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The immunity-related GTPases (IRGs) are a family of pro-
teins induced by interferon-� that play a crucial role in innate
resistance to intracellular pathogens. The M subfamily of IRG
proteins (IRGM) plays a profound role in this context, in part
because of the ability of its members to regulate the localization
and expression of other IRG proteins.We present here evidence
that IRGM proteins affect the localization of the guanylate-
binding proteins (GBPs), a second family of interferon-induced
GTP-binding proteins that also function in innate immunity.
Absenceof Irgm1or Irgm3 led to accumulationofGbp2 in intra-
cellular compartments that were positive for both themacroau-
tophagy (hereafter referred to as autophagy) marker LC3 and
the autophagic adapter molecule p62/Sqstm1. Gbp2 was simi-
larly relocalized in cells in which autophagy was impaired
because of the absence of Atg5. Both in Atg5- and IRGM-defi-
cient cells, the IRG protein Irga6 relocalized to the same com-
partments as Gbp2, raising the possibility of a common regula-
tory mechanism. However, other data indicated that Irga6,
but not Gbp2, was ubiquitinated in IRGM-deficient cells.
Similarly, coimmunoprecipitation studies indicated that
although Irgm3 did interact directly with Irgb6, it did not
interact with Gbp2. Collectively, these data suggest that
IRGM proteins indirectly modulate the localization of GBPs
through a distinct mechanism from that through which they
regulate IRG protein localization. Further, these results sug-
gest that a core function of IRGM proteins is to regulate
autophagic flux, which influences the localization of GBPs
and possibly other factors that instruct cell-autonomous
immune resistance.

The innate immune system is comprised of multiple effector
pathways that are induced in host cells by proinflammatory
cytokines such as IFN-�. Such effectors confer on the host cells
the ability to more easily eradicate invading pathogens
through diverse mechanisms (1–4). A prominent family of
IFN-�-induced proteins that are required for resistance to
intracellular bacteria and protozoa are the immunity-related

GTPases. IRG2 proteins share a number of biochemical func-
tions: they are GTPases (5, 6), they bind lipid membranes in
various intracellularmembrane compartments (6–8), and they
form dimers and/or oligomers (5, 9). These and other charac-
teristics relate them to the dynamins, a large family of GTP-
binding proteins that are involved in vesicle formation, vesicle
trafficking, and other aspects of lipid membrane remodeling
(10–12). Like the dynamins, current models suggest that the
IRGs modulate membrane processing in cells (8, 13), which in
turn impacts pathogen survival and/or leukocyte functioning.
IRG proteins can be separated into the IRGA, IRGB, IRGC,

IRGD, and IRGM subfamilies based on homology across the
GTP-binding domain (14). Proteins in the IRGM subfamily are
distinguished from the other proteins by possessing a non-ca-
nonical GMS sequence in the first GTP-binding motif (G1),
whereas the remaining subfamilies all possess the canonical
GKS sequence (15). Previous work from our laboratory and
others has demonstrated that the IRGM (GMS) proteins play a
particularly important role in innate immune resistance to
intracellular bacteria and protozoa in mice (8, 14, 16–26).
Absence of Irgm1, for instance, leads to a striking susceptibility
to multiple organisms, including Toxoplasma gondii (8, 19),
Salmonella typhimurium (25), Listeria monocytogenes (19),
Chlamydia trachomatis (27, 28), and Mycobacterium species
(20, 21). In comparison, absence of the GKS proteins Irgd or
Irga6 results in relatively weak phenotypes (8, 13, 19). Themore
prominent role for the IRGM/GMS proteins in host resistance
can be explained in part by their ability to regulate the expres-
sion, localization, and activation of GKS IRG proteins (25, 29,
30). For instance, in Irgm1- and Irgm3-deficient cells, Irga6 and
Irgb6 form large aggregate-like structures, decreasing their
localization to pathogen-containing vacuoles where they are
thought to affect pathogen clearance. However, an open ques-
tion is whether IRGM proteins possess broader functions that
could contribute to the apparent complete absence of IFN-�-
induced host resistance that has been noted against several dif-
ferent pathogens as a result of IRGM deficiency (19–22).

1 To whom correspondence should be addressed: 508 Fulton St., Rm. N3008,
Durham, NC 27705. Tel.: 919-286-0411; Fax: 919-286-6823; E-mail: gregory.
taylor@duke.edu.

2 The abbreviations used are: IRG, immunity-related GTPase; GBP, guanylate-
binding protein; TUBE 1, tandem ubiquitin binding entity 1; MEF, mouse
embryonic fibroblast; GMS, glycine-methionine-serine; GKS, glycine-ly-
sine-serine; 3T3, 3-day transfer, inoculum 3�105 cells.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 35, pp. 30471–30480, September 2, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

SEPTEMBER 2, 2011 • VOLUME 286 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 30471



In this work, we address the possibility of broader regulatory
functions by examining whether IRGM proteins can affect the
localization and functioning of another important family of
IFN-�-induced effectors, the guanylate binding proteins
(GBPs) (31–33). Like the IRG proteins, GBPs can be function-
ally classified within the dynamin protein superfamily (11, 34)
and have been implicated in vacuolar processing and resistance
to pathogens such as T. gondii, L.monocytogenes, and C. tra-
chomatis (35, 36). Despite no previous evidence of interactions
between these two protein families, we find that the absence of
IRGM proteins has striking effects on the localization of GBPs.
Our findings suggest that IRGM proteins may have activities
that extend beyond the IRG protein family to influence other
IFN-�-induced effectors by modulating autophagy.

EXPERIMENTAL PROCEDURES

Mice and Cell Culture—Irgm1 (LRG-47)-deficient and
Irgm3 (IGTP)-deficient mice were generated as described pre-
viously (19). The mice were maintained according to Institu-
tional Animal Care and Use Committee-approved protocols at
the Durham VA and Duke University Medical Centers (Dur-
ham, NC). Mouse embryonic fibroblasts were derived from
these mouse lines and immortalized by the standard 3T3 pro-
cedure (37). Atg5-deficient fibroblasts were a gift fromHerbert
Virgin, Washington University, St. Louis, MO. 3T3 fibroblasts
were cultured in DMEM (Invitrogen) supplemented with 10%
(v/v) FBS (Hyclone, Logan, UT). Twenty-four hours prior to
most experiments, 100 units/ml IFN-� (#407320, Calbiochem,
EMD Biosciences, San Diego, CA) was added to the culture
medium. Primary bone marrow macrophages were isolated
from the tibia and femurs of 2- to 4-month-old mice. Bone
marrow was flushed from the bones using a 27-gauge needle
fitted to a syringe filled with DMEM, and the marrow was dis-
persed by drawing through the needle three to four times. Red
cells were lysed with ACK lysing buffer (Invitrogen). Adherent
cells were cultured for 6 days in bone marrow macrophage
medium (culture medium supplemented with 30% (v/v) L929
cell-conditioned culture medium). The cells were cultured on
Petri dishes, resulting in cultures that were loosely adherent
and easily removed from the plates with cell dissociation buffer
(#13150–016, Invitrogen). Twenty-four hours prior to all
experiments, the cells were plated on polylysine-coated cover-
slips in medium lacking L929-conditionedmedia (DMEM sup-
plemented with 10% (v/v) FBS) containing 100 units/ml IFN-�.
Immunocytochemistry—Cells were fixed with 4% parafor-

maldehyde (w/v) in PBS for 15 min, rinsed in 100 mM glycine/
PBS for 5 min, and permeabilized with 0.2% (w/v) saponin/PBS
for 10 min. Cells were blocked with 10% (v/v) FCS/PBS for 60
min. As indicated in the text, the cells were then stained with
various primary antibodies for 60min, followed byAlexa Fluor-
conjugated secondary antibodies (Molecular Probes/Invitro-
gen) for 60 min. The primary antibodies included anti-Irga6
mouse monoclonal clone 10E7 antibody (7) at 1:10; anti-Irgb6
rabbit polyclonal antiserum (29) at 1:1000; anti-Gbp2 rabbit
polyclonal antiserum (35) at 1:500, or anti-Gbp2 rabbit poly-
clonal antiserum (Jörn Coers, DukeUniversity) at 1:1500 (these
two Gbp2 antisera were used interchangeably with essentially
identical results in all contexts), anti-GM130 mouse antibody

(#612009, BD Transduction Laboratories) at 1:250, anti-
TRAP� rabbit polyclonal antiserum (a gift of Chris Nicchitta,
Duke University) at 1:125, anti-EEA1 mouse antibody
(#610456, BD Transduction Laboratories) at 1:25, anti-protea-
some 20 S C2 rabbit polyclonal antiserum (#ab3325, Abcam,
Inc.) at 1:500, anti-p62/Sqstm1 rabbit polyclonal antiserum
(#ab91526, Abcam, Inc.) at 1:500, anti-LC3 mouse monoclonal
antibody (#M152–3,MBL International,Woburn,MA) at 1:50,
and phalloidin-conjugated Alexa Fluor 488 (Molecular Probes/
Invitrogen) at 1:40 (no secondary antibody used).
Images were collected on an Olympus IX70 microscope

equipped with a Hamamatsu C8484–03G01 digital camera.
Cells were magnified �1000. Wide-field fluorescence images
and z-stacks were collected using Metamorph 6.2.3.5. As men-
tioned in the text, images were, when appropriate, deconvolved
using Auto Quant 9.3 software.
Colocalization Studies—Slides were prepared as described

above and examined in phase contrast. One cell was randomly
chosen from the field of view, and its thickness was determined.
Z-stacks of the entire cell thickness with the appropriate two fluo-
rescent channels were captured using Metamorph 6.2.3.5. Dis-
tance between planes was set at 0.3 microns. These two stacks
were then flattened into two-dimensional representations using
the three-dimensional reconstruction functionofMetamorphand
thresholded to remove background fluorescence. Thresholded
channels were then overlaid. Once 10 thresholded and overlaid
images were obtained per genotype, the number of overlapping
puncta in each cell was quantified in a blinded fashion.
Western Blotting—Western blot analyses were performed

according to standard protocols. In brief, lysates were boiled in
SDS and separated on 8–16% gradient Tris-glycine gels
(#EC60485, Invitrogen). Proteins were transferred overnight to
Immobilon synthetic membranes (Millipore). Membranes
were blocked in 5% (w/v) milk in TBS-Tween 20 for 60 min,
then incubated in primary antibody for 60 min, washed, and
incubated in secondary antibody for 60min. Primary antibodies
utilized include anti-Gbp2 rabbit polyclonal antiserum (Jörn
Coers, Duke University) at 1:1000, anti-p62/Sqstm1 rabbit
polyclonal antiserum (#ab91526, Abcam, Inc.) at 1:1000, anti-
Irgm3 mouse monoclonal antibody (#610880, BD Transduc-
tion Laboratories) at 1:1000, and anti-actin clone C4 mouse
monoclonal antibody (#MAB1501, Millipore) at 1:1500. Sec-
ondary antibodies used were goat anti-rabbit (H�L) HRP-con-
jugated IgG and goat anti-mouse (H�L) HRP-conjugated IgG
(#AP307P and #AP308P,Millipore) at 1:1000. Blots were devel-
oped in SuperSignal west pico chemiluminescent substrate
(#34708, Thermo Scientific, Rockford, IL) and imaged on a
Kodak Image Station 4000R usingCarestreamMolecular Imag-
ing software. Carestream software was also used to quantify
sum intensities of bands.
TUBE 1 Pull-down of Polyubiquitinated Protein—Wild-type,

Irgm1�/�, and Irgm3�/� 3T3 cells were grown in 15-cm tissue
culture dishes and exposed to 100 units/ml IFN-� for 24 h prior
to lysis. Cells were washed in PBS and lysed in 0.6 ml of lysis
buffer (50mMTris-HCL (pH 7.4), 0.15 MNaCl, 1mMEDTA, 1%
Nonidet P-40, 10% glycerol). Input control samples were
obtained by removing 0.2-ml aliquots and centrifuging at
16,000 � g at 4 °C for 5 min. Supernatants were mixed 3:1 with
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4� sample buffer containing 0.4 M DTT (Invitrogen). To assay
for detergent-insoluble protein aggregates that might sediment
during centrifugation, pellets were suspended in 0.2 ml of 1�
sample buffer containing 0.1 M DTT. Viscosity of the pellet
suspension was reduced by 10–15 passages through a 23-gauge
needle attached to a 1-ml syringe. To keep aggregated proteins
in the suspension, the lysates were not cleared by centrifuga-
tion. Agarose beads coupled to tandemubiquitin binding entity
1 (TUBE 1, LifeSensors,Malvern, PA) or uncoupled beads were
equilibrated in TBS-T (10mM Tris-HCl (pH 8.0), 0.15 M NaCl,
0.05%Tween 20) according to the supplier’s recommendations.A
sedimented bead volume of 30 �l was used per pull-down
sample. Lysates were incubated with uncoupled agarose
beads for 30 min at 4 °C. Beads were sedimented at low speed
(700 � g), and the supernates were transferred to tubes con-
taining TUBE 1-coupled beads. Incubation at 4 °C was con-
tinued for 1 h. Beads were sedimented and washed in TBS-T
a total of four times. Beads were suspended in 1� sample
buffer containing 0.1 M DTT. All samples were heated in a
boiling water bath for 5 min prior to electrophoresis and
Western blotting.
Immunoprecipitation Assay—For each immunoprecipita-

tion, 50 �l of protein A-coupled paramagnetic beads (Dyna-
beads, Invitrogen) were isolated on a magnetic stand (Promega,

FIGURE 1. Altered localization of Gbp2 in cells deficient for Irgm1 or Irgm3. A,
3T3 MEFs or primary bone marrow macrophages of the indicated genotypes
were activated with 100 units/ml IFN-� for 24 h and then processed for immuno-
staining with anti-Gbp2 antibodies. Images were magnified �1000. Shown is
one representative of three experiments. Note the large ring-like structures
denoted with arrows. B, Irgm1-deficient 3T3 MEFs were activated with 100
units/ml IFN-� for 24 h and then processed for immunostaining with anti-Gbp2
antibodies. Z-stack images were obtained (left panel, one plane) and then decon-
volved (right panel, one plane). Shown is one representative of three experiments.
Ring-like structures are denoted with arrows. Images were magnified �1000.

FIGURE 2. Gbp2 colocalizes with GKS IRG proteins in IRGM-deficient cells. 3T3 MEFs of the indicated genotypes were activated with 100 units/ml IFN-� for
24 h and then processed for immunostaining with anti-Gbp2 and Irga6 antibodies (A) or anti-Irgb6 and Irga6 antibodies (C). Representative two-dimensional
projections of z-stack images were magnified �1000. Also displayed are the average percentage of Irga6 puncta colocalizing with Gbp2 puncta (B) or Irgb6
puncta (D). Puncta were scored in a blinded fashion in 10 cells per genotype. Note that wild-type cells were not analyzed because of the absence of Irga6
puncta. The error bars represent mean � S.E. Differences between Irgm1- and Irgm3-deficient cells were not statistically significant (p � 0.05). Data are
representative of three experiments.

IRGM Proteins Influence Localization of GBP2

SEPTEMBER 2, 2011 • VOLUME 286 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 30473



Madison, WI) and suspended in 0.2 ml of PBS containing 0.02%
(v/v) Tween 20 (PBS-T). One microliter of either preimmune
serum or anti-Irgm3 polyclonal antiserum (38) was added, and
bead suspensions were incubated with rotation at room tempera-
ture for 20 min. Antibody-bound beads were washed once in
PBS-T prior to addition of cell lysates. Wild-type, Irgm1�/�, or
Irgm3�/� 3T3 cells in 10-cm tissue culture dishes were given 100
units/ml IFN-� for 24h and lysed inPBS containing 1% (v/v)Non-
idet P-40 and proteinase inhibitors (Calbiochem). 0.35 ml cell
lysate with or without 0.5 mM GDP or GTP�S was added to the
antibody-bound beads and incubated at room temperature for 20
minwith rotation. Beadsweremagnetically separated andwashed
three times.Washed beads were removed to a fresh tube and sus-
pended in 1� sample buffer (0.09 M DTT, 1.2% SDS, 0.012 M

EDTA, 0.0025% bromphenol blue, 6% sucrose). Samples were
heated to 100 °C to elute proteins and used for Western blotting.
Tominimize cross-reaction of the secondary antibodywith eluted
IgG, a secondary antibody that does not recognize denatured IgG
(Clean Blot, Thermo Scientific) was used.
Statistical Analysis—Student’s t test, as calculated by Excel,

was used to assess statistical significance. The significance
threshold was arbitrarily determined to be p � 0.05.

RESULTS

The Absence of Irgm1 or Irgm3 Affects the Localization of
Gbp2—As mentioned above, we and others have previously
demonstrated that the GMS IRG proteins Irgm1 and Irgm3
regulate the localization of GKS IRG proteins. The absence of

Irgm1/m3 leads to the relocalization of Irga6 and Irgb6 from
the endoplasmic reticulum and cytosol (7) into aggregate-like
complexes. These effects were thought to be specific to IRG
proteins, related to direct interactions between GMS and GKS
proteins (30). In this study, we addressed whether the IRGM/
GMSproteins affect broader processes thatmay affect the func-
tioning of other proteins, including theGBPs.Absence of Irgm1
or Irgm3 in interferon-treated mouse fibroblasts or macro-
phages grossly altered distribution ofGbp2 frompunctate cyto-
plasmic structures (presumably small vesicles to which Gbp2
has been purported to localize in previous studies (39)) tomuch
larger, ring-like structures (Fig. 1). A hollow core was apparent
inmost of the Gbp2-positive structures, (Fig. 1, arrows), partic-
ularly in deconvolved images, suggesting that they could be
membranous/vesicular. Costaining studies were also per-
formed to determine whether GKS IRG proteins were concur-
rently present in the Gbp2-positive compartments (Fig. 2).
Nearly all of the Gbp2-positive structures in Irgm1- and Irgm3-
deficient cells also contained Irga6 (94 and 77%, respectively).
In contrast, Irga6 and Irgb6 colocalized in only a fraction of the
ring-like structures (38% in Irgm1-deficient cells and 46% in
Irgm3-deficient cells), indicating that although the structures
contained bothGBPs and IRGproteins, there was some hetero-
geneity among them.Collectively, these data suggest that Irgm1
and Irgm3 regulate processes that control the transfer of GBP
and IRG proteins from diverse initial locations within the cells
to an overlapping set of large, ring-like compartments.

FIGURE 3. IRGM deficiency leads to an increase in Gbp2-tagged autophagosome accumulation. A, MEFs of the indicated genotypes were activated with
IFN-� for 24 h and then processed for immunostaining with anti-LC3 antibodies. Shown are representative two-dimensional projections of z-stack images that
were magnified �1000. Autophagosomes were defined as puncta or punctate structures that were both larger and more intense than background puncta and
are marked with arrows. B, autophagosome (AP) number per cell was assessed in a blinded fashion in 10 cells per genotype per experiment. Shown are averages
of three separate experiments. The error bars indicate mean � S.E. *, p � 2.69 � 10�5; **, p � 2.16 � 10�4. C, MEFs of the indicated genotypes were activated
with IFN-� for 24 h and then processed for immunostaining with anti-LC3 and Gbp2 antibodies. Shown are representative two-dimensional projections of
z-stack images that were magnified �1000. D, LC3-Gbp2 colocalization was quantified from 10 cells per genotype. Differences between genotypes were not
statistically significant (p � 0.05).
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Gbp2 Partially Colocalizes with Autophagic Markers in the
Absence of IRGM Proteins—In an attempt to identify the com-
partment to which Gbp2 localizes in the absence of Irgm1 or
Irgm3, we undertook a variety of costaining studies. The Gbp2-
positive structures did not colocalize with a number of markers
for intracellular lipid compartments and for the cytoskeleton,
including TRAP-� (endoplasmic reticulum), GM130 (Golgi),
EEA1 (early endosomes), LAMP1 (late endosomes/lysosomes),
mitotracker red (mitochondria), bodipy (lipid droplets), actin,
tubulin, and vimentin (data not shown). Instead, we found that
some Gbp2-positive structures were positive for LC3, an
autophagic marker. Autophagy is a system of bulk protein deg-
radation in which a double membrane forms around a portion
of the cytoplasm, creating an autophagosome that fuses with
late endosomes/lysosomes and becomes acidified, leading to
the degradation of its contents. (For reviews, see Refs. 40–42.)
This process serves not only as a survival mechanism during
nutrient deprivation but also as a mechanism to remove intra-
cellular pathogens (43). Several autophagy-related proteins are
integral to the process, including LC3/Atg8, which, after acti-
vation by addition of phosphatidylethanolamine, localizes to
the outermembrane of autophagosomes (44), and Atg5, which,
when covalently bound to Atg12, is required for this modifica-
tion of LC3 (45, 46). Importantly, previous studies have shown
that Irgm1 may be involved in autophagy in a manner that has
yet to be defined. Overexpression of Irgm1 in RAW 264.7 cells
led to an increased number of autophagosomes, whereas
knockdown of Irgm1 expression led to a decrease in IFN-�-
induced autophagosomenumber (24). In this study, autophago-
somes were identified by LC3 immunostaining. In IFN-�-acti-
vated Irgm1- and Irgm3-deficient cells, there was an increase in
the number of large, intense LC3 puncta per cell relative to
activated WT cells (Fig. 3, A and B), suggesting that IRGM
deficiency leads to an increase in autophagosome levels, in con-
trast to the results of previous studies (24). In costaining stud-
ies, it was clear that Gbp2 ring-like structures colocalized with
LC3 in WT, Irgm1-, and Irgm3-deficient cells, although it
should be emphasized that very few of these structures were
found inWTcells (Fig. 3,C andD). Although theGbp2-positive
structures were LC3-positive, they were not LAMP1-positive
(data not shown), which suggests, along with data presented
below, that these are likely immature or abortive autophago-
somal structures. Finally, partial rings that were Gbp2-positive
were commonly noted in Irgm1-deficient cells, indicating that
Gbp2 may be acquired early during the process of autophago-
some formation (data not shown).
AlteredAutophagic Flux in the Absence of Irgm1—To explore

whether the increase in autophagosome levels observed in
IRGM-deficient cells was due to an increase in autophagosome
formation or a decrease in autophagosome clearance, we exam-
ined levels of p62/Sqstm1 before and after interferon-� treat-
ment. Because p62 is a protein that is reliably degraded when
brought to autophagosomes, levels of p62 are a useful surrogate
to measure flux through the pathway (47). In the absence of
Irgm1, p62 levelswere increased in response to interferon treat-
ment (Fig. 4A), indicating a deficiency in autophagic flux. Inter-
estingly, p62 levels were not affected by Irgm3 deficiency (not

shown), indicating that Irgm1 and Irgm3 function differently at
some level to regulate autophagic protein degradation.
To address this possibility further, we additionally blocked

autophagic flux by a different method, Atg5-deficiency, to
determine whether it would also lead to transfer of IRG and
GBPproteins to autophagosomes. It has been previously shown
that in Atg5-deficient cells, GKS IRG proteins have decreased
protein levels and form aggregates (48, 49).We found this to be
the case for Gbp2 as well, as absence of Atg5 in both fibroblasts

FIGURE 4. Irgm1 deficiency leads to impaired autophagic flux. A, MEFs of
the indicated genotypes were or were not activated with IFN-� for 24 h and
then processed for Western blotting with anti-p62 antibodies. Shown is one
representative of four experiments. The positions of molecular mass markers
are shown at the left. p62 band sum intensities, normalized to actin, were
calculated for all four experiments. Shown is the average ratio of interferon-�
treated p62 level to untreated p62 level for each genotype, calculated across
four experiments. The error bars indicate mean � S.E. *, p � 0.0496. B, MEFs of
the indicated genotypes were activated with IFN-� for 24 h and then pro-
cessed for immunostaining with anti-Gbp2, Irga6, and Irgb6 antibodies.
Images were magnified �1000. Shown is one representative of three
experiments.
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(Fig. 4B) andmacrophages (not shown) led to the accumulation
of large Gbp2-, Irgb6-, and Irga6-positive rings. These struc-
tures were even larger and more striking than those seen in
Irgm1- or Irgm3-deficient cells, which implies that Irgm1/m3
deficiency leads to a partial block in autophagic flux as com-
pared with a complete block in Atg5-deficient cells. The Gbp2
positive rings that accumulated in Atg5-deficient cells were not
LC3-positive (data not shown). This is consistent with the role

of Atg5 in lipidation and activation of LC3 but, importantly,
contrasts with the LC3-positive Gbp2 rings seen in Irgm1-defi-
cent cells. This implies that Irgm1 and Irgm3 influence
autophagosomal flux at a point after LC3 acquisition on the
autophagosome.
Ubiquitination of Irga6, but notGbp2, in theAbsence of Irgm1

or Irgm3—There are several mechanisms through which pro-
teinsmay enter the autophagic pathway for degradation.One of
these involves ubiquitination of targeted proteins, followed by
their transfer to the autophagic system by an adapter protein
called p62/Sqstm1 (50, 51). This protein binds both ubiquitin
and the autophagosome outer membrane component LC3,
physically bringing polyubiquitinatedmolecules to the forming
autophagosome,with p62 eventually being degraded alongwith
the other contents of the autophagosome (52, 53). To deter-
mine whether the presence of Irgm1 or Irgm3 was required for
degradation ofGKS IRGproteins through this pathway, we first
performed costaining with anti-ubiquitin and anti-p62 anti-
bodies, revealing that the Gbp2-positive structures (Fig. 5, A
and B) and Irga6-positive structures (data not shown) seen in
the absence of Irgm1 or Irgm3 are also positive for ubiquitin
and p62. Polyubiquitin chains can be linked through any of
seven lysines in the ubiquitin sequence, leading to chains with
unique three-dimensional structures and characteristics (54). It
has recently been shown that unlike the commonly studied Lys-
48-linked polyubiquitin chains, Lys-63-linked polyubiquiti-

FIGURE 5. IRGM deficiency leads to colocalization of Gbp2 with ubiquitin
and p62. MEFs of the indicated genotypes were activated with IFN-� for 24 h
and then processed for immunostaining with anti-p62 antibody (A) or FK2
(anti-ubiquitin) antibody (B). Shown are representative two-dimensional pro-
jections of z-stack images from three experiments. Images were magni-
fied �1000. Gbp2 ring-like structure and p62 puncta colocalization was quan-
tified from 10 cells per genotype. The error bars indicate mean � S.E.
Differences between Irgm1- and Irgm3-deficient cells were not statistically
significant (p � 0.05). Note that wild-type cells were not quantified because of
the rarity of Gbp2 ring-like structures.

FIGURE 6. IRGM deficiency leads to increased levels of Lys-63-ubiquiti-
nated proteins, including Irga6. Poly-Lys-63-ubiquitinated proteins were
precipitated from IFN-�-treated MEF lysates of the indicated genotypes using
TUBE 1-conjugated resin. Proteins were separated by SDS-PAGE and blotted
(IB) with FK2 (ubiquitin) antibodies (A) or Irga6 antibodies (B). Additional con-
trol samples taken included lysate before and after TUBE 1 addition and
detergent-insoluble aggregates/excess membranous material pelleted
before TUBE 1 addition. Sup., supernatant. Shown is one representative of
three experiments.
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nated proteins are insensitive to degradation by the proteasome
(55). Furthermore, depolarized mitochondria are decorated
with Lys-63- and Lys-27-linked polyubiquitin chains, leading to
selective autophagy of these organelles (56). These findings
imply that Lys-63- and Lys-27-linked polyubiquitin tagsmay be
signals for selective quality control autophagy. In this study, we
utilized TUBE 1, a peptide designed to stabilize and identify
polyubiquitinated proteins that has approximately a 10-fold
higher affinity for Lys-63-linked polyubiquitin chains over Lys-
48-linked chains, to examine levels of Lys-63 ubiquitination in
IRGM-deficient cells. Total levels of Lys-63-linked polyubiq-

uitinated proteins were increased in Irgm1- and Irgm3-defi-
cient cells (Fig. 6A), indicating that there was a general block in
removal of such proteins in these cells, consistent with the idea
that IRGM proteins are required for normal autophagic clear-
ance of IRG GKS proteins. Furthermore, TUBE 1 was able to
precipitate protein species recognized by anti-Irga6 antiserum
that were of higher molecular weight than Irga6 and likely rep-
resent ubiquitinated Irga6 (Fig. 6B). Apparent in the samples
derived from Irgm1- and Irgm3-deficient cells was a ladder/
smear that is typical of proteins in ubiquitin-positive inclusions
(57), suggesting an increase in Lys-63-linked polyubiquitinated

FIGURE 7. Gbp2 localizes to autophagosomal structures independent of IRGM activity. A, poly-Lys-63-ubiquitinated proteins were precipitated from IFN-�
treated MEF lysates of the indicated genotypes using TUBE 1. Proteins were separated by SDS-PAGE and blotted (IB) with Gbp2 antibody. Control samples taken
included lysate before and after TUBE 1 addition and detergent-insoluble aggregates/excess membranous material pelleted before TUBE 1 addition. Sup.,
supernatant. Shown is one representative of three experiments. B, wild-type MEFs were activated with IFN-� for 24 h and simultaneously exposed to 10 �M

MG132 or control conditions. Cells were then processed for immunostaining with anti-Gbp2 antibodies. Images were magnified �1000. Shown are represen-
tative images from three studies. C, lysates were prepared from WT MEFs that had been activated with 100 units/ml IFN-� for 24 h. The lysates were used for
immunoprecipitation (IP) with anti-Irgm3 antibodies, followed by blotting with anti-Irgb6 or anti-Gbp2 antibodies, as indicated. In some cases, the lysates were
loaded with 0.5 mM of the indicated guanine nucleotides prior to immunoprecipitation. Shown at the left are the positions of selected molecular weight
markers. Data are representative of three experiments.
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Irga6 in those cells. This finding thus implies that GKS IRG
proteins formpolyubiquitinated aggregates that are transferred
via p62/Sqstm1 to the autophagic system for degradation.
Gbp2May Play a Role in the Autophagic Processes—We also

addressed whether Gbp2 was Lys-63-ubiquitinated using the
TUBE 1 pull-down assay (Fig. 7A). In contrast to the results
examining Irga6, no highmolecularweight species identified by
Gbp2 antibodies were found in the TUBE 1 pull-downs. This
suggests that Gbp2 is not substantially Lys-63-ubiquitinated in
wild-type, Irgm1-deficient, or Irgm3-deficient cells and thus
might be found in autophagosomal structures not because it is
being degraded but because it is itself involved in autophagy. To
examine this theory, we induced quality control autophagy in
wild-type cells by treatment with either of two proteasomal
inhibitors, MG132 (Fig. 7B) and lactacystin (not shown). Inhi-
bition of the proteasome has been shown previously to up-reg-
ulate autophagy as a compensatory degradation system (58).
After treatment with either inhibitor in IFN-�-activated wild-
type cells, the normal vesicular localization pattern ofGbp2was
altered to ring-like structures, very similar to that noted in
Irgm1-, Irgm3-, and Atg5-deficient cells. This indicates that
Gbp2 localizes to autophagosomes when autophagy is induced,
regardless of the presence or absence of IRGM proteins. Fur-
thermore, although the absence of IRGM proteins influences
Gbp2 localization, we find that Irgm3 does not directly interact
with Gbp2 (Fig. 7C). Previous yeast two-hybrid and pull-down
studies have shown that Irgm1 and Irgm3 can directly interact
with other GKS IRG proteins, such as Irga6 and Irgb6, in a
nucleotide-dependent fashion (30). These data have led to a
model suggesting that IRGMproteins may hold other IRG pro-
teins in inactive/GDP-bound conformations that prevent their
oligomerization and the formation of protein aggregates. How-
ever, despite being readily able to coimmunoprecipitate Irgb6
and Irgm3 with the same nucleotide-dependent trends
observed previously, we were unable to coimmunoprecipitate
Gbp2 and Irgm3 (Fig. 7C). These results suggest that Gbp2 can
localize to autophagosomes independent of GMS IRG protein
function and thus may itself be involved in autophagic
processes.

DISCUSSION

The IRGM subfamily of IRG proteins regulates the expres-
sion, localization, and function of proteins in the other IRG

subfamilies. We have presented evidence here that in the
absence of IRGM proteins autophagic flux is impaired, with
broader effects on other immunity-related factors, including
the guanylate-binding proteins, another family of interferon-
stimulated GTPases. We have further shown that although
IRGM protein deficiency does not alter Gbp2 ubiquitination, it
apparently alters Lys-63-linked polyubiquitination of Irga6,
which then localizes to Gbp2-positive autophagosomal struc-
tures. We thus propose the following model for autophagic
maintenance of GKS IRG protein levels (Fig. 8). GKS IRG pro-
teins are held in an inactive state by direct interactions with
GMS IRGs, as proposed previously (30). Excess GKS IRG
aggregates are recognized by unknown factors and are then
polyubiquitinated through Lys-63 linkages. Polyubiquiti-
nated aggregates are then recognized by p62/Sqstm1 and
brought to Gbp2-positive autophagosomes, where they are
degraded as driven by Irgm1 and Irgm3. It is likely that for-
mation of Gbp2-positive autophagosomes containing ubiq-
uitinated Irga6 occurs continuously at a low level, as we
found that approximately 10% of wild-type MEFs contain at
least one Irga6- and Gbp2-positive ring-like structure (data
not shown). Nevertheless, in the absence of GMS IRG pro-
teins, Irga6 and other GKS IRGs aggregate more strongly,
leading to large numbers of autophagosomes containing
polyubiquitinated Irga6 that are unable to mature in the
absence of Irgm1 and Irgm3. Because the structures are LC3-
positive, the block in autophagic flux caused by Irgm1/3 defi-
ciency would seem to occur downstream of LC3 acquisition
on the autophagosome.
The finding that the absence ofGMS IRGproteins leads to an

increase in large LC3-tagged structures seemingly contradicts a
previous study (24) that found slightly but significantly fewer
GFP-LC3-tagged structures in cells treated with Irgm1 siRNA.
This discrepancy could be due to different methodologies or
cell types utilized (RAW 264.7 cells in Ref. 24 versus MEFs in
our study). An additional explanation is that autophagy could
be particularly sensitive to Irgm1 levels so that small changes
in Irgm1 concentrations produced by the partial knockdown
through siRNA versus the complete absence in the knockout
may have differential impacts. The two studies do reach the
same overall conclusion that Irgm1 activity promotes
autophagy.

FIGURE 8. Model of IRG and GBP involvement in autophagic protein degradation. GKS IRGs, including Irga6, are prevented from aggregating by GMS IRGs,
including Irgm1 and Irgm3. Excess GKS IRGs aggregate and are recognized by unknown factors and polyubiquitinated through Lys-63 linkages. Aggregates are
then recognized by p62 and brought to autophagosomes, to which Gbp2 is also recruited. Formation and/or maturation of the structures is regulated by Irgm1
and Irgm3. During the process of maturation, ubiquitinated IRGs as well as p62 are degraded.
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Several lines of data support our contention that the Gbp2-
positive ring-like structures that accumulate in the cell are
immature autophagosomal structures. First, they contain ubiq-
uitinated Irga6 and are both LC3- and p62-positive. However,
they do not appear to be fully mature, as they are LAMP1-
negative. Further, they are not classic aggresomes as they lack
several features of classic aggresomes (59). Classic aggresomes
are typically surrounded by a vimentin cage, whereas this
cage is lacking in the Irgm1/3-regulated structures; classic
aggresomes are localized near the microtubule organizing cen-
ter of the cells, whereas the Irgm1/3-regulated structures donot
demonstrate this restricted localization; and classic aggresomes
occur at one per cell, whereas several of the Irgm1/m3-regu-
lated structures were often found in a single cell (data not
shown). Thus, our data support the notion that these structures
are immature or abortive autophagosomal structures that are
not being efficiently removed from the cell, ostensibly because
of the absence of Irgm1/3 activity.
Our data also define a clear distinction between the way in

which IRGM proteins affect Gbp2 and GKS IRG proteins. The
latter, represented by Irga6 in our studies, may be ubiquitinated
through Lys-63 linkages, as suggested by theTUBE 1 pull-down
studies. In absence of Irgm1 or Irgm3, the amount of ubiquiti-
nated Irga6 that accumulates in cells increases substantially,
presumably because of lack of efficient removal through Irgm1/
3-driven autophagy. In contrast, our studies suggest that there
is little ubiquitinated Gbp2 in IFN-�-activated cells, whether
wild-type or lacking Irgm1 or Irgm3. This suggests that Gbp2 is
recruited to autophagosomes in the absence of Irgm1 or Irgm3,
not as a protein targeted for degradation by autophagy but per-
haps as a protein that is involved in the autophagic process
itself. This contention is also supported by the accumulation of
Gbp2-decorated structures in Atg5-deficient cells, similar to
those seen in Irgm1/3-deficient cells, as well as Gbp2 accumu-
lation on autophagosomes found in MG132-treated cells.
Future work should clarify themechanismwhereby IRGMpro-
teins and GBPs affect autophagic flux and the importance of
this pathway in cell autonomous immune responses to intracel-
lular infection.
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Jin, S., Johansen, T., Jung, J. U., Kadowaki,M., Kang, C., Kelekar, A., Kessel,
D. H., Kiel, J. A., Kim, H. P., Kimchi, A., Kinsella, T. J., Kiselyov, K., Kita-
moto, K., Knecht, E., Komatsu,M., Kominami, E., Kondo, S., Kovács, A. L.,
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