with a physiological LIR-contain-
ing peptide and is essentially identical to the previously reported
structures of peptide-free GABARAP [7,8]. The ALFY-LIR-binding
surface of GABARAP consists of three linkers (21, B1-B2 and B2-03),
an o-helix (¢2) and two fB-strands (Bl and B2). The side chains
of the core ALFY-LIR residues (F3346 and V3349) are bound deeply
into two hydrophobic pockets of GABARAP (Supplementary Fig S2A
and B), similar to that observed between LC3B and the LIR moiety
of other LIR-containing proteins, including p62 [9], AtgdB [10] and
optineurin [11].

Conserved residues in GABARAP determine the binding specificity
of ALFY

To try to understand why ALFY interacts with GABARAP and not
with LC3B, we superimposed the LC3B structure (PDB ID code
1UGM) onto the GABARAP-ALFY-LIR structure (Fig 3B). While both
LC3B and GABARAP can accommodate the core ALFY-LIR residues
(F3346 and V3349), it is clear from this model that D3344 of the
ALFY-LIR is able to form ionic interactions with K24 and Y25 of
GABARAP, but not with the corresponding Q26 and H27 of LC3B
(Fig 3B and Supplementary Fig $2C). Moreover, while D54 of
GABARAP can interact with Y3351 of the ALFY-LIR, the correspond-
ing HS57 of LC3B causes steric hindrance between the two
side chains (Fig 3B and Supplementary Fig S2D). Interestingly, the

A Transfected GFP-Atg8 homo!ogs were lmmunoprec1p1tated with pMACSm from total U2OS cell extracts followed by immunoblot analysis W|th anti-GFP and anti-

ALFY antibodies. Data are representative of twa independent experiments.

B An overview of the deletion mutant constructs of ALFY used for GST pull-down experiments in (C).

C The indicated 3SS labelled in vitro-translated GFP-tagged constructs were incubated with GST, GST-LC3B or GST-GABARAP conjugated to glutath;one Sepharose, and
their bmdmg was evaluated by autoradrography (ARG). 5% of the in vitro-translated protein (arrow head) used was loaded. Equal amounts of GST proteins were used
as shown by Coomassie Brilliant Blue (c8B) staining. Data are representative of three independent experiments.

D Recombinant ALFY (aa 2981-3526) was incubated with GST-Atg8 proteins conjugated to glutathione Sepharose. The pulled-down complexes were subjected to SDS—
PAGE and anti-ALFY and anti-GST lmmunoblottlng 5% ofthe recombinant ALFY protein used was loaded as lnput Data are. representatlve of three independent

experiments.

Source data are available online for this figure.
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A ' .
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o w
i
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2981-3313 3313-3363 3363-3526
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ARG
1. 5% Input
CBB kDa 2. GST
—37 3.GST-LC3B
25 4. GST-GABARAP
D ALFY (2981-3526) 1. 5% Input
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8. GST-GABARAPL2
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Species
Human
Mouse
Opossum
Chicken
Frog
Zebrafish
Fruit fly

ALFY interacts specifically with GABARAP

GST-GABARAP

B 10% Input

1.2 3 4 5 1

ARG

CBB

2% Input

2 3 45

kDa
50
37

1 2 3 4 5 1

ARG h

CBB

2 3 4 5

1. ALFY (2981-3526)

2. ALFY (2981-3526) F3346A
3. ALFY (2981-3526) 13347A
4. ALFY (2981-3526) F3348A

5. ALFY (2981-3526) V3349A

1. MBP

2. MBP-ALFY (3255-3526)

3. MBP-ALFY (3255-3526) F3346A
4. Input GABARAP

D PROTEIN LC3B LC3C GABARAP | GABARAPL1|GABARAPL2
Ky, (uM) ND 20.8+3.16 0.327£0.03 0.387+0.021 0.8710.119
N (sites) ND 0.87+0.04 0.956+0.003 0.921:+0.002 1.06+0.007
AH (cal mol) ND -4940£340.9 -7456+45.28 -6818+20.78 -5710£64.15
S (cal moldeg™) ND 4.90 4.69 ° 6.47 8.61
GFP-Bchs
E (3326-3341) GFP
1 23 1 2 3
ARG
Ponceau 1. 5% Input
2. GST
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Figure 2. Identification of the LC3-jnteracting region (LIR) in ALFY.

EMBO reports

A Allgnment of the potential LR in human ALFY to the correspondmg homolog sequences of representatlves of mammals, blde fish and insects, © indicates an

aromatic residue, while ¥ lndlcates an aliphatic residue.

B S-labelled in vitro- -translated GFP-ALFY (aa 2981-3526) w:ld-type and dlﬁ‘erent LIR mutants were mcubated w:th GST- GABARAP or -LC3C and bmding evaluated by
ARG 10 and 2% of the in vitro- translated proteins used were loaded to lllustrate binding afﬁnlty CBB staining shows equal amounts of GST protems used. Data are

- representative of three mdependent expenments

C MBP, MBP-ALFY (aa 3255«3‘326) or the ALFY-LIR mutanit (F3346A) con)ugated to amylose resins was lncubated in the absence or presence of purified GABARAP. The
) pulled down complexes were subjected to SDS PAGE and visualized by CBB staining. Data are representatlve of three mdependent experiments.
D Thermodynamlc pararneters of ALFY-LIR peptlde (aa 3341 3354) to Atg8 homologs All trtrations were performed at 25°C as descnbed in Supplementary Methods ITC

data were fitted to a one-site bmdmg model, ND, not detected

E - labelled in vitro- translated GFP or GFP-Bchs (aa 3326—3341) were incubated wrth GST or GST- dAtha and bmdlng evaluated by ARG. 5% of the in vitro- translated
protem used was loaded Ponceau staining shows equal amaunts of GST protems used. Data aré representauve of three mdependent experlments

‘ Source data are avallable unllne for thlS Fgure

K24/Y25/D54 residues of GABARAP are conserved in GABARAPL1
and GABARAPL2 (Fig 3C), which both bind to ALFY (Figs 1A, D
and 2D). Moreover, the corresponding residues in LC3C (K32/F33/
E63) are similar to the GABARAP subfamily (Fig 3C) and have been
implicated in the specific binding to NDP52 [3]. We therefore specu-
- lated that these three residues are responsible for the specific inter-
action of ALFY with GABARAPs and LC3C. In order to test this
experimentally, we substituted these three amino acids in LC3B with
the corresponding amino acids of GABARAP and created HeLa cells
with stable inducible expression of the triple mutant protein (GFP-
LC3B Q26K/H27Y/H57D). When compared to cells expressing wild-
type LC3B, we found increased binding of endogenous ALFY to the
LC3B triple mutant (Q26K/H27Y/H57D) (Fig 3D). We next substi-
tuted these three residues in GABARAP with the corresponding

LC3B residues, either individually or combined (Fig 3E, F). While

the GABARAP single mutants had little or no effect on the interac-
tion with ALFY, the triple GABARAP mutant (K24Q/Y25H/D54H)
was significantly compromised in the ability to bind to MBP-
ALFY33s5.3526 (Fig 3E, F and Supplementary Fig S2E). Moreover, in
line with our result in Fig 3D, recombinant protein of the LC3B
triple mutant (Q26K/H27Y/H57D) showed a strong and LIR-depen-
dent interaction with MBP-ALFY3;s5 3526 (Fig 3F). In contrast, the
interaction between p62 and GABARAP/LC3B proteins was not
affected to the same degree by mutation of these residues, as both
the LC3B triple mutant (Q26K/H27Y/HS57D) and the GABARAP
triple mutant (K24Q/Y25H/D54H) bound to MBP-p62i6s_301 With
similar affinity as to wild-type GABARAP/LC3B proteins (Fig 3F).
To test whether the ALFY-LIR residues involved in interactions with
GABARAP K24/Y25/D54 were equally required for the specificity of
the interaction, these residues (K3343/D3344/Y3351) were mutated
in GFP-ALFY;041_3526. As can be seen in Fig 3G, the interaction with
GABARAP was drastically reduced, whereas no increased affinity
towards LC3B was detected, indicating that these ALFY residues
provide selective binding to GABARAP, rather than block the inter-
action with LC3B. Taken together, we conclude that while the core
LIR residues of ALFY are essential for its interaction with GABARAP,
additional residues outside the core LIR motif confer specificity to
the interaction of ALFY with GABARAP.

GABARAP is required for recruitment of LC3B to ALFY-positive
structures and for the clearance of ALFY-p62-positive bodies

"We have previously found that ALFY is recruited to cytoplasmic Ub-
and p62-positive bodies upon stress such as amino acid starvation,

© 2014 The Authors

proteasomal inhibition and puromycin treatment [4,12]. We here
show that endogenous LC3B (Supplementary Fig S3), as well as
stably expressed GFP-GABARAP (Fig 44), colocalized with endoge-
nous ALFY in stress-induced cytoplasmic structures. Interestingly,
full-length wild-type GFP-ALFY, but not the LIR mutant, was
recruited to GABARAP and LC3B-positive structures when expressed
in ALFY-deficient MEFs (Fig 4B and Supplementary Fig S4). As
ALFY does not interact with LC3B, and has very low affinity for
LC3C, which is not present in mice and expressed at very low levels
in HeLa and Hek293 cells (Unpublished data and Supplementary Fig
S5A), we conclude that interaction of ALFY with GABARAP is
required for its colocalization with LC3B. In line with this, while
overexpressed ALFY,,55.3526 did not colocalize with wild-type GFP-
LC3B, colocalization was observed upon the induction of excess
GABARAP (Supplementary Fig S5B) or expression of the GFP-LC3B
(Q26K/H27Y/H57D) mutant (Supplementary Fig SSB), indicating
that the structural determinants identified as being important for
GABARAP-ALFY binding specificity also determine colocalization
between these proteins. GFP-GABARAP, -LC3B and -LC3B (Q26K/
H27Y/H57D) stably expressed in these cell lines were considered
functional as they retained the ability to become lipidated (Supple-
mentary Fig S6A).

Further supporting a role of GABARAP in recruiting LC3B-posi-
tive membranes to ALFY-positive structures, we found an accumu-
lation of ALFY-p62-positive structures that were negative for LC3B
in GABARAP-depleted cells, whereas ALFY-p62-LC3B-positive
structures were seen in control cells (Fig 4C). Interestingly, p62-
and LC3B-positive puncta lacking ALFY could be detected in
siGABARAP cells (Fig. 4C). Thus, our data indicate that a subset of
p62-positive structures localizes with LC3B in the absence of
GABARAP, but that recruitment of LC3B to ALFY-p62 positive
bodies, or vice versa, requires GABARAP. We have previously
found that ALFY is required for packing of p62 oligomers into
larger p62 bodies, as well as for their clearance by autophagy [4].
Consistent with this, the accumulation of Triton X-100-insoluble
p62 seen in cells where autophagic flux was inhibited hy bafilomy-
cin Al was prevented both in ALFY-depleted HeLa cells (Fig 4D)
and in ALFY KO MEFs (Fig 4E). Taken together, our results argue
that the ALFY-GABARAP interaction is important for targeting of
certain p62 structures for clearance by autophagy (Fig 4F). In line
with our previous data [5], depletion of ALFY did neither affect the
total level, the lipidation nor the turnover of Atg8 proteins (LC3B,
GABARAP and GABARAPLI) in response to starvation (Supplemen-
tary Fig S6B).
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A GABARAP-ALFY LIR complex B Allignment of GABARAP-ALFY LIR complex with LC3B
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Flgure 3. Structural analysis of GABARAP-ALFY peptide complex
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A’ Overall structure of the complex formed by GABARAP in brown and the ALFY LIR peptrde rn yellow wrth the core LC3 mteractlng reglon (LIR) motrf hrghhghted in dark

bite.

B Ahgnment of the ‘GABARAP-ALFY-LIR peptrde complex structure Wrth the pubhshed structure of LCSB (1UGM) usrng UCSF Chrmera See Supp!ementary Frg S2C and D
o for calculatron of the distances between the residues hrghlrghted as stlcks in the ALFY- LIR peptrde and the correspondmg annotated resrdues in GABARAP or LC3B.
C Sequence ahgnment of human Atg8 protein homologs The ahgnment was obtarned by Clustal W Black and grey backgrounds represent degree ofsrrmlarlty Closed

crrcles mdrcate specific FESldUES of GABARAP involved 1n the ALFY LIR peptrde rnteractron
ated with GFP TRAP@ frorn tOtal cell lysate of stably transfected HeLa Flpln cells followed by

GFP-LC3B and GFP LCBB (Q26K/H27YIH57D) were rmmunopre

E MBP ALFYms 3526 conjugated to amylose resm was: mcubated wrth GST or the'indrcated GABARAP rnutants The pulled- dcwn cornplexes were subjected to SDS—PAGE ’
~and vrsualrzed by rmmunoblottmg wrth anti-MBP and anti- GABARAP antrbodles Data are representatrve of three mdependent experrments )
“F MBP tagged ALFYms 3526 and p62158 391 or therr correspondmg LIR mutants (F3346A and W34OA respectrvely) were conjugated to amylose resrn and rncubated WIth

Although the precise function of the different Atg8 homologs
largely remains to be characterized, they have all been implicated in
autophagy, either by recruiting cargo through their interaction with
autophagy receptor proteins or by facilitating different steps of auto-
phagosome biogenesis [2]. However, many open questions remain
to be addressed, as whether LC3/GABARAP proteins act by recruit-
ing different types of cargo or cooperate in cargo recruitment by
binding different cargo-bound autophagy receptors, or whether they
function sequentially in the pathway or in response to various types
of stimuli. )

In contrast, an extensive effort over the past few years has led to
the identification of several LC3/GABARAP-interacting proteins,
determination of LIR/CLIR motifs and functional characterization of
many such proteins. It seems clear that while cargo-recruiting auto-
 phagy receptors (e.g. p62, NBR1 and optineurin) are specifically
recruited to the inner surface of the phagophore and themselves
become degraded by autophagy [13-15], other proteins (e.g. Rab
effectors) associate in a LIR-dependent manner to the outer surface
of the autophagosomes to facilitate their transport [16-18]. A third
group of Atg8-interacting proteins (e.g. ULK1 complex proteins)
[19] seems to be involved in scaffolding of protein complexes to

allow their interaction with the phagophore membrane, without

being themselves degraded by autophagy. We speculate that ALFY
belongs to the latter group, as it is required for the recruitment of
core Atg proteins to p62-positive protein aggregates, without becom-
ing degraded by autophagy itself (Fig 4F) [4,5]. Interestingly, similar

Frgure 4. Physmloglcal role of the mteractron between ALFY and GABARAP

to ALFY, ULK1 complex proteins were found to interact preferen-
tially with GABARAPs through FxxV/I LIR motifs, and their LIR-
dependent interactions with GABARAP seem to facilitate their
recruitment to LC3B-positive structures [19]. How and when these
Atg8-interacting proteins are eventually released from the forming
autophagosome is not known, but a regulation of their interaction
with GABARAP is likely involved.

Materials and Methods

The experimental procedures, as well as plasmids used (Supplemen-
tary Table S2), are described in detail in the supplementary informa-
tion online.

Cell culture

HeLa, U20S and MEFs were used for transfection of constructs or
siRNA. FlpIn T-Rext™ Hela cells with stable inducible expression of
GFP-GABARAP or GFP-LC3B were induced with 500 ng/ml tetracy-
cline for 24 h. .

Immunofluorescence microscopy

Confocal images were acquired on an Olympus FluoView 1000
confocal laser-scanning microscope. Image processing and analysis

A Hela Flpln GFP-GABARAP cells were treated W|th proteasomal inhibitor (M0132 2 h) or subjected to amino acid starvation (EBSS 2 h) before starnlng wrth anti-ALFY

antrboches Scale bar, 10 pm

B GFpP- -tagged full- Iength ALFY wild- type or LC3-interacting region (L[R] mutant Was expressed lnto Alﬁl deﬁcrent MEFs usrng an adenovu'us system At 48 h after
mfectron, the 'MEFs were cultured in normal media or EBSS for 1 5h before stalnrng with antx -LC3B or anti- GABARAP antrbodres Scale bars 10 pm. :
C Hela cells were treated with control or SiRNA targetrng GABARAP, GABARAPLl and GABARAPLZ 72 h after transfectlon cells were |mmunosta|ned wrth antr LCSB anti-

ALFY and anti- p62 antrbodres Scale bars, 10 pm.

D Hela cells were treated wrth control or srRNA targeting ALFY. 72 h after transfectron cells were treated wrth puromycrn wrth or wrthout bafi Iomycrn Al for 2 hand
total cell lysates were fractionated into TX 100-soluble, and inso luble fractrons The Tx- 100—soluble/rnsoluble fractrons were then rmmunoblotted wrth the mdrcated

antrbodres Data are representatlve of three mdependent experiments.

E ALFY WT and KO MEFs were treated with puromycm or EBSS with or without baflomycm Al for 2 h and the total cell Iysates were then fractronated into Trlton X=
100 (TX-lOO) -soluble and msoluble fractrons The TX~100~soluble/msoluble fractlons were then xmmunoblotted with the mdrcated antrbodres Data are representative

ofthree rndependent expenments
F  Schematic model of ALFY- mediated selective autophagy.”

Source data are available online for this figure.
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were done with OLYMPUS FLUOVIEW Viewer software and Adobe
Photoshop CS4 (Adobe Systems).

In vitro pull-down assays

GFP- and STREP-FLAG-tagged proteins were pulled down using

GFP-TRAP, pMACS (Miltenyi Biotec) or Strep-Tactin Sepharose
(IBA). *°s-methionine-labelled in vitro-translated GFP-tagged
proteins were mixed with GST-tagged Atg8 proteins bound to gluta-
thione Sepharose (GE Healthcare Bio-Sciences). For direct binding
assays, MBP-tagged proteins were pulled down with GST-tagged
proteins. Alternatively, precision protease was used to cleave off the
GST tag before their incubation with recombinant MBP proteins and
precipitation with amylose resin (New England Biolabs).

Crystal structure

The erystal structure of the GABARAP-ALFY peptide complex (PDB ID
code 3WIM) was solved by molecular replacement using the structure
of wild-type GABARAP (PDB ID code 1GNU) as the search model.

Supplementary information for this article is available online:
http:/#embor.embopress.org
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