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ABSTRACT

ARTICLE HISTORY

LC3 has been used as a marker to locate autophagosomes. However, it is also well established that LC3 can
localize on various membranous structures other than autophagosomes. We recently demonstrated that
the LC3 conjugation system (ATG7, ATG3, and ATG12–ATG5-ATG16L1) is required to target LC3 and IFNG
(interferon, gamma)-inducible GTPases to the parasitophorus vacuole membrane (PVM) of a protist
parasite Toxoplasma gondii and consequently for IFNG to control T. gondii infection. Here we show that
not only LC3, but also its homologs (GABARAP, GABARAPL1, and GABARAPL2) localize on the PVM of
T. gondii in a conjugation-dependent manner. Knockout/knockdown of all LC3 homologs led to a
signiﬁcant reduction in targeting of the IFNG-inducible GTPases to the PVM of T. gondii and the IFNGmediated control of T. gondii infection. Furthermore, when we relocated the ATG12–ATG5-ATG16L1
complex, which speciﬁes the conjugation site of LC3 homologs, to alternative target membranes, the
IFNG-inducible GTPases were targeted to the new target membranes rather than the PVM of T. gondii.
These data suggest that the localization of LC3 homologs onto a membrane by the LC3 conjugation
system is necessary and sufﬁcient for targeting of the IFNG-inducible GTPases to the membrane, implying
Targeting by AutophaGy proteins (TAG). Our data further suggest that the conjugation of ubiquitin-like
LC3 homologs to the phospholipids of membranes may change the destiny of the membranes beyond
degradation through lysosomal fusion, as the conjugation of ubiquitin to proteins changes the destiny of
the proteins beyond proteasomal degradation.
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Introduction
MAP1LC3/LC3 (microtubule associated protein 1 light chain 3)
has been the most frequently used marker to locate autophagosomes, which sequester and deliver cytoplasmic materials to
lysosomes for degradation.1 In canonical macroautophagy (henceforth autophagy), LC3 and its homologs play crucial roles in speciﬁc capture of autophagosomal cargoes, formation of globular
autophagosomes, and delivery of autophagosomes to lysosomes
through microtubule tracks.2-4 Intriguingly, recent studies show
that LC3 can be also associated with nonautophagosomal membranous structures, such as phagosomes and secretory vesicles, but the
function of LC3 on such structures is poorly understood.5-8 Moreover, the involvement of LC3 homologs and their potential functions in those nonautophagosomes are unclear.9
The ubiquitin-like LC3 and its homologs in the mammalian
system (e.g., LC3A, LC3B, GABARAP, GABARAPL1, and
GABARAPL2 in the murine system) are conjugated primarily to
phosphatidylethanolamine in lipid bilayer membranes, through
the sequential action of the E1-like activating enzyme ATG7,
E2-like conjugating enzyme ATG3, and E3-like ligase ATG12–
ATG5-ATG16L1 complex in vivo.2 It is the ATG12–ATG5-
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ATG16L1 complex that speciﬁes the conjugation site of LC3 and
its homologs, so a plasma membrane localizing version of this
complex results in LC3 conjugation on the plasma membrane
rather than the autophagosomal membrane.10
We recently showed that the LC3 conjugation system is
required for targeting of LC3 and IFNG-inducible GTPases to
the parasitophorus vacuole membrane (PVM) of the protist
parasite Toxoplasma gondii and subsequent control of T. gondii
infection by IFNG.11 In contrast, neither lysosomal degradation
through the autophagy pathway nor upstream autophagy genes
(e.g., Ulk1, Ulk2, Atg14) are required for the targeting process
or the IFNG-mediated control of T. gondii infection, signifying
the noncanonical and nondegradative function of the LC3 conjugation system.11
The parasitophorus vacuole (PV) is a single-membrane
cytoplasmic vacuole that contains the invaded T. gondii and is
formed from the cellular plasma membrane during the active
invasion of T. gondii.12 Since the PV does not fuse with endosomes or lysosomes, it provides a shelter for T. gondii to replicate safely while evading the hostile immune surveillance and
defense system in the cytoplasm of host cell.13,14 Upon the
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stimulation of the cells with IFNG (interferon, gamma),
however, IFNG-inducible GTPases, such as immunity-related
GTPases (IRGs) and guanylate binding proteins (GBPs), are
induced and targeted to the PVM of T. gondii.15,16 Targeting of
IRGs and GBPs to the PVM leads to the disruption of the PVM
structure and subsequent cytoplasmic exposure followed by the
death of T. gondii.15,16 We found that LC3 localizes on the
PVM of T. gondii in both unstimulated and IFNG-stimulated
cells, suggesting that LC3 localization on the PVM is not
dependent on IFNG stimulation and it may function in targeting the IFNG-inducible GTPases to their target membrane.11
Here we show that all known LC3 homologs localized on the
PVM of T. gondii in a conjugation-dependent manner and were
required for proper targeting of the IFNG-inducible GTPases
and inhibition of T. gondii infection. Further, the LC3 conjugation system was not only necessary, but also sufﬁcient for targeting of the IFNG-inducible GTPases to a target membrane.
Our data suggest that the LC3 conjugation system may target
speciﬁc effector molecules to a membranous structure by conjugating ubiquitin-like LC3 homologs to the phospholipids of
the membrane, implying TAG.

in the transduced MEFs, as it does for endogenous LC3
(Fig. S2D).11 These data demonstrated that not only the major
LC3B, but also all LC3 and GABARAP subfamily members
localized on the PVM of T. gondii.
LC3 can be associated with a membrane structure in both conjugation-dependent and independent manners.17 To test the role
of conjugation for the localization of LC3 homologs on the PVM of
T. gondii, we ﬁrst stably expressed a nonconjugatable mutant of
LC3B (LC3BG120A) using the lentiviral transduction system in Lc3b
knockout (KO) MEFs.6 As expected, the phospholipid-conjugated
form of LC3B (the faster moving form of WT LC3B) disappeared
in the MEFs expressing the LC3BG120A mutant (Fig. 2A). Although
its expression level was comparable to that of WT (Fig. 2A),
LC3BG120A did not localize on the PVM of T. gondii in contrast to
the WT LC3B (Fig. 2B). Further, we generated WT MEFs
stably expressing the nonconjugatable mutants of GABARAP
(GABARAPG116A), GABARAPL1 (GABARAPL1G116A), and
GABARAPL2 (GABARAPL2G116A). Similar to LC3BG120A, they
were expressed well but did not localize on the PVM of T. gondii
(Fig. 2A and 2B). Collectively, these data suggest that the LC3
homologs localize on the PVM of T. gondii through their conjugation to the phospholipids in the membrane of PV.

Results
LC3 homologs localize on the parasitophorus vacuole
membrane of T. gondii in a conjugation-dependent
manner

LC3 homologs are required for targeting of the IFNGinducible GTPases and consequent control of T. gondii
infection by IFNG

We previously detected endogenous LC3 on the PVM of T.
gondii.11 We also detected early recruitment of the ATG12–
ATG5-ATG16L1 complex (as shown by ATG5) to the PVM of
T. gondii (Fig. S1). Therefore, the other LC3 homologs might
also localize on the PVM of T. gondii. The antibody that we
used was known to detect the major form of LC3 (LC3B) preferentially.11 To investigate the potential localization of LC3
homologs on the PVM of T. gondii speciﬁcally, we cloned all
known protein coding transcripts of LC3 homologs in the
murine system (namely LC3A, LC3B, LC3B-1, LC3B-2,
GABARAP, GABARAP-1, GABARAPL1, GABARAPL2) into a
lentiviral plasmid that expresses N-terminal FLAG and HA epitope-tagged proteins (Fig. 1A). Upon transduction and selection of wild-type mouse embryonic ﬁbroblasts (WT MEFs)
with lentiviruses expressing individual LC3 homologs, we
examined the expression of the LC3 homologs and their localization with regard to the PVM of T. gondii. Three of the
8 cloned LC3 homologs were not expressed well for some
unclear reason (Fig. S2A). However, the other 5 cloned LC3
homologs were expressed reliably in the transduced MEFs
(Fig. 1B). Consistent with our previous observation of the
endogenous LC3,11 all LC3 homologs were detected on the
PVM of T. gondii in the absence of IFNG-mediated activation
of the cells (Fig. S2B). In the cells activated with IFNG, they
colocalized with the IFNG-inducible GTPases (TGTP1/IRGB6
as a representative of IRGs) on the PVM of T. gondii (Fig. 1C).
Although there was a concern that epitope-tagging of LC3
might affect its localization on the PVM,11 at least our tagging
system that adds »40 amino acids at the N terminus did not
signiﬁcantly affect the localization of LC3B on the PVM of T.
gondii (Fig. S2C). Furthermore, IFNG augmented the localization of epitope-tagged LC3 homologs on the PVM of T. gondii

Only the LC3 conjugation system of autophagy (ATG7, ATG3,
and ATG12–ATG5-ATG16L1), not the lysosomal degradation
nor upstream autophagy initiation genes, was required for targeting of the IFNG-inducible GTPases to the PVM and consequent control of T. gondii infection by IFNG.11 Since the only
known function of the whole LC3 conjugation system in vivo is
indeed to conjugate LC3 homologs to the phospholipids in a
membrane, these data suggest that the conjugation of LC3
homologs to the PVM may be also required for the targeting
process and subsequent control of T. gondii infection by IFNG.
However, there is a signiﬁcant discrepancy between LC3 and
the IFNG-inducible GTPases localizing on the PVM of T. gondii (for example, compare Fig. 3A and B).11 These data further
suggest that the recruitment of LC3 and the IFNG-inducible
GTPases to the PVM of T. gondii might be spatially and temporally regulated for efﬁcient targeting and disruption of the
membrane structure of the pathogens.11 Therefore, we next
examined the role of LC3 homologs in targeting of the IFNGinducible GTPases to the PVM and consequent control of T.
gondii infection by IFNG. Since only Lc3b knockout cells are
currently available,18 we performed knockdown of the remaining LC3 homologs stably with small hairpin RNA (shRNA)
and transiently with small interfering RNA (siRNA). First, to
investigate the role of the LC3 subfamily, we transduced Lc3b
WT and KO MEFs with lentiviruses expressing shRNA against
red ﬂuorescent protein (Rfp, as control) or Lc3a. Upon drug
selection of the transduced cells, the cells were further treated
with IFNG and infected with T. gondii, and we monitored targeting of the IFNG-inducible GTPases to the PVM of T. gondii
and control of T. gondii infection by IFNG. The substantial
knockdown of Lc3a transcript and the knockout of Lc3b
did not signiﬁcantly affect targeting of the IFNG-inducible
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Figure 1. LC3 homologs localized on the PVM of T. gondii. (A) Protein sequences of murine LC3 homologs aligned using CLUSTAL 2.1 multiple sequence alignment program. The black arrow indicates the position of a conserved glycine residue for conjugation to the membrane. (B) Western blot assay for the protein expression level of
LC3 homologs in the transduced WT MEFs. Short and long indicates exposure time. (C) Immunoﬂuorescence assay for the localization of T. gondii (green, GFP), LC3
homologs (red, FLAG), and TGTP1/IRGB6 (blue, TGTP1/IRGB6) in the transduced MEFs, pretreated with 100 U/ml IFNG for 24 h and then infected with T. gondii (MOI D 1)
for 2 h. Scale bar: 10 mm. Experiments were performed at least 3 times and representative data (B) and images (C) are shown here.

GTPases (TGTP1/IRGB6) to the PVM of T. gondii (Fig. 3B)
and control of T. gondii infection by IFNG (Fig. 3C). Second, to
investigate the role of the GABARAP subfamily, we transfected
the Lc3b WT MEFs with either pooled control siRNAs or
pooled siRNAs against Gabarap, Gabarapl1, and Gabarapl2
together. Again, the substantial knockdown of Gabarap
(reduced to 14.1% § 4.0), Gabarapl1 (reduced to 29.1% § 5.1),
and Gabarapl2 (reduced to 23.7% § 4.4) transcripts (Fig. 3D)
did not signiﬁcantly affect targeting of the IFNG- induced
GTPases (IIGP1/IRGA6 and TGTP1/IRGB6) to the PVM of T.
gondii (Fig. 3E) and control of T. gondii infection by IFNG

(Fig. 3F). Of note, none of the knockout and/or knockdown of
LC3 homologs signiﬁcantly affected the infectivity of T. gondii
for the cells (Fig. S3).
Considering the fact that all LC3 homologs localized on the
PVM of T. gondii (Fig. 1C), these data suggest that either the
LC3 subfamily or GABARAP subfamily of LC3 homologs is
sufﬁcient for the targeting process and subsequent control of T.
gondii infection by IFNG. Thus, to determine the role of the
entire group of LC3 homologs, we transfected pooled siRNAs
against the Gabarap subfamily to the Lc3b KO MEFs transduced with shRNA against Lc3a. RNA interference against LC3
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Figure 2. LC3 homologs localized on the PVM of T. gondii in a conjugation-dependent manner. (A) Western blot assay for the protein expression level of nonconjugatable
LC3 homologs in the transduced Lc3b WT and KO MEFs. (B) Immunoﬂuorescence assay for the localization of T. gondii (green, GFP) and nonconjugatable LC3 homologs
(red, FLAG) in the transduced MEFs, infected with T. gondii (MOI D 1) for 2 h. Scale bar: 10 mm. Experiments were performed at least 3 times and representative images
are shown here.

homologs led to knockdown of Lc3a (reduced to 20.8% § 3.5),
Gabarap (reduced to 9.0% § 1.8), Gabarapl1 (reduced to
15.4% § 2.2), and Gabarapl2 (reduced to 30.7% § 4.0) transcripts (Fig. 3G). In that condition, we observed signiﬁcantly
less targeting of the IFNG-inducible GTPases (IIGP1/IRGA6
and TGTP1/IRGB6) to the PVM of T. gondii, compared to the
pooled control siRNAs (Fig. 3H). Consistently, we also
observed signiﬁcantly less control of T. gondii infection by
IFNG in the cells expressing signiﬁcantly less LC3 homologs
(Fig. 3I). These data suggest that both subfamilies of LC3
homologs function analogously in recruiting the IFNG
GTPases to the PVM of T. gondii and consequent control of T.
gondii infection by IFNG. It is noteworthy that both LC3 and
GABARAP subfamilies are essential for autophagosome biogenesis but act in different stages of autophagy — the LC3 subfamily in elongation of the phagophore membrane, whereas the
GABARAP subfamily in a later stage of autophagosome maturation.19 In addition, recent studies further support the distinction between those 2 subfamilies with respect to their
autophagic functions.20-23 In contrast to the distinct autophagic
functions of LC3 homologs, these data suggest that all LC3
homologs play an essential but overlapping function for targeting of the IFNG GTPases to the PVM and subsequent inhibitory effect on T. gondii infection.
The LC3 conjugation system of autophagy is sufﬁcient for
targeting the IFNG-inducible GTPases to an alternative
target membrane
The membrane-bound LC3 homologs may function as molecular beacons to guide the IFNG-inducible GTPases to the

membrane where they locate. We asked whether the localization of LC3 homologs on a membrane, other than the PVM of
T. gondii, is sufﬁcient to recruit the IFNG-inducible GTPases to
that alternative membrane. The most direct way to test this
possibility would be to conjugate an LC3 homolog to a target
membrane after removing all the other LC3 homologs inside a
cell, and to investigate the recruitment of the IFNG-inducible
GTPases to that target membrane. Currently, such a cell line
lacking all known LC3 homologs does not yet exist. Thus, we
reasoned that changing the localization of the ATG12–ATG5ATG16L1 complex might be the best practical way to test the
possibility. The ATG12–ATG5-ATG16L1 complex determines
the conjugation site of LC3: its plasma membrane-localizing
version, generated by tagging a 17 amino acid KRAS-CAAX
motif (KRAS-CAAX: KDGKKKKKKSKTKCVIM) to the C terminus of an ATG16L1 mutant (ATG16L1[1–249]), redirects
LC3 conjugation mostly to the plasma membrane where the
ATG16L1 mutant predominantly localizes.10 Therefore, we
took the same approach in our system, expressing the
ATG16L1 mutants with added C-terminal KRAS-CAAX motifs
in Atg16l1 KO MEFs and examining targeting of the IFNGinducible GTPases to the plasma membrane.
Mammalian ATG16L1 has 3 major domains: the N-terminal
domain for binding to ATG5, the coiled-coil domain for dimerization and multiple protein-protein interactions, and C-terminal WD repeat b-propeller domain for potentially additional
protein-protein interactions (e.g., with ubiquitin).24-28 We previously reported that only the evolutionarily conserved N terminus (i.e., amino acids 1–249) of ATG16L1, including the
ATG5-binding and coiled-coil domains, is sufﬁcient for targeting of the IFNG-inducible GTPases to the PVM of T. gondii
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Figure 3. LC3 homologs are required for targeting of the IFNG-inducible GTPases and consequent control of T. gondii infection by IFNG. (A-B) Quantiﬁcation of immunoﬂuorescence assay for LC3 (A) and TGTP1/IRGB6 (B), localized on the PVM of T. gondii in the Lc3b WT and KO MEFs transduced with either shRNA against Rfp (shCtrl) or
shRNA against Lc3a (shLc3a) and then infected with T. gondii (MOI D 1) for 2 h. When indicated, the cells were pretreated with 100 U/ml IFNG for 24 h. (C) Relative quantiﬁcation of ﬂow cytometry analysis for T. gondii replication after infecting the cells described in (A-B) with T. gondii (MOI D 1) for 24 h. When indicated, the cells were pretreated with 100 U/ml IFNG for 24 h. (D) Quantitative PCR analysis for the transcript level of the Gabarap subfamily in the Lc3b WT MEFs transfected with pooled siRNAs
against either control (siCtrl) or the Gabarap subfamily (siGabaraps). (E) Quantiﬁcation of immunoﬂuorescence assay for IIGP1/IRGA6 and TGTP1/IRGB6 localized on the
PVM of T. gondii in the Lc3b WT MEFs transfected with either siCtrl or siGabaraps, using the same condition as in (B). (F) Relative quantiﬁcation of ﬂow cytometry analysis
for T. gondii replication in the cells described in (E) using the same condition as in (C). (G) Quantitative PCR analysis for the transcript level of the Gabarap subfamily in
the Lc3b KO MEFs transduced with shLc3a and transfected with either siCtrl or siGabaraps. Lc3a transcript level was compared to that of Lc3b KO MEF transduced with
shCtrl. (H) Quantiﬁcation of immunoﬂuorescence assay for IIGP1/IRGA6 and TGTP1/IRGB6 localized on the PVM of T. gondii in the Lc3b KO MEFs transduced with shLc3a
and transfected with either siCtrl or siGabaraps in the same condition as in (E). (I) Relative quantiﬁcation of ﬂow cytometry analysis for T. gondii replication in the cells
described in (H) using the same condition as in (F). Experiments were performed 2 to 4 times, and the data were combined for presentation as average § SEM. Statistical
analysis was performed using one-way analysis of variation (Tukey post test) for (A-C) and paired t-test for (E-F) and (H-I). n.s., not signiﬁcant, p > 0.05; , p < 0.05; ,
p < 0.01; , p < 0.001; , p < 0.0001; n.d., not detected.

and control of T. gondii infection by IFNG, as well as LC3 lipidation (i.e., its conjugation to phospholipid).11 To investigate
the role of the ATG12–ATG5-ATG16L1 complex in the targeting process, we constructed the cytoplasmic and membranelocalizing versions of 3 ATG16L1 mutants (Fig. 4A): ATG16L1
(1–79) has the domain for ATG5 binding; ATG16L1(80–249)
has the domain for the dimerization of ATG16L1 and its

interaction with other proteins such as upstream autophagy
proteins; ATG16L1(1–249) has both domains and is necessary
and sufﬁcient for the lipidation of LC3 homologs in vivo.27 As
expected, overexpression of the N-terminal RFP-fused
cytoplasmic version of those ATG16L1 mutants led to their
localization mostly in the cytoplasm and on some punctate
structures (Fig. 4B). In contrast, upon tagging them with C-
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Figure 4. Cytoplasmic and membrane-anchored versions of ATG16L1 mutants. (A) Schematic diagram of murine ATG16L1 wild type (WT) and deletion mutants. KRASCAAX motif at the C terminus is indicated in blue. (B) Fluorescence assay for the localization of N-terminal RFP-fused cytoplasmic control (Ctrl) and membrane-anchored
(C KRAS-CAAX) versions of ATG16L1 mutants in untreated (Unt.) and IFNG-treated MEFs. (C) Western blot assay for the protein expression level of cytoplasmic control
and membrane-anchored versions of ATG16L1 mutants as depicted in Fig. 4A in Atg16l1 KO MEFs. Asterisk indicates remaining pre-probed HA signal of ATG16L1(1–79)
mutants. (D) Relative quantiﬁcation of ﬂow cytometry analysis for T. gondii replication after pretreating the cells described in (C) with none or 100 U/ml IFNG for 24 h and
then infecting them with T. gondii (MOI D 1) for 24 h. Experiments were performed at least 3 times, and the data were combined for presentation as average § SEM.
Statistical analysis was performed using one-way analysis of variation (Tukey post test). , p < 0.0001; n.s., not signiﬁcant. Scale bar: 10 mm.

terminal KRAS-CAAX,27,29 a substantial portion of the mutants
localized on the plasma membrane (Fig. 4B). IFNG had no
effect on the localization of both cytoplasmic and membranelocalizing versions of those ATG16L1 mutants (Fig. 4B).
We transduced and selected Atg16l1 KO MEFs with lentiviruses expressing N-terminal FLAG- and HA epitope-tagged
ATG16L1 mutants. The cytoplasmic versions of the ATG16L1
(1–249) mutant restored LC3 lipidation, but neither the
ATG16L1(1–79) nor the ATG16L1(80–249) could restore lipidation, conﬁrming that the lipidation of LC3 requires a complex of ATG16L1 with the ATG12–ATG5 conjugate and the
dimerization/interaction capacity of ATG16L1 (Fig. 4C). Interestingly, when the same mutants were expressed with the C-terminal KRAS-CAAX motif in Atg16l1 KO MEFs, the lipidation
of LC3 was detected constantly only in the cells with ATG16L1

(1–79)-KRAS-CAAX (Fig. 4C). In contrast, we did not ﬁnd a
substantial restoration of LC3 lipidation by the ATG16L1
(1–249)-KRAS-CAAX mutant through a whole cell population
analysis using western blot. It was previously shown that the
transient overexpression of the ATG16L1(1–249)-KRASCAAX mutant substantially increases the lipidation of LC3 in
wild-type cells, especially with additional ATG12–ATG5.10 The
discrepancy between the 2 systems might be explained by the
heterogeneous low-level expression of the lentivirally-transduced genes in the polyclonal cell population. Alternatively, the
KRAS-CAAX-mediated membrane anchorage of ATG16L1
(1–249) might signiﬁcantly decrease the dimerization/interaction capacity of ATG16L1 in the absence of wild-type
ATG16L1 or its function to bring the ATG12–ATG5 conjugate
and the associated E2 ATG3-LC3 to a target membrane in
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the absence of extra ATG12–ATG5. Conversely, the C-terminal
KRAS-CAAX may anchor the ATG5 binding domain (1–79) of
ATG16L1 on a membrane in a conformation that enables the
domain to skip the necessary protein-protein interactions for
the LC3 conjugation.
We next examined whether the ATG16L1 mutants can
restore the control of T. gondii by IFNG and targeting of
the IFNG-inducible GTPases to the PVM of T. gondii in
the transduced Atg16l1 KO MEFs. Both cytoplasmic control
and membrane-anchored versions of ATG16L1(1–79) and
ATG16L1(80–249) were unable to restore the IFNG-mediated control of T. gondii infection in the transduced
Atg16l1 KO MEFs signiﬁcantly, demonstrating that both the
ATG5 binding and coiled-coil domains are required for the
control (Fig. 4D). As it restored the lipidation of LC3, the
cytoplasmic ATG16L1(1–249) restored the IFNG-mediated
control of T. gondii infection (Fig. 4D) and targeting of the
IFNG-inducible GTPases (TGTP1/IRGB6 as a representative) to the PVM of T. gondii (Fig. 5A). In contrast, the
mostly membrane-anchored ATG16L1(1–249)-KRAS-CAAX
did not restore the control of T. gondii infection by IFNG
(Fig. 4D) and restored inefﬁciently targeting of LC3 and the
IFNG-inducible GTPases (TGTP1/IRGB6 and GBP1
through GBP5) on the PVM of T. gondii in Atg16l1 KO
MEFs (Fig. 5B), probably because it was anchored on membranes other than the PVM of T. gondii (Fig. 5C). Nevertheless, the ATG16L1(1–249)-KRAS-CAAX mutant was able
to recruit both LC3 and the IFNG-inducible GTPases to the
plasma membrane, where it is anchored (Fig. 5A and B).
Further, there was substantial overlap between the LC3 and
the IFNG-inducible GTPase on the plasma membrane
(Fig. 5C and D). These data suggest that the mutant could
restore the lipidation of LC3 at least locally even in the
absence of substantial restoration of LC3 lipidation at a
whole population level (Fig. 4C). Taken together, these data
demonstrated that the LC3 conjugation system of autophagy
is not only necessary for targeting of the IFNG-inducible
GTPases to the PVM of T. gondii but also sufﬁcient to target them to an alternative membrane.
IFNG treatment and T. gondii infection inﬂuence targeting
by the LC3 conjugation system of autophagy
To further conﬁrm the directing role of the LC3 conjugation
system in targeting the IFNG-inducible GTPases independently, we introduced the anchor-away system, which can control the location of a protein of interest (the target) through
conditional tethering of the protein to an abundant protein in a
speciﬁc location (the anchor) by rapamycin-dependent heterodimerization.30 The modiﬁed anchor-away system enabled us
to monitor the translocation of ATG16L1(1–249) from the
cytoplasm to the mitochondrial outer membrane in the same
cell, in contrast to the KRAS-CAAX approach that allowed us
to compare the cytoplasmic and membrane-anchored mutants
of ATG16L1 in 2 different cells. We developed a mitochondrial
anchor by fusing TOMM20 (translocase of outer mitochondrial
membrane 20)31 to the FKBP12-rapamycin-binding (FRB)
domain and green ﬂuorescent protein (GFP) (Fig. 6A). As the
target, we constructed a fusion protein of ATG16L1(1–249)

1159

with FK506 binding protein (FKBP) domain and RFP. Since
the FKBP and FRB domains form a heterodimer in the
presence of rapamycin,30 the target with FKBP domains translocates to the mitochondria outer membrane where the anchor
with FRB domains localizes. Thus, the cytoplasmic target
(RFP-ATG16L1[1–249]-4£FKBP) translocated to the mitochondria upon its heterodimerization with the anchor
(TOMM20-2£FRB-GFP) on mitochondria by rapamycin
treatment (Fig. 6B).
When we expressed the target and the anchor in Atg16l1 KO
MEFs, endogenous LC3 occasionally colocalized with the target
in the cytoplasm even in the absence of rapamycin (Fig. 7A), as
shown previously.10 Rapamycin treatment recruited the target
to mitochondria and also brought LC3 onto mitochondria
(Fig. 7A and B). As a control, in the absence of the target, we
did not detect any colocalization of LC3 with the anchor on
mitochondria (Fig. S4A). Intriguingly, we observed a signiﬁcant
increase of LC3 localization on mitochondria upon IFNG treatment and T. gondii infection, which is reminiscent of the
increased localization of LC3 on the PVM of T. gondii upon
IFNG treatment11 and also the augmented localization of LC3
on the plasma membrane (Fig. 5B). These data suggest that
the interaction between the ATG12–ATG5-ATG16L1 complex
with LC3 and/or the conjugation of LC3 on a membrane
by the ATG12–ATG5-ATG16L1 complex can be substantially
enhanced by IFNG treatment and T. gondii infection. By comparison, IRG (IIGP1/IRGA6 as a representative) did not colocalize with the target in the cytoplasm upon induction by IFNG,
but occasionally colocalized with the target on mitochondria
upon treatment with rapamycin. It was upon T. gondii infection
that IIGP1/IRGA6 signiﬁcantly colocalized with the target on
mitochondria, suggesting that targeting of the IRGs to a membrane by the LC3 conjugation system was modulated by T. gondii infection (Fig. 7A and B). Although the same effect of T.
gondii infection was not observed in the KRAS-CAAX-mediated plasma membrane localization of IRG (TGTP1/IRGB6),
the localization of GBP1 through GBP5 on mitochondria in the
anchor-away system (Fig. 7B) and on the plasma membrane in
the KRAS-CAAX system (Fig. 5B) were also augmented by T.
gondii infection. Consistent with LC3, in the absence of the target, we did not detect any colocalization of the IFNG-inducible
GTPases with the anchor on mitochondria (Fig. S4A). In addition, we did not detect any signiﬁcant effect of rapamycin treatment on the expression of the IFNG-inducible GTPases in our
experimental condition (Fig. S4B). Taken together, our data
clearly demonstrated that the LC3 conjugation system could
direct LC3 and the IFNG-inducible GTPases to a target membrane, and further suggest that the targeting is augmented by
IFNG and T. gondii infection.

Discussion
Here we show that all known LC3 homologs localized on the
PVM of T. gondii in a conjugation-dependent manner and
were required for targeting of the IFNG-inducible GTPases to
the PVM, and inhibition of T. gondii infection by IFNG. Further, the ubiquitin-like LC3 conjugation system was not only
necessary but also sufﬁcient for targeting of the IFNG-inducible
GTPases to target membranes. This is clearly a nondegradative
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Figure 5. The LC3 conjugation system of autophagy is sufﬁcient for targeting of the IFNG-inducible GTPase to an alternative target membrane. (A) Immunoﬂuorescence
assay for the localization of T. gondii (green, GFP), cytoplasmic (top) and membrane-anchored (bottom) versions of ATG16L1(1–249) (red, FLAG), and LC3-TGTP1/IRGB6GBP1 through GBP5 (GBP1-5; blue) in the transduced MEFs. When indicated, cells were pretreated with 100 U/ml IFNG for 24 h and then infected with T. gondii
(MOI D 1) for 2 h. (B) Quantiﬁcation of immunoﬂuorescence assay for LC3, TGTP1/IRGB6 and GBP1 through GBP5 localized on the PVM of T. gondii or the plasma membrane in the condition as described in (A). (C) Immunoﬂuorescence assay for the colocalization of LC3 (red) and TGTP1/IRGB6 (blue) on the plasma membrane in the
Atg16l1 KO MEFs transduced with the membrane-anchored versions of ATG16L1(1–249) (green, FLAG). When indicated, cells were pretreated with 100 U/ml IFNG for
24 h and then infected with T. gondii (MOI D 1) for 2 h. (D) Quantiﬁcation of immunoﬂuorescence assay for the colocalization of LC3 and TGTP1/IRGB6 in the cells
described in (C). Scale bar: 10 mm. Experiments were performed 2 to 4 times and representative images are shown here. The data were combined for presentation as
average § SEM. Statistical analysis was performed using one-way analysis of variation (Tukey post test). n.s., not signiﬁcant, p > 0.05; , p < 0.05; , p < 0.01; ,
p < 0.001; , p < 0.0001; n.d., not detected; n.m., not monitored.
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Figure 6. The anchor-away system for translocation of ATG16L1(1–249) to mitochondria. (A) Schematic diagram of the anchor-away system used in this study. The anchor
(TOMM20 C 2 copies of FRB domain C GFP) can bring the target (ATG16L1[1–249] C 4 copies of FKBP domain C RFP) to the mitochondria outer membrane upon their
heterodimerization by rapamycin (Rapa). (B) Fluorescence assay for the localization of the anchor (GFP) and the target (RFP) in the cotransfected Atg16l1 KO MEFs upon
treatment with rapamycin or vehicle control (DMSO) for 2 h. Scale bar: 10 mm. Experiments were performed at least 3 times and representative images are shown here.

function of the LC3 conjugation system of the autophagy pathway. In canonical autophagy, the LC3 conjugation system
is required to elongate the phagophore membrane while capturing cytoplasmic cargoes and eventually to form a closed
globular autophagosome.32 In this noncanonical function, the
same functional module is required to mark a membrane structure of an intracellular pathogen with the ubiquitin-like LC3
homologs and to recruit effector proteins to the “LC3-marked”
membrane. Our data clearly demonstrated that the LC3 conjugation system of autophagy can function not only for a degrading process of proteins through lysosomal fusion but also for a
targeting process of proteins to a speciﬁc membrane structure,
which we term as TAG.
To fully understand the molecular mechanism of TAG for
targeting of the IFNG-inducible GTPases to the PVM of T. gondii, 2 critical questions remain to be answered. The ﬁrst question
is how the PV is recognized as a target membranous structure
for the ATG12–ATG5-ATG16L1 complex to conjugate LC3
homologs. Since ATG12–ATG5-ATG16L1 speciﬁes the conjugation site of LC3 homologs,10 the complex must be recruited to
the PVM of T. gondii before the conjugation of the LC3 homologs. The ATG12–ATG5-ATG16L1 complex may be associated
with the membrane of the PV of T. gondii directly through the
membrane-binding activity of ATG533 and/or indirectly
through potential interaction partners of ATG16L1 on the
membrane.27,28 For canonical autophagy, WIPI2B (WD repeat
domain, phosphoinositide interacting 2B) recruits the ATG12–
ATG5-ATG16L1 complex to the site of autophagosome initiation via its binding to phosphatidylinositol 3-phosphate
(PtdIns3P) on the site and its interaction with ATG16L1.28
Although we did not observe any signiﬁcant role of PtdIns3K in
the control of T. gondii by IFNG upon its inhibition with wortmannin or LY294002 in our previous study,11 it is noteworthy
that the PVM of T. gondii can be rapidly bound by GFP fused to
the pleckstrin homology (PH) domain of AKT, which can

recognize a membrane containing PtdIns(3,4,5)P3 or PtdIns
(3,4)P2.34 These data suggest that the phosphorylated derivatives
of phosphatidylinositol in the PVM of T. gondii, presumably
other than PtdIns3P, may recruit the ATG12–ATG5-ATG16L1
complex onto the membrane through effector proteins that can
bind to the phosphoinositides and interact with the complex,
similar to canonical autophagy initiation.
Another potential explanation for recruitment of the
ATG12–ATG5-ATG16L1 complex to the PVM is the “missingself” hypothesis.35 The PVM of T. gondii is derived from the
host plasma membrane by T. gondii, which removes most
(if not all) of the membrane-associated host proteins.13 A prevalent theory in the ﬁeld to explain the targeting of the IFNGinducible GTPases to the PVM has been the “guard” theory.3537
The gist of the “guard” theory is that a set of “guard” proteins
mark and protect host cell membranes from effector IFNGinducible GTPases (e.g. IIGP1/IRGA6, TGTP1/IRGB6). The
ATG12–ATG5-ATG16L1 complex may be prevented from
binding to cellular membrane structures by membrane-associated cellular “guard” proteins, and the absence of the “guard”
on the PVM of T. gondii may lead to the recruitment of the
complex to the membrane.
The second question is how the IFNG-inducible GTPases
are targeted speciﬁcally to the LC3-marked PV, for instance,
instead of being targeted to LC3-decorated autophagosomes.
If the IFNG-inducible GTPases are targeted to the LC3-decorated autophagosomes, they may disrupt the autophagosomes and consequently inhibit the degradative autophagy
process. In fact, there have been a couple of reports showing that the mouse and human homologs of IRGs are associated with autophagy proteins and involved in canonical
degradative autophagy.38-41 However, the IRGs in those
reports promote the formation of autophagosomes rather
than disrupting the autophagosomal membrane. Since the
human IRG system differs signiﬁcantly from the mouse
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Figure 7. IFNG treatment and T. gondii infection inﬂuences targeting of the IFNG-inducible GTPases to an alternative target membrane by the LC3 conjugation system. (A)
Immunoﬂuorescence assay for the localization of the anchor (TOMM20-2xFRB-GFP), the target (RFP-ATG16L1[1–249]-4xFKBP), and LC3 (blue, left), IIGP1/IRGA6 (blue, center), or GBP1 through GBP5 (GBP1-5; blue, right) in the cotransfected Atg16l1 KO MEF cells upon treatment with rapamycin or vehicle control (DMSO) for 2 h. When indicated, cells were pretreated with 100 U/ml IFNG for 24 h and/or infected with T. gondii (MOI D 1) for 2 h. Scale bar: 10 mm. Block arrows in the merged images of whole
cells indicate T. gondii. Arrows in the merged images of insets indicate colocalization of the anchor, the target, and LC3, IIGP1/IRGA6, or GBP1 through GBP5. (B) Quantiﬁcation of triple colocalization on mitochondria of the anchor (GFP), the target (RFP), and LC3 (left), IIGP1/IRGA6 (center), or GBP1 through GBP5 (right) as shown in (A).
Experiments were performed 6 times and representative images are shown here; a total of 39»54 cells that express both anchor and target in each condition were
counted for quantiﬁcation; the data were combined for presentation as average § SEM. Statistical analysis was performed using one-way analysis of variation
(Tukey post test). n.s., not signiﬁcant, p > 0.05; , p < 0.05; , p < 0.01; , p < 0.001; , p < 0.0001; n.d., not detected.

IRG system, it has been unclear whether the human IRGs
play a role in controlling T. gondii infection similar to the
mouse IRGs.42-44 In contrast, the role of mouse IRGs in disrupting the PV of T. gondii has been clearly demonstrated
by many groups,16 and as shown here the targeting of the
mouse IRGs can be determined by the LC3 conjugation system. Nevertheless, we have not observed any signiﬁcant
colocalization of mouse IRGs with autophagosomes

(unpublished) and any signiﬁcant effect of IFNG on canonical degradative autophagy,45 suggesting that mouse IRGs are
not targeted to autophagosomes. However, we cannot
completely rule out the possibility that the mouse IRGs are
indeed targeted to LC3-decorated autophagosomes but do
not disrupt the autophagosomes due to the physical difference between the double membrane of the autophagosome
and the single membrane of the PV of T. gondii.
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Bioinformatics analysis of the IFNG-inducible GTPases
revealed a potential LC3-interacting region46 around their core
GTPase domain (e.g., [EYD]FFII in IIGP1/IRGA6 and [EDI]
FGPL in GBP2). We occasionally detected weak interaction
between the IFNG-inducible GTPases and LC3 homologs only
in IFNG-treated and T. gondii-infected cells (unpublished).
Our data shown in Fig. 7 clearly demonstrated that the recruitment of the IFNG-inducible GTPases by the LC3 conjugation
system to a certain target membrane was signiﬁcantly augmented by T. gondii infection. Further, we also observed that
expression of individual IFNG-inducible GTPases alone did
not lead to their targeting to the PV of T. gondii (unpublished),
suggesting that IFNG-inducible changes, more than simple
expression of the IFNG-inducible GTPases, are necessary for
proper targeting of the IFNG effectors onto the PVM of
T. gondii. However, since the fully functional IRG system (so
consequently the GBP system too) requires the expression of
most (if not all) IRG proteins,35-37 we cannot rule out the possibility that IFNG may be simply required to induce the expression of those GTPases. Nevertheless, these data suggest that
cellular signaling events induced by IFNG and T. gondii infection may substantially modify the interaction between the LC3
homologs and the IFNG-inducible GTPases. IFNG treatment
and T. gondii infection modulate many cellular signaling pathways and induce a large transcriptional change in the treated
and infected cells.15,34,47 Further, various post-translational
modiﬁcations of LC3 homologs have been reported.48-51 We
speculate that LC3 homologs are post-translationally modiﬁed
upon IFNG treatment and T. gondii infection so that they can
speciﬁcally recruit the IFNG-inducible GTPases to the membrane of the PV either directly or indirectly.
LC3 was initially thought to be a marker only of autophagic
degradation because it was conjugated only on phagophore
membranes, which are destined to be delivered to the lysosome
and to be degraded following lysosomal fusion. Now LC3 has
been shown to be conjugated on many non-autophagosomal
membrane structures, which are involved in trafﬁcking of cargoes to more than the lysosome.6,7,52 Furthermore, our data
suggest that LC3 can serve as a molecular beacon to recruit
effector proteins to the membrane where it is conjugated and
thus to modify the fate of the membrane itself rather than the
cargoes inside the membranous structures. Simply, LC3 conjugation to phospholipids on a membrane may modify how the
membrane interacts with other molecules in a cell. As far as we
know, LC3 homologs are the only known proteins that are
directly conjugated to phospholipids on a membrane and consequently modify the membrane. Thus, it is very tempting to
speculate that the conjugation of ubiquitin-like LC3 homologs
to phospholipids (in membranes) can function like the conjugation of ubiquitin to proteins. Ubiquitination was initially
known as the marker of protein degradation through the proteasome.53 Since then, ubiquitination has been shown to modify the stability, trafﬁcking, and protein-protein interaction of
ubiquitinated proteins.54 Future studies will illuminate the parallel and divergent natures of the LC3 and ubiquitin conjugation systems, as well as shed light on other, yet undiscovered
participants.
In summary, we showed here that the ubiquitin-like LC3
conjugation system of autophagy can target proteins to speciﬁc
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membrane structures. The contribution of the autophagy pathway to the host immune defense has been studied mostly in
the context of lysosomal degradation, and the function of individual proteins has not been clearly distinguished from that of
the whole degradative autophagy pathway.55 Considering the
essential role of the LC3 conjugation system, but insigniﬁcant
role of the degradative activity of the autophagy pathway in
controlling the infection of T. gondii in vivo,11 it is crucial to
elucidate the functional mechanism of the LC3 conjugation system-mediated detection and disintegration of the parasitophorus vacuole of T. gondii and further to investigate the potential
role of the LC3 conjugation system in controlling other intracellular vacuolar pathogens.

Materials and methods
Cells, transfection, and transduction
Cells were grown in DMEM (Mediatech, 10–013) supplemented with 10 mM HEPES (Mediatech, 25-060-CI), 1 £
MEM nonessential amino acids (Mediatech, 25-025-CI),
100 U/ml each of penicillin and streptomycin (Mediatech,
30-002-CI) and 10% fetal bovine serum (Biowest, US1520)
at 37 C under 5% CO2. MEFs were transduced with lentiviral vectors for 2 d and polyclonal populations of the transduced cells were selected with puromycin (Sigma-Aldrich,
P9620) at 3 ug/ml as previously described.11 For transient
transfection of plasmids, Lipofectamine 2000 Transfection
Reagent (Invitrogen, 11668–019) was used according to the
manufacturer’s instruction. For transduction, lentivirus was
generated in 293T cells by transfecting the lentiviral vector
plasmids with packaging vector (psPAX2; Addgene, 12260)
and pseudotyping vector (pMD2.G; Addgene, 12259) using
the calcium phosphate precipitation method.11,45 Produced
lentivirus was ﬁltered through a 0.45 -mm syringe ﬁlter and
added onto the cells.
Construction of plasmids
All LC3 homologs in the murine system as shown in Fig. 1A,
except Gabarap-1, were PCR ampliﬁed using mouse cDNA
from primary bone marrow-derived macrophages as a template
and cloned into a modiﬁed entry vector of the Gateway system
(Life Technologies), pENTR-SH (Fig. S5). Gabarap-1 was synthesized through the IDT miniGene service and cloned into
pENTR-SH. The nonconjugatable forms of Lc3 homologs were
generated using primers with the mutated sequences and also
cloned into pENTR-SH. The Atg16l1 mutants were generated
by PCR and cloned into either pENTR-SH as control or
pENTR-kras-CAAX to add a C-terminal KRAS-CAAX motif
for plasma membrane localization. The Atg16l1(1–249) was
also cloned into pENTR-4xFKBP-N1 to add C-terminal quadruple FKBP domains for the anchor-away assay. Atg545 was
also cloned into pENTR-SH. For stable expression, the cloned
genes in the pENTR vectors were transferred through an LR
clonase reaction (Life Technologies, 11791–020) to a lentiviral
destination vector of the Gateway system, pHNHF (Fig. S5),
which stably expresses a gene of interest with N-terminal
FLAG and HA epitopes in transduced cells.56 For localization
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monitoring of the genes, the cloned genes in the pENTR vectors were transferred to a home-made destination vector,
pDRFP (modiﬁed from pTAG57), which expresses a gene of
interest with N-terminal RFP in transfected cells. To generate a
mitochondrial anchor for the anchor-away assay (pEGFP-N1TOMM20-2xFRB), murine TOMM20 and duplicate FRB
domains were cloned into the pEGFP-N1 (Clontech, 6085–1)
vector. The sequence of all PCR ampliﬁed DNAs and cloned
vectors were veriﬁed by sequencing. The full DNA sequences of
plasmids and cloned genes used in the study are provided as
supplementary information (Fig. S5).

IFNG-treatment were used as a normalization control to calculate the relative infection (%) of IFNG-treated samples. Antibodies used in this study are as follows: Actin (Santa Cruz
Biotechnology, sc-47778HRP), FLAG (Sigma-Aldrich, F7425),
GBP1 through GBP5 (Santa Cruz Biotechnology, sc-166960),
HA (The Frank W. Fitch Monoclonal Antibody Facility, The
University of Chicago, 12CA5), IIGP1/IRGA6 (kind gift from
Dr. Jonathan C. Howard, University of Cologne),59 TGTP1/
IRGB6 (Santa Cruz Biotechnology, sc-11079), and LC3 (SigmaAldrich, L7543 for WB; MLB, PM036 for IF).
Knockdown and quantitative PCR

Infection with T. gondii
Tachyzoites of the type II T. gondii strain expressing GFP
(PTG) were maintained in human foreskin ﬁbroblasts
(ATCC, CRL-1634) as described previously.11 Infected human
foreskin ﬁbroblasts were harvested when they were 10»50%
lysed using a cell scraper and 26G needle to release T. gondii
tachyzoites. Tachyzoites were collected by centrifugation at
400 xg for 10 min at 18 C and resuspended in culture medium.
Infection was set up by adding the prepared tachyzoites to cells
at a multiplicity of infection (MOI) of 1 and incubating them at
37 C. After 1 h incubation, the inoculum was discarded and
the infected cells were washed twice with phosphate-buffered
saline (PBS; Mediatech, 21–040). After addition of fresh
medium, cells were further incubated at 37 C until harvest (2 h
post-infection [hpi] for immunoﬂuorescence assay and 24 hpi
for ﬂow cytometry). For synchronized infection, a potassium
buffer shift was used as described previously.58 Wherever indicated, cells were pre-treated with murine IFNG (Peprotech,
315–05) at 100 U/ml (50 ng/ml) for 24 h before T. gondii
infection.
Western blot, immunoﬂuorescence, ﬂow cytometry
and antibodies
For western blot (WB), total cellular proteins were harvested
with sample buffer (0.1 M Tris-HCl, pH 6.8, [Fisher Scientiﬁc,
BP1521, A144-212], 4% SDS [Sigma-Aldrich, L3771], 4 mM
EDTA [Sigma-Aldrich, E4884], 286 mM 2-mercaptoethanol
[Sigma-Aldrich, M3148], 3.2 M glycerol [Fisher Scientiﬁc,
BP229-1], 0.05% bromophenol blue [Sigma-Aldrich, B5525])
and analyzed as previously reported.11,45 For immunoﬂuorescence (IF) and ﬂow cytometry (FC), cells were ﬁxed with 2%
formaldehyde (Ted Pella, 18505) in PBS for 10 min at room
temperature, permeabilized with 0.05% saponin (IF) (Thermo
Scientiﬁc, 419231000) or 0.2% Triton X-100 (FC) (SigmaAldrich, T8787) in PBS, and analyzed as previously
reported.11,45 For IF, nuclei were stained with DAPI (40 ,6-diamidino-2-phenylindole; Molecular Probes, D3571) and T. gondii was detected with GFP expressed by the PTG strain. The
images were acquired using the EVOS FL Cell Imaging System
or Olympus DSU Spinning Disk confocal (Integrated Light
Microscopy Core Facility, The University of Chicago). For FC,
the data were acquired using FACSCanto or LSRFortessa ﬂow
cytometers (Flow Cytometry Core Facility, The University of
Chicago) and analyzed using FlowJo software. Uninfected samples were used as gating control and infected samples without

For shRNA-mediated stable knockdown, pLKOpuro-based lentiviral shRNA constructs against RFP and LC3A were obtained
from the Washington University Genome Institute and lentiviral transduction was performed as described above. For siRNAmediated transient knockdown, we purchased the following
products from GE Dharmacon: siGENOME non-targeting
siRNA Pool #1 (D-001206-13-05), SMARTpool siGENOME
siRNA against Gabarap (M-041776-01-0005), Gabarapl1
(M-040444-01-0005), and Gabarapl2 (M-059605-01-0005). All
siRNAs were dissolved in siRNA buffer (GE Healthcare, B002000-UB-100) and transfected into cells using DharmaFECT
1 transfection reagent (GE Healthcare, T-2001-02). Speciﬁc target sequences of all shRNA and siRNAs used in this study will
be available upon request. For quantiﬁcation of transcripts
upon knockdown, RNAs were extracted using TRI reagent
(Sigma-Aldrich, T9424) and reverse transcription was performed using IMPROM-II reverse transcriptase (Promega,
A3803) according to the manufacturer’s instruction. Primers
for qPCR are as follows: Lc3a (50 -gaccgctgtaaggaggtgc-30 , 50 cttgaccaactcgctcatgtta-30 ), Gabarap (50 -aagaggagcatccgttcgaga30 , 50 -gctttgggggctttttccac-30 ), Gabarapl1 (50 -ggaccaccccttcgagtatc-30 , 50 -cctcttatccagatcagggacc-30 ), Gabarapl2 (50 -ggaacacagatgcgtggaatc-30 , 50 -gatgtccgaggggaccaagta-30 ).
Anchor-away assay
A plasmid expressing mitochondrial anchor (pEGFP-N1TOMM20-2xFRB) was cotransfected with another plasmid
expressing target (pDRFP-Atg16L1/1-249-4xFKBP) into
Atg16l1 KO MEFs. At 24 h after cotransfection of both
plasmids with or without treatment of IFNG at 100 U/ml
(50 ng/ml), the transfected cells were infected with T. gondii
as described above and treated with 50 nM rapamycin (LC
laboratories, R5000) or vehicle control (DMSO; Mediatech,
25-950-CQC) for 2 h and ﬁxed for immunoﬂuorescence
analysis.
Quantitative analysis of image data
For the quantitative analysis of LC3 homologs, IRGs, GBP1
through GBP5, and ATG5 localization on the PVM of T. gondii, at least 30 infected T. gondii were counted for each experiment unless otherwise indicated. For the quantiﬁcation of LC3,
TGTP1/IRGB6, and GBP1 through GBP5 localization on the
plasma membrane, 30 transduced cells expressing ATG16L1
(1–249)-KRAS-CAAX (by FLAG staining) on the plasma
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membrane were counted for each experiment. For the quantiﬁcation of anchor-away, only the cells containing the anchor
and the target (whether it is in the cytoplasm [DMSO] or on
mitochondria [rapamycin]) as well as T. gondii (if infected)
were counted (39–54 cells per each condition in total), and we
scored the cell as positive only if there was a triple colocalization (anchor, target, and LC3-IIGP1/IRGA6-GBP1 through
GBP5).
Statistical analysis
Statistical analysis of data was performed using GraphPad
Prism with paired t-test, unpaired t-test, or one-way analysis of
variation (with multiple comparison using Tukey post test) as
indicated in the ﬁgure legends. Unless otherwise stated, all
experiments were performed at least 3 times, and the data were
combined for presentation as average § SEM. All differences
not speciﬁcally indicated to be signiﬁcant were not signiﬁcant
(n.s., p > 0.05). , p < 0.05; , p < 0.01; , p < 0.001; ,
p < 0.0001.
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multiplicity of infection
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targeting by autophagy proteins
T cell speciﬁc GTPase 1

Disclosure of potential conﬂicts of interest
No potential conﬂicts of interest were disclosed.

Acknowledgments
We thank Dr. Benjamin S. Glick (The University of Chicago) for the
anchor-away system, Dr. Jonathan C. Howard (University of Cologne) for
IIGP1/IRGA6 antibody, and Dr. L. David Sibley (Washington University
School of Medicine) for T. gondii.

Funding
This work was supported by startup fund to S.H., and in part by Cancer
Research Foundation, an Institutional Research Grant (IRG-58-004-53IRG) from the American Cancer Society, the University of Chicago

1165

Comprehensive Cancer Center Support Grant (P30 CA14599), the University of Chicago Digestive Diseases Research Core Center (NIDDK
P30DK42086), and Cancer Center Core facilities (DNA sequencing and
genotyping, ﬂow cytometry, integrated microscopy, and monoclonal antibody). S.B.B. was supported by Molecular and Cellular Biology Training
Grant (T32 GM007183).

References
[1] Klionsky DJ, Abdalla FC, Abeliovich H, Abraham RT, AcevedoArozena A, Adeli K, Agholme L, Agnello M, Agostinis P, AguirreGhiso JA, et al. Guidelines for the use and interpretation of assays
for monitoring autophagy. Autophagy 2012; 8:445-544;
PMID:22966490; http://dx.doi.org/10.4161/auto.19496
[2] Shpilka T, Weidberg H, Pietrokovski S, Elazar Z. Atg8: an autophagy-related ubiquitin-like protein family. Genome Biol 2011; 12:226;
PMID:21867568; http://dx.doi.org/10.1186/gb-2011-12-7-226
[3] Wild P, McEwan DG, Dikic I. The LC3 interactome at a glance. J Cell
Sci 2014; 127:3-9; PMID:24345374; http://dx.doi.org/10.1242/
jcs.140426
[4] Fu M-M, Nirschl JJ, Holzbaur ELF. LC3 binding to the scaffolding
protein JIP1 regulates processive dynein-driven transport of autophagosomes. Dev Cell 2014; 29:577-90; PMID:24914561; http://dx.
doi.org/10.1016/j.devcel.2014.04.015
[5] Sanjuan MA, Dillon CP, Tait SWG, Moshiach S, Dorsey F, Connell S,
Komatsu M, Tanaka K, Cleveland JL, Withoff S, et al. Toll-like receptor signalling in macrophages links the autophagy pathway to phagocytosis. Nature 2007; 450:1253-7; PMID:18097414; http://dx.doi.org/
10.1038/nature06421
[6] DeSelm CJ, Miller BC, Zou W, Beatty WL, van Meel E, Takahata Y,
Klumperman J, Tooze SA, Teitelbaum SL, Virgin HW. Autophagy
proteins regulate the secretory component of osteoclastic bone
resorption. Dev Cell 2011; 21:966-74; PMID:22055344; http://dx.doi.
org/10.1016/j.devcel.2011.08.016
[7] Patel KK, Miyoshi H, Beatty WL, Head RD, Malvin NP, Cadwell K,
Guan J-L, Saitoh T, Akira S, Seglen PO, et al. Autophagy proteins
control goblet cell function by potentiating reactive oxygen species
production. EMBO J 2013; 32:3130-44; PMID:24185898; http://dx.
doi.org/10.1038/emboj.2013.233
[8] Romao S, M€
unz C. LC3-associated phagocytosis. Autophagy 2014;
10:526-8; PMID:24413059; http://dx.doi.org/10.4161/auto.27606
[9] Martinez J, Malireddi RKS, Lu Q, Cunha LD, Pelletier S, Gingras S,
Orchard R, Guan J-L, Tan H, Peng J, et al. Molecular characterization of LC3-associated phagocytosis reveals distinct roles for
Rubicon, NOX2 and autophagy proteins. Nat Cell Biol 2015; 17:893906; PMID:26098576; http://dx.doi.org/10.1038/ncb3192
[10] Fujita N, Itoh T, Omori H, Fukuda M, Noda T, Yoshimori T. The
Atg16L complex speciﬁes the site of LC3 lipidation for membrane
biogenesis in autophagy. Mol Biol Cell 2008; 19(5):2092-100;
PMID:18321988; http://dx.doi.org/10.1091/mbc.E07-12-1257
[11] Choi J, Park S, Biering SB, Selleck E, Liu CY, Zhang X, Fujita N,
Saitoh T, Akira S, Yoshimori T, et al. The parasitophorous vacuole
membrane of toxoplasma gondii is targeted for disruption by ubiquitin-like conjugation systems of autophagy. Immunity 2014; 40:92435; PMID:24931121; http://dx.doi.org/10.1016/j.immuni.2014.05.006
[12] Suss-Toby E, Zimmerberg J, Ward GE. Toxoplasma invasion: the
parasitophorous vacuole is formed from host cell plasma membrane
and pinches off via a ﬁssion pore. Proc Natl Acad Sci USA 1996;
93:8413-8; PMID:8710885; http://dx.doi.org/10.1073/pnas.93.16.8413
[13] Sinai AP. Biogenesis of and activities at the Toxoplasma gondii parasitophorous vacuole membrane. Subcell Biochem 2008; 47:155-64;
PMID:18512349; http://dx.doi.org/10.1007/978-0-387-78267-6_12
[14] Blader IJ, Koshy AA. Toxoplasma gondii development of its replicative niche: in its host cell and beyond. Eukaryot Cell 2014; 13:965-76;
PMID:24951442; http://dx.doi.org/10.1128/EC.00081-14
[15] Yarovinsky F. Innate immunity to Toxoplasma gondiiinfection. Nat
Rev Immunol 2014; 14:109-21; PMID:24457485; http://dx.doi.org/
10.1038/nri3598

1166

S. PARK ET AL.

[16] Hunter CA, Sibley LD. Modulation of innate immunity by
Toxoplasma gondii virulence effectors. Nat Rev Microbiol 2012;
10:766-78; PMID:23070557; http://dx.doi.org/10.1038/nrmicro2858
[17] Reggiori F, Monastyrska I, Verheije MH, Calı T, Ulasli M, Bianchi S,
Bernasconi R, de Haan CAM, Molinari M. Coronaviruses hijack the
LC3-I-Positive EDEMosomes, ER-Derived vesicles exporting shortlived ERAD regulators, for replication. Cell Host Microbe 2010; 7:5008; PMID:20542253; http://dx.doi.org/10.1016/j.chom.2010.05.013
[18] Cann GM, Guignabert C, Ying L, Deshpande N, Bekker JM, Wang L,
Zhou B, Rabinovitch M. Developmental expression of LC3a and b:
Absence of ﬁbronectin or autophagy phenotype in LC3b knockout
mice. Dev Dyn 2007; 237:187-95; http://dx.doi.org/10.1002/dvdy.21392
[19] Weidberg H, Shvets E, Shpilka T, Shimron F, Shinder V, Elazar Z.
LC3 and GATE-16/GABARAP subfamilies are both essential yet act
differently in autophagosome biogenesis. EMBO J 2010; 29:1792802; PMID:20418806; http://dx.doi.org/10.1038/emboj.2010.74
[20] Engedal N, Seglen PO. Autophagy of cytoplasmic bulk cargo does
not require LC3. Autophagy 2016; 12(2):439–41; PMID:26237084;
http://dx.doi.org/10.1080/15548627.2015.1076606
[21] Lystad AH, Ichimura Y, Takagi K, Yang Y, Pankiv S, Kanegae Y,
Kageyama S, Suzuki M, Saito I, Mizushima T, et al. Structural determinants in GABARAP required for the selective binding and recruitment of ALFY to LC3B-positive structures. EMBO Rep 2014; 15:55765; PMID:24668264; http://dx.doi.org/10.1002/embr.201338003
[22] Olsvik HL, Lamark T, Takagi K, Larsen KB, Evjen G, ; vervatn A,
Mizushima T, Johansen T. FYCO1 contains a C-terminally extended,
LC3A/B-preferring LC3-interacting region (LIR) motif required for
efﬁcient maturation of autophagosomes during basal autophagy. J
Biol Chem 2015; 290:29361-74; PMID:26468287; http://dx.doi.org/
10.1074/jbc.M115.686915
[23] Szalai P, Hagen LK, Sætre F, Luhr M, Sponheim M, ; verbye A, Mills
IG, Seglen PO, Engedal N. Autophagic bulk sequestration of cytosolic
cargo is independent of LC3, but requires GABARAPs. Exp Cell Res
2015; 333:21-38; PMID:25684710; http://dx.doi.org/10.1016/j.
yexcr.2015.02.003
[24] Mizushima N. Mouse Apg16L, a novel WD-repeat protein, targets to
the autophagic isolation membrane with the Apg12-Apg5 conjugate.
J Cell Sci 2003; 116:1679-88; PMID:12665549; http://dx.doi.org/
10.1242/jcs.00381
[25] Itoh T, Fujita N, Kanno E, Yamamoto A, Yoshimori T, Fukuda M.
Golgi-resident small GTPase Rab33B interacts with Atg16L and
modulates autophagosome formation. Mol Biol Cell 2008; 19:291625; PMID:18448665; http://dx.doi.org/10.1091/mbc.E07-12-1231
[26] Gammoh N, Florey O, Overholtzer M, Jiang X. Interaction between
FIP200 and ATG16L1 distinguishes ULK1 complex-dependent
and -independent autophagy. Nat Struct Mol Biol 2013; 20:144-9;
PMID:23262492; http://dx.doi.org/10.1038/nsmb.2475
[27] Fujita N, Morita E, Itoh T, Tanaka A, Nakaoka M, Osada Y,
Umemoto T, Saitoh T, Nakatogawa H, Kobayashi S, et al. Recruitment of the autophagic machinery to endosomes during infection
is mediated by ubiquitin. J Cell Biol 2013; 203:115-28;
PMID:24100292; http://dx.doi.org/10.1083/jcb.201304188
[28] Dooley HC, Razi M, Polson HEJ, Girardin SE, Wilson MI, Tooze SA.
WIPI2 links LC3-Conjugation with PI3P, autophagosome formation and
pathogen clearance by recruiting Atg12–5-16L1. Mol Cell 2014; 55:23852; PMID:24954904; http://dx.doi.org/10.1016/j.molcel.2014.05.021
[29] Roberts PJ, Mitin N, Keller PJ, Chenette EJ, Madigan JP, Currin RO,
Cox AD, Wilson O, Kirschmeier P, Der CJ. Rho family GTPase modiﬁcation and dependence on CAAX motif-signaled posttranslational
modiﬁcation. J Biol Chem 2008; 283:25150-63; PMID:18614539;
http://dx.doi.org/10.1074/jbc.M800882200
[30] Haruki H, Nishikawa J, Laemmli UK. The anchor-away technique:
rapid, conditional establishment of Yeast mutant phenotypes. Mol
Cell 2008; 31:925-32; PMID:18922474; http://dx.doi.org/10.1016/j.
molcel.2008.07.020
[31] Park S, Choi S-G, Yoo S-M, Son JH, Jung Y-K. Choline dehydrogenase interacts with SQSTM1/p62 to recruit LC3 and stimulate
mitophagy. Autophagy 2014; 10:1906-20; PMID:25483962; http://dx.
doi.org/10.4161/auto.32177

[32] Noda NN, Inagaki F. Mechanisms of autophagy. Annu Rev Biophys 2015; 44:101-22; PMID:25747593; http://dx.doi.org/10.1146/
annurev-biophys-060414-034248
[33] Romanov J, Walczak M, Ibiricu I, Sch€
uchner S, Ogris E, Kraft C,
Martens S. Mechanism and functions of membrane binding by the
Atg5-Atg12/Atg16 complex during autophagosome formation.
EMBO J 2012; 31:4304-17; PMID:23064152; http://dx.doi.org/
10.1038/emboj.2012.278
[34] Muniz-Feliciano L, Van Grol J, Portillo J-AC, Liew L, Liu B,
Carlin CR, Carruthers VB, Matthews S, Subauste CS. Toxoplasma gondii-induced activation of EGFR prevents autophagy
protein-mediated killing of the parasite. PLoS Pathog 2013; 9:
e1003809; PMID:24367261; http://dx.doi.org/10.1371/journal.
ppat.1003809
[35] Coers J. Self and non-self discrimination of intracellular membranes
by the innate immune system. PLoS Pathog 2013; 9:e1003538;
PMID:24068918; http://dx.doi.org/10.1371/journal.ppat.1003538
[36] Hunn JP, Koenen-Waisman S, Papic N, Schroeder N, Pawlowski N,
Lange R, Kaiser F, Zerrahn J, Martens S, Howard JC. Regulatory
interactions between IRG resistance GTPases in the cellular response
to Toxoplasma gondii. EMBO J 2008; 27:2495-509; PMID:18772884;
http://dx.doi.org/10.1038/emboj.2008.176
[37] Haldar AK, Saka HA, Piro AS, Dunn JD, Henry SC, Taylor GA,
Frickel EM, Valdivia RH, Coers J. IRG and GBP host resistance factors target aberrant, “non-self” vacuoles characterized by the missing
of ‘self’ IRGM proteins. PLoS Pathog 2013; 9:e1003414;
PMID:23785284; http://dx.doi.org/10.1371/journal.ppat.1003414
[38] Singh SB, Davis AS, Taylor GA, Deretic V. Human IRGM induces
autophagy to eliminate intracellular mycobacteria. Science 2006;
313:1438-41; PMID:16888103; http://dx.doi.org/10.1126/science.1129577
[39] He S, Wang C, Dong H, Xia F, Zhou H, Jiang X, Pei C, Ren H, Li H,
Li R, et al. Immune-related GTPase M (IRGM1) regulates neuronal
autophagy in a mouse model of stroke. Autophagy 2012; 8:1621-7;
PMID:22874556; http://dx.doi.org/10.4161/auto.21561
[40] Chauhan S, Mandell MA, Deretic V. IRGM governs the core autophagy machinery to conduct antimicrobial defense. Mol Cell
2015; 58:507-21; PMID:25891078; http://dx.doi.org/10.1016/j.
molcel.2015.03.020
[41] Al-Zeer MA, Al-Younes HM, Braun PR, Zerrahn J, Meyer TF. IFNGInducible Irga6 mediates host resistance against chlamydia trachomatis via autophagy. PLoS ONE 2009; 4:e4588; PMID:19242543;
http://dx.doi.org/10.1371/journal.pone.0004588
[42] Pifer R, Yarovinsky F. Innate responses to Toxoplasma gondii in
mice and humans. Trends Parasitol 2011; 27:388-93;
PMID:21550851; http://dx.doi.org/10.1016/j.pt.2011.03.009
[43] Ohshima J, Lee Y, Sasai M, Saitoh T, Su Ma J, Kamiyama N,
Matsuura Y, Pann-Ghill S, Hayashi M, Ebisu S, et al. Role of mouse
and human autophagy proteins in IFNG-induced cell-autonomous
responses against Toxoplasma gondii. J Immunol 2014; 192:3328-35;
PMID:24563254; http://dx.doi.org/10.4049/jimmunol.1302822
[44] Selleck EM, Orchard RC, Lassen KG, Beatty WL, Xavier RJ, Levine B,
Virgin HW, Sibley LD. A noncanonical autophagy pathway restricts
toxoplasma gondii growth in a strain-speciﬁc manner in IFNG-activated human cells. mBio 2015; 6:e01157-15; PMID:26350966; http://
dx.doi.org/10.1128/mBio.01157-15
[45] Hwang S, Maloney NS, Bruinsma MW, Goel G, Duan E, Zhang
L, Shrestha B, Diamond MS, Dani A, Sosnovtsev SV, et al. Nondegradative role of Atg5-Atg12/Atg16L1 autophagy protein complex in antiviral activity of interferon gamma. Cell Host Microbe
2012; 11:397-409; PMID:22520467; http://dx.doi.org/10.1016/j.
chom.2012.03.002

[46] Birgisdottir AB, Lamark T, Johansen T. The LIR motif - crucial for
selective autophagy. J Cell Sci 2013; 126:3237-47; PMID:23908376
[47] Blader IJ, Manger ID, Boothroyd JC. Microarray analysis reveals previously unknown changes in Toxoplasma gondii-infected human
cells. J Biol Chem 2001; 276:24223-31; PMID:11294868; http://dx.
doi.org/10.1074/jbc.M100951200
[48] Huang R, Xu Y, Wan W, Shou X, Qian J, You Z, Liu B, Chang
C, Zhou T, Lippincott-Schwartz J, et al. Deacetylation of nuclear

AUTOPHAGY

[49]

[50]

[51]

[52]

[53]

LC3 drives autophagy initiation under starvation. Mol Cell
2015; 57:456-66; PMID:25601754; http://dx.doi.org/10.1016/j.
molcel.2014.12.013
He H. Post-translational modiﬁcations of three members of the
human MAP1LC3 family and detection of a novel type of modiﬁcation for MAP1LC3B. J Biol Chem 2003; 278:29278-87;
PMID:12740394; http://dx.doi.org/10.1074/jbc.M303800200
Xie Y, Kang R, Sun X, Zhong M, Huang J, Klionsky DJ, Tang D.
Posttranslational modiﬁcation of autophagy-related proteins in macroautophagy. Autophagy 2015; 11:28-45; PMID:25484070; http://dx.
doi.org/10.4161/15548627.2014.984267
Wilkinson DS, Jariwala JS, Anderson E, Mitra K, Meisenhelder J,
Chang JT, Ideker T, Hunter T, Nizet V, Dillin A, et al. Phosphorylation of LC3 by the hippo kinases STK3/STK4 is essential for autophagy. Mol Cell 2015; 57:55-68; PMID:25544559; http://dx.doi.org/
10.1016/j.molcel.2014.11.019
Jiang S, Dupont N, Castillo EF, Deretic V. Secretory versus degradative autophagy: unconventional secretion of inﬂammatory mediators.
J Innate Immun 2013; 5(5):471-9; PMID:23445716; http://dx.doi.org/
10.1159/000346707
Wilkinson KD. The discovery of ubiquitin-dependent proteolysis.
Proc Natl Acad Sci USA 2005; 102:15280-2; PMID:16230621; http://
dx.doi.org/10.1073/pnas.0504842102

1167

[54] Petroski MD. The ubiquitin system, disease, and drug discovery.
BMC Biochem 2008; 9(Suppl 1):S7-S7; PMID:19007437; http://dx.
doi.org/10.1186/1471-2091-9-S1-S7
[55] Levine B, Mizushima N, Virgin HW. Autophagy in immunity and
inﬂammation. Nature 2011; 469:323-35; PMID:21248839; http://dx.
doi.org/10.1038/nature09782
[56] Behrends C, Sowa ME, Gygi SP, Harper JW. Network organization of
the human autophagy system. Nature 2010; 466:68-76;
PMID:20562859; http://dx.doi.org/10.1038/nature09204
[57] Lee S, Salwinski L, Zhang C, Chu D, Sampankanpanich C, Reyes NA,
Vangeloff A, Xing F, Li X, Wu T-T, et al. An integrated approach to
elucidate the intra-viral and viral-cellular protein interaction networks of a gamma-herpesvirus. PLoS Pathog 2011; 7:e1002297-7;
PMID:22028648; http://dx.doi.org/10.1371/journal.ppat.1002297
[58] Kafsack BFC, Beckers C, Carruthers VB. Synchronous invasion of host
cells by Toxoplasma gondii. Mol Biochem Parasitol 2004; 136:309-11;
PMID:15478810; http://dx.doi.org/10.1016/j.molbiopara.2004.04.004
[59] Zhao Z, Fux B, Goodwin M, Dunay IR, Strong D, Miller BC,
Cadwell K, Delgado MA, Ponpuak M, Green KG, et al. Autophagosome-independent essential function for the autophagy protein
Atg5 in cellular immunity to intracellular pathogens. Cell Host
Microbe 2008; 4:458-69; PMID:18996346; http://dx.doi.org/
10.1016/j.chom.2008.10.003

