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Figure 4. Exchangeable apolipoproteins redundantly participate in the formation of infectious HCV particles. (A) BE-KO1 cells infected
with HCVcc at an MOI of 1 at 6 h post-transfection with siRNAs targeting ApoA1 (A1), ApoA2 (A2), ApoC1 (C1), ApoC2 (C2), ApoC3 (C3) and ApoH (H)
and infectious titers in the culture supernatants were determined by focus-forming assay at 72 h post-infection. (B) ApoA1, ApoA2, ApoC1, ApoC2,
ApoC3, ApoE and ApoH were exogenously expressed in BE-KO1 cells by infection with lentiviral vectors, and then infected with HCVcc at an MOl of 1.
Expression of the apolipoproteins was determined by immunoblot analysis (upper), and infectious titers in the culture supernatants were determined
at 72 h post-infection by focus-forming assay (lower). (C) Extracellular and intracellular HCV RNA in BE-KO1 cells expressing apolipoproteins and
infected with HCVcc were determined at 72 h post-infection by qRT-PCR. (D) Specific infectivity was calculated as extracellular infectious titers/
extracellular HCV RNA copies in BE-KO1 cells expressing apolipoproteins at 72 h post-infection. (E) 293T cells stably expressing CLDN1 and miR-122
(293T-CLDN/miR-122 cells) were infected with the lentiviral vectors, and the expressions of the apolipoproteins were determined by immunoblot
analysis (upper). These cells were infected with HCVec at an MOI of 1, and infectious titers in the supernatants were determined at 72 h post-infection
by focus-forming assay (lower). In all cases, asterisks indicate significant differences (*, P<0.05; **, P<<0.01) versus the results for control cells.
doi:10.1371/journal.ppat.1004534.g004

ER membrane, in contrast to the co-localization of core proteins were analyzed by buoyant density ultracentrifugation (Fig. 7A-B)
of HCVcc (JFH1) with LD (Fig. 6E upper). However, core [28]. Secretion of viral capsids in the supernatants was severely
proteins were accumulated around LD in BE-KO1 cells infected impaired in BE-KO1 cells in comparison with that in ApoE-res
with HCVcc/Jcl, as seen in those infected with HCVce (JFHI) cells (Fig. 7A upper), in contrast to the detection of abundant
(Fig. 6E lower). These results suggest that apolipoproteins intracellular capsids in both cell lines (Fig. 7B upper). Although
participate in the steps of HCV particle formation occurring after peak levels of the core proteins and infectious titers were detected

HCV protein assembly on the LD. around 1.08 g/ml in both cell lines, the infectious titers in all
To further examine the involvement of apolipoproteins in the fractions of BE-KOI cells were significantly lower than those in
infectious particle formation of HCV, culture supernatants and ApoE-res cells, supporting the notion that apolipoproteins

cell lysates of BE-KO1 and ApoE-res cells infected with HCVcc participate in the post-assembly process of HCV capsids which
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Figure 5. Exchangeable apolipoproteins participate in the formation of infectious HCV particles of genotype 1 and 3. ApoA1, ApoA2,
ApoC1, ApoC2, ApoC3, ApoE and ApoH were exogenously expressed in BE-KO1 cells by infection with lentiviral vectors, and then infected with
genotype 1b and 3a chimeric HCVce, TH/JFH1 (A) and S310/JFH1 (B) at an MOI of 0.5. Intracellular HCV RNA and infectious titers in the culture
supernatants were determined at 72 h post-infection by gRT-PCR (upper) and focus-forming assay (lower). Asterisks indicate significant differences

(**, P<0.01) versus the results for control cells.
doi:10.1371/journal.ppat.1004534.g005

is required to confer infectivity. Next, to examine the involvement
of apolipoproteins in the envelopment of HCV particles, lysates of
BE-KOI1 and ApoL-res cells infected with HCVcee were treated
with proteinase K in the presence or absence of Triton X [26].
Protection of HCV core proteins from the protease digestion was
observed in both cell lysates (Fig. 7C), suggesting that apolipopro-
teins are not involved in the envelopment of HCV particles.
Collectively, these results suggest that exchangeable apolipopro-
teins participate in the post-envelopment step of HCV particle
formation.

Ampbhipathic o-helices in exchangeable apolipoproteins
participate in the formation of infectious HCV particles
through the interaction with viral particles

To determine the structural relevance of apolipoproteins
involved in the HCV assembly, the secondary structures of the
apolipoproteins were deduced by using a CLC Genomics
Workbench and previous reports (Fig. 8A) [29-34]. Tandem
repeats of amphipathic o-helices were observed in the apolipo-
proteins capable of rescuing HCV assembly in BE-KO1 cells, but
not in those lacking this activity, suggesting that amphipathic o-
helices in the apolipoproteins participate in the assembly of HCV.
To examine the involvement of the amphipathic o-helices of the
exchangeable apolipoproteins in the particle formation of HCV,
we constructed expression plasmids encoding deletion mutants of
ApoE and ApoCl, and then these deletion mutants were
exogenously expressed in BE-KOI1 cells by lentiviral vectors
(Fig. 8B and C upper panels). The expression of all of the deletion
mutants of ApoE and ApoC1 containing either N-terminal or C-
terminal amphipathic a-helices rescued the particle formation of
HCV in BE-KOI cells (Fig. 8B and C lower panels), suggesting
that amphipathic o-helices in the apolipoproteins play crucial roles
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in the production of infectious HCV particles. In addition, more
abundant full-length and truncated ApoLE were detected in the
precipitates of the culture supernatants of cells infected with
HCVec than those of mock-infected cells concentrated by
ultracentrifugation, suggesting. that the amphipathic o-helices of
apolipoproteins are directly associated with HGV  particles
(Fig. 8D and E). Taken together, the data in this study strongly
suggest that exchangeable apolipoproteins redundantly participate
in the infectious particle formation of HCV through the
interaction between amphipathic o-helices and viral particles.

Discussion

In this study, we demonstrated the redundant roles of ApoB and
the exchangeable apolipoproteins ApoAl, ApoA2, ApoCl,
ApoC2, ApoC3 and ApoE in the assembly of infectious HCV
particles. The deficiencies of both ApoB and ApoL inhibited the
production of infectious HCV particles in Huh7 cells, and
exogenous expression of exchangeable apolipoproteins rescued
the particle formation. ¢cDNA microarray revealed that the
expression patterns of exchangeable apolipoproteins in hepatic
cancer cell lines are widely different from those in liver tissue. In
previous reports, ApoEl and ApoB were identified as important
host factors for the assembly of infectious HCV particles [10,11],
and knockdown of ApoE and ApoB expression also inhibited the
production of infectious particles in this study. Because ApoB and
ApoE are major apolipoproteins in VLDL, several reports have
suggested that the VLDL production machinery participates in the
production of HCV particles. Furthermore, density gradient
analyses revealed co-fractionation of HGV RNA with lipoproteins,
with the resulting complexes being termed lipoviroparticles (LVP)
[12,35]. However, it has been reported that there is no correlation
between secretion of VLDL and production of LVP [36]. In
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Figure 6. Accumulation of core proteins around lipid droplets in BE-KO1 cells. (A) Extracellular and intracellular infectious titers in Huh7,
BE-KO1 and ApoE-restored cells infected by lentiviral vector (ApoE-res) were determined at 72 h post-infection with HCVcc at an MOI of 1 by focus-
forming assay. Asterisks indicate significant differences (**, P<<0.01) versus the results for parental cells. (B) BE-KO1 cells infected with HCVcc at an
MOI of 1 were stained with anti-Core antibody at 72 h post-infection and examined by fluorescence microscopy. Identical fields were observed under
electron microscopy by using the correlative FM-EM technique. The boxed areas are magnified and displayed. Huh7, BE-KO1 and ApoE-res cells
infected with HCVcc at an MOI of 1 were subjected to immunofluorescence analyses by using anti-Core antibody (C), and immunoblotting by using
antibodies against Core, NS3, ApoE, and actin at 72 h post-infection (D). Lipid droplets and cell nuclei were stained by BODIPY and DAPI, respectively.
(E) BE-KO1 and ApoE-res cells infected with Jc1 strain-based HCVcc (HCVec/Jcl; left panel) or JFHT strain-based HCVce (HCVec/JFH1; right panel) at an
MOI of 1 were subjected to immunofluorescence analysis by using anti-Core antibody at 72 h post-infection. Lipid droplets and cell nuclei were

stained by BODIPY and DAPI, respectively.
doi:10.1371/journal.ppat.1004534.9006

addition, exogenous expression of Apoll facilitated the infectious
particle formation of HCV in 293T cells stably expressing CLDN1
and miR-122 [16], suggesting that Apoli-mediated particle
formation is independent from VLDL production. Furthermore,
exogenous expression of ApoAl, a major apolipoprotein of HDL,
also facilitated the production of HCV particles as shown in
Fig. 4E. These data suggest that the roles of the exchangeable
apolipoproteins in HCV assembly are independent from the
production of VLDL. MTTP plays crucial roles in the lipoprotein
formation through the incorporation of triglyceride into growing
lipoprotein and secretion of ApoB [21]. Although it has been
shown that treatment with an MTTP inhibitor impairs the
production of HCV particles [11], in this study, we found that
knockout of MTTP abrogated the secretion of ApoB but not the
production of infectious HCGV particles. Collectively, these data
suggest that exchangeable apolipoproteins redundantly participate
in the infectious particle formation of HCV independently from
lipoprotein secretion machinery.

Production of HCV capsids in the culture supernatants is
impaired in 293T cells expressing miR-122 due to lack of ApoE
expression, but envelopment of viral capsids is observed [37],
suggesting that Apoll is involved in the post-envelopment step.
Coller et al. suggested that ApoE is associated with de novo
formation of HCV particles during secretory pathway based on an
experiment using HCV possessing a tetracysteine-tag in the core
protein [38]. In this study, ApoAl, ApoA2, ApoCl, ApoC2,
ApoC3 and ApoE enhanced the formation of HGV particles in the
post-envelopment step. These results suggest that a direct
interaction between exchangeable apolipoproteins and enveloped
particles in the ER lumen facilitates an efficient secretion of
infectious HCV  particles. Ultrastructural analysis of HCV
particles has shown that large amounts of apolipoproteins,
includinig ApoAl, ApoB and ApoL, bind to the surface of viral
particles [39]. Interestingly, ApoE-specific antibodies were more
efficient in capturing viral particles than a-E1/E2 antibodies, and
significantly large numbers of gold particles reacting with ApoE
were observed per virion than those with E2, suggesting that viral
envelope proteins are masked by a large amount of apolipopro-
teins. The unique characteristics of interaction between apolipo-
proteins and HCV particles might be applied for visualization of
entry and purification of HCV particles by using GFP- or affinity-
tagged amphipathic o-helices of apolipoproteins. In the previous
report, virocidal amphipathic helical peptides impaired the
infectivity of viral particles {40]. There is a possibility that such
peptide influences on the interaction between apolipoproteins and
viral particles, and might be a new therapeutic approach.

In previous reports, the importance of the interaction between
lipoprotein receptors and ApoE in the entry of HCV has been well
established. Lipoprotein receptors including scavenger receptor
class B type 1 (SR-B1) and low-density lipoprotein receptor
(LDLR) are involved in HCV entry into the target cells [41,42].
LDLR is thought to mediate cell attachment of HCV through an
interaction with virus associated ApoE [43,44]. SR-Bl also
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interacts with ApoE and hypervariable region 1 (HVRI) in the
envelope protein of HCGV [43]. In this study we have shown that
exchangeable apolipoproteins including not only ApoL but also
ApoA and ApoC facilitate the production of infectious HCV
particles, and that exchangeable apolipoproteins directly associate
with viral particles. Meunier et al. reported that ApoG1 associates
intracellularly with viral particles during particle morphogenesis
and enhances the entry of HCV through an interaction of the C-
terminal region of ApoCl with heparan sulfate [45]. Another
group also showed that ApoCl enhances HCV infection through
the triple interplay among HVR1, ApoCl, and SR-B1 [46]. These
results suggest that the interaction of HCV particles with
apolipoproteins also participates in the entry through the binding
of lipoprotein receptors including SR-B1 and LDLR.

Although the gene-knockout technique is essential to obtain
reproducible and reliable data, and many knockout mice have
been produced in various research areas, the development of
experimental tools for HCV study has also been hampered by the
narrow cell tropism [47,48]. A humanized mouse model in which
human liver cells were xenotransplanted into immunodeficient
mouse was developed and provided an important platform for the
analysis of pathogenesis and the development of antivirals for
HCV [49]. However, the exogenous expression of human receptor
molecules required for HCV entry and impairment of innate
immunity are required for the complete propagation of HCV in
mice [50]. Gene-knockout techniques using a CRISPR/Cas9
system composed of guide RNA and Cas9 nuclease that form
RNA-protein complexes to cleave the target sequences [19] have
allowed quick and easy establishment of gene-knockout mice and
cancer cell lines [51,52], and indeed, such MTTP-knockout cell
lines were established also in this study. Recently, the high-
throughput screening of host factors involved in several conditions
was reported by using a CRISPR/Cas9 system [53]. Together,
these novel genome-editing techniques are expected to reveal the
precise roles of host factors involved in the HCV life cycle.

In summary, we have shown that apolipoproteins, including
ApoAl, ApoA2, ApoCl, ApoC2, ApoC3, ApoL and ApoB,
possess redundant roles in the assembly of HCV through the
interaction of the amphipathic o-helices in the apolipoproteins
with viral particles in the post-envelopment step. It is hoped that
these findings will provide clues to the life cycle of HCV and assist
in the development of novel antivirals targeting the assembly
process of HCV.

Materials and Methods

NextBio Body Atlas

The NextBio Body Atlas application presents an aggregated
analysis of gene expression across various normal tissues, normal
cell types, and cancer cell lines [20]. It enables us to investigate the
expression of individual genes as well as gene sets. Samples for
Body Atlas data are obtained from publicly available studies that
are internally curated, annotated, and processed. Body Atlas
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Figure 7. Apolipoproteins participate in the post-envelopment
step of the HCV life cycle. The supernatants (A) and lysates (B) of BE-
KO1 and ApoE-restored (ApoE-res) cells infected with HCVcc at an MOI
of 1 were subjected to density gradient fractionation. Each fraction was
subjected to immunoblotting using anti-Core antibody (upper). The
infectious titers and densities of each fraction were determined (lower).
(Q) The lysates of BE-KO1 and ApoE-res cells infected with HCVcc at an
MOI of 1 were subjected to proteinase K digestion protection assay.
Lysates were separated into 3 parts and incubated for 1 h on ice in the
presence or absence of 50 pg/ml proteinase K with/without pretreat-
ment with 5% Triton-X and then subjected to immunoblotting.
doi:10.1371/journal.ppat.1004534.9007
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measurements are generated from all available RNA expression
studies that used Affymetrix U133 Plus or UI33A Genechip
Arrays for human studies. The results from 128 human tissue
samples were incorporated from 1,067 arrays; 157 human cell
types from 1,474 arrays; and 359 human cancer cell lines from 376
arrays. Gene queries return a list of relevant tissues or cell types
rank-ordered by absolute gene expression and grouped by body
systems or across all body systems. In the current analysis, we
determined the expression levels of the apolipoproteins ApoAl,
ApoA2, ApoB, ApoC1l, ApoC2, ApoC3, ApoD, ApoE, ApoH,
ApoL1, ApoL2 and ApoO in liver tissue. We used an analysis
protocol developed by NextBio, the details of which have been
described previously [20].

cDNA microarray

Expression profiling was generated using the 4 x 44 K whole
human genome oligo-microarray ver.2.0 G4845A (Agilent Tech-
nologies) as previously described [54]. Raw data were imported into
Subio platform ver.1.12 (Subio) for database management and
quality control. Raw intensity data were normalized against GAP-
DH expression levels for further analysis. These raw data have been
accepted by GEO (a public repository for microarray data, aimed at
storing MIAME). Access to data concerning this study may be
found under GEO experiment accession number GSE32886.

Cell lines

All cell lines were cultured at 37°C under the conditions of a
humidified atmosphere and 5% COs. The human hepatocellular
carcinoma-derived Huh7 and human embryonic kidney-derived
293T cells were obtained from Japanese Collection of Research
Bioresources (JGRB) Cell Bank (JCRB0403 and JCRBI068), and
maintained n DMEM (Sigma) supplemented with 100 U/ml
penicillin, 100 pg/ml streptomycin, and 10% fetal calf serum (FCS).
The Huh7-derived cell line Huh7.5.1 was kindly provided by F.
Chisari. Huh7 cells harboring JFH1-based HCV-SGR were prepared
according to the method of a previous report [54] and maintained in
DMEM containing 10% FCS and 1 mg/ml G418 (Nakalai Tesque).

Plasmids

The cDNA clones of pri-miR-122, ApoAl, ApoA2, ApoCl,
ApoC2, ApoC3, ApoE, ApoH, and AcGFP were inserted between
the Xhol and Xbal sites of lentiviral vector pCSII-EF-RfA, which
was kindly provided by M. Hijikata, and the resulting plasmids
were designated pCSII-EF-miR-122, pGSII-EF-MT-apolipopro-
teins, and pCSII-EF-AcGFP, respectively. The deletion mutants of
ApoCl and ApoE were amplified by PCR and introduced into
pCSIL-EF. pHH-JFHI-E2p7NS2mt contains three adaptive mu-
tations in pHH-JFHI1 [55]. The pFL-J6/JFHI plasmid that
encodes the entire viral genome of the chimeric strain of HCV-
2a, J6/JFH]1, was kindly provided by Charles M. Rice [8]. pTH/
JFHI (genotype 1b) and pS310/JFHI (genotype 3a) were used for
the production of chimeric viruses [22,23]. The plasmid pX330,
which encodes hCas9 and sgRNA, was obtained from Addgene
(Addgene plasmid 42230). The fragments of guided RNA
targeting the MTTP gene were inserted into the Bbsl site of
pX330 and designated pX330-MTTP. The plasmids used in this
study were confirmed by sequencing with an ABI 3130 genetic
analyzer (Life Technologies).

Antibodies

Mouse monoclonal antibodies to HCV core, P-actin and
Calnexin were purchased from Thermo Scientific and Sigma
Aldrich, respectively. Mouse anti-ApoAl, ApoB, ApoCl, ApoE
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Figure 8. Amphipathic c-helices in apolipoproteins participate in the infectious particle formation of HCV. (A) Predicted or
experimentally determined secondary structures of apolipoproteins. Secondary structures of the helices and sheets in the apolipoproteins are colored
red and cyan, respectively. The three-dimensional structures of ApoA1 (Protein Data Bank (PDB) ID, 3R2P), ApoC1 (PDB ID, 110J), ApoD (PDB ID, 2HZR),
ApoE (PDB ID, 2L7B), ApoH (PDB ID, 1C1Z) and ApoM (PDB ID, 2XKL) are also shown in a ribbon model using the same color code of secondary
structures. In cases in which the structure was not available, the secondary structure was predicted by using a CLC Genomics Workbench. (B,C)
Schematics of the ApoE- and ApoC1-deletion mutants (upper). Deletion mutants with HA tags expressed in BE-KO1 cells by lentiviral vectors were
detected by immunoblotting (middle). BE-KO1 cells expressing the WT or deletion mutants of ApoE or ApoC1 were infected with HCVcc at an MOI of
1, and infectious titers in the culture supernatants were determined by focus-forming assay at 72 h post-infection. Asterisks indicate significant
differences (**, P<<0.01) versus the results for control cells, (D) Schematic of the concentration of viral particles from HCV-infected cells using
ultracentrifugation. (E) BE-KO1 cells expressing the WT or deletion mutants of ApoE were infected with HCVcc at an MOI of 1. Culture supernatants
harvested at 72 h post-infection were concentrated by ultracentrifugation at 32,000 rpm for 2 h at 4°C, and subjected to immunoblotting.
doi:10.1371/journal.ppat.1004534.g008

and ApoH antibodies were purchased from Cell Signaling, antibodies, and AF594-conjugated anti-mouse IgG2a antibodies
ALerCHEK Inc., Abnova, NOVUS Biologicals, and Santa Cruz were purchased from Life Technologies.

Biotechnology, respectively. Rat anti-ApoA2 and Sheep anti-

ApoC2 antibodies were purchased from R&D systems. Rabbit Gene silencing

anti-NS5A antibody was prepared as described previously [54]. A small interfering RNA (siRNA) pool targeting various
Alexa Fluor (AF) 488-conjugated anti-rabbit or mouse IgG apolipoproteins (siGENOME SMARTpool) and control nontar-
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geting siRNA were purchased from Dharmacon, and transfected
into cells using Lipofectamine RNAi MAX (Life Technologies)
according to the manufacturer’s protocol. A human shRNA
library was purchased from Takara Bio Inc.

Preparation of viruses

Upon transfection of pHH-JFHI1-E2p7NS2mt or in vitro
transcribed TH/JFH1, J6/JFH1 and S310/JFH1 RNA into
Huh7.5.1 cells, HCV in the supernatant was collected after serial
passages, and infectious titers were determined by a focus-forming
assay and expressed in focus-forming units (FFU) [22,23,54]. To
compare the localization of core protein, J6/JFH1 was used in
Fig. 6E. Pseudoparticles expressing HCV envelope glycoprotein
were generated in 293T cells as previously reported [5], and
infectivity was assessed by luciferase expression using the Bright-
Glo Luciferase assay system (Promega) and expressed in relative
light units (RLU).

Lipofection and lentiviral gene transduction

The lentiviral vectors and ViraPower Lentiviral Packaging Mix
(Life Technologies) were co-transfected into 293T cells by Trans
IT LT-1 (Mirus), and the supernatants were recovered at 48 h
post-transfection. The lentivirus titer was determined by the Lenti-
XTM gRT-PCR Titration Kit (Clontech), and the expression
levels and AcGFP were determined at 48 h post-inoculation.

Immunoblotting

Cells lysed on ice in lysis buffer (20 mM Tris-HCl [pH 7.4],
135 mM NaCl, 1% Triton-X 100, 10% glycerol) supplemented
with- a protease inhibitor mix (Nacalai Tesque) were boiled in
loading buffer and subjected to 5-20% gradient SDS-PAGE. The
proteins were transferred to polyvinylidene difluoride membranes
(Millipore) and reacted with the appropriate antibodies. The
immune complexes were visualized with SuperSignal West Femto
Substrate (Pierce) and detected by the LAS-3000 image analyzer
system (Fujifilm).

Generation of gene-knockout Huh7 cell lines

Custom ZFN plasmids were designed to bind and cleave the
ApoB, ApoE and MTTP genes and were obtained from Sigma
Aldrich. Huh7 cells were transfected with in vitro transcribed
ZFNs mRNA or pX330-MTTP by Lipofectamine 2000 (Life
Technologies), and single cell clones were established by the single
cell isolation technique. To screen for gene-knockout Huh7 cell
clones, mutations in target loci were determined by using a
Surveyor assay as previously described [56]. Frameshift of the
genes and deficiencies of protein expression were confirmed by
direct sequencing and immunoblotting analysis, respectively.

Enzyme-linked immunosorbent assay (ELISA)

Protein concentrations of ApoB or ApoE in the culture
supernatants were determined by using ELISA immunoassay kits
(Alercheck Inc.) according to the manufacturer’s protocol.

Quantitative RT-PCR

Total RNA was extracted from cells by using an RNeasy
minikit (Qjagen) and the first-strand cDNA synthesis and qRT-
PCR were performed with TagMan EZ RT-PCR core reagents
and a ViiA7 system (Life Technologies), respectively, according to
the manufacturer’s protocol. The primers for TagMan PCR
targeted to the noncoding region of HCV RNA were synthesized
as previously reported [54]. Tagman Gene expression assays
were used as the primers and probes targeting to apolipoproteins
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(Life Technologies). Fluorescent signals were analyzed with the
ViiA7 system.

Immunofluorescence assay

Cells cultured on glass slides were fixed with 4% paraformal-
dehyde (PFA) in phosphate buffered saline (PBS) at room
temperature for 30 min, permeabilized for 20 min at room
temperature with PBS containing 0.2% Triton after being washed
three times with PBS, and blocked with PBS containing 2% FCS
for 1 h at room temperature. The cells were incubated with PBS
containing the appropriate primary antibodies at room temper-
ature for 1 h, washed three times with PBS, and incubated with
PBS containing AF488- or AF594-conjugated secondary antibod-
ies at room temperature for 1 h. For lipid-droplet staining, cells
incubated in medium containing 20 pg/ml BODIPY for 20 min
at 37°C were washed with pre-warmed fresh medium and
incubated for 20 min at 37°C. Cell nuclei were stained with
DAPIL. Cells were observed with a FluoView FV1000 laser
scanning confocal microscope (Olympus).

In vitro transcription, RNA transfection, and colony
formation

The plasmid pSGR-JFH]1 was linearized with Xbal, and treated
with mung bean exonuclease. The linearized DNA was tran-
scribed ¢n vitro by using the MEGAscript T7 kit (Life Technol-
ogies) according to the manufacturer’s protocol. The in wvitro
transcribed RNA (10 pg) was electroporated into Huh?7 cells at 107
cells/0.4 ml under conditions of 190 V and 975 pF using a Gene
Pulser (Bio-Rad) and plated on DMEM containing 10% FCS. The
medium was replaced with fresh DMEM containing 10% FCS
and 1 mg/ml G418 at 24 h post-transfection. The remaining
colonies were cloned by using a cloning ring (Asahi Glass) or fixed
with 4% PFA and stained with crystal violet at 4 weeks post-
electroporation.

Intracellular infectivity

Intracellular viral titers were determined according to a method
previously reported [10]. Briefly, cells were extensively washed
with PBS, scraped, and centrifuged for 5 min at 1000x g. Cell
pellets were resuspended in 500 pl of DMEM containing 10%
FCS and subjected to three cycles of freezing and thawing using
liquid nitrogen and a thermo block set to 37°C. Cell lysates were
centrifuged at 10,000 x g for 10 min at 4°C: to remove cell debris.
Cell-associated infectivity was determined by a focus-forming
assay.

Electron microscopy and correlative FM-EM analysis

Correlative fluorescence microscopy-electron microscopy (FM-
EM) allows individual cells to be examined both in an overview
with fluorescence microscopy and in a detailed subcellular-
structure view with electron microscopy. Cells infected with
HCVcc were examined by the correlative FM-EM method as
described previously [57].

Buoyant density fractionation

Culture supernatants of cells infected with HCVec were
concentrated 50 times by using Spin-X UF concentrators
(Corning), and the intracellular proteins collected after freeze-
and-thaw were applied to the top of a linear gradient formed from
10—40% OptiPrep (Axis-Shield) in PBS and spun at 32,000 rpm
for 16 h at 4°C by using an SW41 Ti rotor (Beckman Coulter).
Aliquots of 10 consecutive fractions were collected, and the
infectious titer and density were determined.
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Proteinase K digestion protection assay

The proteinase K digestion protection assay was performed as
described previously [57]. Briefly, cells were extensively washed
with PBS, scraped, and centrifuged for 5 min at 1000x g. The cell
pellets were resuspended in 500 pl of PBS and subjected to three
cycles of freezing and thawing using liquid nitrogen and a thermo
block set to 37°C. The cell lysates were centrifuged at 10,000 g
for 10 min at 4°C to remove cell debris. The cell lysates were then
incubated with 50 pg/ml proteinase K (Life Technologies) in the
presence or absence of 5% Triton-X for 1 h on ice, and the
digestion was terminated by addition of PMSF (Wako Chemical
Industries).

Statistics

The data for statistical analyses are the average ol three
independent experiments. Results were expressed as the means ™
standard deviation. The significance of differences in the means
was determined by Student’s {-test.

Supporting Information

Figure S1 Establishment of ApoB- or ApoE-knockout
Huh?7 cell lines. Target sequences of ZFNs to ApoB (A) and
ApoL (B) are indicated by red characters inside a red box at the
top of the panel. Gene knockout by the sequence modification in
the 2 alleles of the ApoB (A) or ApoE (B) gene in knockout cell
lines (B-KO1 and B-KO2, or E-KOIl and E-KO2) is shown.
Deletion and insertion of the sequences are indicated by dotted
lines and blue characters in brackets, respectively. Absence of the
expressions of ApoB (C) and ApoLl (D) in the knockout cell lines
was confirmed by immunoblotting using anti-ApoB and -Apok
antibodies. Expression of ApoB (E) and ApoE (F) in the culture
supernatants of 293T, Huh7 and the knockout cell lines was
determined by ELISA.

(TIF)

Figure S2 Both ApoB and ApoE are involved in the
formation of infectious HCV particles. (A) HCVpp were
inoculated into Huh7, B-KO1, B-KO2, E-KO1 and E-KO2 cells,
and luciferase activities were determined at 48 h post-infection. (B)
A subgenomic HCV RNA replicon of the JFHI1 strain was
electroporated into Huh7, B-KO1 and E-KO1 cells, and colonies
were stained with crystal violet at 31 days post-electroporation
after selection with 400 pg/ml of G418. HCVcc were inoculated
into Huh7, B-KO1, B-KO2, E-KO1 and E-KO2 cells at an MOI
of 1 and intracellular HCV RNA at 12, 24, 36 and 60 h post-
infection (C), and infectious titers in the culture supernatants at
72 h post-infection (D) were determined by gRT-PCR and focus-
forming assay, respectively. (E) Exogenous expression of ApoE in
E-KO1 and E-KO2 cells by lentiviral vector was determined by
immunoblotting analysis (upper), and infectious titers in the
culture supernatants of cells infected with HCVec at an MOI of 1
were determined at 72 h post-infection by focus-forming assay
(lower).

(TTF)

Figure S3 Establishment of ApoB and ApoE double-
knockout (BE-KO) Huh7 cell lines. Gene knockout by the
ZFN in the 2 alleles of the ApoB and ApoE genes in the double-
knockout cell lines, BE-KO1 (A) and BE-KO2 (B), is shown.
Deletion and insertion of the sequences are indicated by dotted
lines and blue characters in brackets, respectively. (G) The absence
of the expressions of ApoB and ApoE in BE-KOI! and BE-KO2
was confirmed by immunoblotting using anti-ApoB and -ApoE
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antibodies. Expression of ApoB (D) and ApoLl (E) in the culture
supernatants of 2937, Huh7, BE-KO1 and BE-KO2 cells was
determined by ELISA.

(TTE)

Figure S4 Establishment of MTTP-knockout (M-KO)
and ApoE and MTTP double-knockout (EM-KO) Huh7
cell lines. (A) Gene knockout by the ZIFN in the 2 alleles of the
MTTP gene in the knockout cell lines, M-KO1 and M-KO2, is
shown. (B) Expression of MTTP in Huh7, M-KO1 and M-KO2
cells was determined by immunoblotting. Expression of ApoB (C)
and ApoL (D) in the culture supernatants of Huh7, M-KO1, M-
KO2 and 293T cells was determined by ELISA. (E) Gene
knockout in the 2 alleles of the MTTP genes by the CRISPR/
Cas9 system and in one allele of the Apoll gene by the ZFN in the
double-knockout cell lines, EM-KO1 and EM-KOZ2, is shown. (F)
Expression of MTTP in Huh7, EM-KO1 and EM-KO2 cells was
determined by immunoblotting. Expression of ApoB (G) and
Apoll (H) in the culture supernatants of Huh7, EM-KO1, EM-
KO2 and 293T cells was determined by ELISA. (I) Expression of
ApoB mRNA in Huh7, M-KOI, M-KO2, EM-KO1, EM-KO2
and 293T cells was determined by qRT-PCR.

(T1F)

Figure S5 Gene silencing of apolipoproteins. BE-KO1
cells infected with HCVec at an MOI of 1 at 6 h post-transfection
with siRNAs targeting ApoAl, ApoA2, ApoCl, ApoC2, ApoC3
and ApoH, and the expression levels of these apolipoproteins were
determined by ¢-RT PCR using specific primers and probes.
(TIF)

Figure S6 ApoD, ApoLl, and ApoO do not participate in
the formation of infectious HCV particles. Exogenous
expression of ApoD, ApoE, ApoLl and ApoO in BE-KO1 cells by
lentiviral vector was determined by immunoblotting analysis
(upper), and infectious titers in the culture supernatants of cells
infected with HCVcee at an MOI of 1 were determined at 72 h
post-infection by focus-forming assay (lower).

(TIF)

Figure S7 BE-KOI1 cells permit propagation of JEV and
DENV. Huh7, BE-KO1 and ApoE-restored (ApoE-res) cells were
infected with JEV and DENV at an MOI of 0.1, and infectious
titers in the culture supernatants were determined by focus-
forming assay at 48 h post-infection.

(TIF)

Figure S8 Localization of core, NS5A proteins and ER in
BE-KO Huh7 cells. BE-KOI cells infected with HCVcc at an

MOI of 1 were subjected to immunofluorescence analyses by using
antibodies against core, NS5A and Calnexin.

(TIF)
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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 recognition 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
c¢DNA sequence (Fig 1B). The C-terminal part of ALFY was found to
interact strongly with GABARAP, and the binding site was mapped
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-ALFY,05;_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-ALFY3355-3526, Dut not the LIR mutant
(ALFY3355-3526 F3346a), Was able to interact directly with GABARAP

“Figure 1. The C-terminal region of ALFY interacts
" A Transfected GFF )
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(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 uM), weak affinity for LC3C (20.8 pM) 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 S1). 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 (o2-1, B1-B2 and B2-03),
an o-helix (o2) and two B-strands (B1 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], Atg4B [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 S2C). Moreover, while D54 of
GABARAP can interact with Y3351 of the ALFY-LIR, the correspond-
ing H57 of LC3B causes steric hindrance between the two
side chains (Fig 3B and Supplementary Fig S2D). Interestingly, the
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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/
EG3) 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-
ALFYa;55.3526 (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/H57D) and the GABARAP
triple mutant (K24Q/Y25H/D54H) bound to MBP-p62;¢s_391 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;051-3526. 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,
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proteasomal inhibition and puromycin treatment [4,12]. We here
show that endogenous LC3B (Supplementary Fig S3), as well as
stably expressed GFP-GABARAP (Fig 4A), 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;;g5_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/HS57D) mutant (Supplementary Fig S5B), 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/HS57D) 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 by 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 GABARAPL1) in response to starvation (Supplemen-
tary Fig S6B).
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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

© 2014 The Authors
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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
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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, uMACS (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 crystal 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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