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The interactions between viruses and cellular autophagy have been widely reported. On the one hand, autophagy is an
important innate immune response against viral infection. On the other hand, some viruses exploit the autophagy
pathway for their survival and proliferation in host cells. Vaccinia virus is a member of the family of Poxviridae which
includes the smallpox virus. The biogenesis of vaccinia envelopes, including the core envelope of the immature virus (1V),
is not fully understood. In this study we investigated the possible interaction between vaccinia virus and the autophagy
membrane biogenesis machinery. Massive LC3 lipidation was observed in mouse fibroblast cells upon vaccinia virus
infection. Surprisingly, the vaccinia virus induced LC3 lipidation was shown to be independent of ATG5 and ATG?7, as the
atg5 and atg7 null mouse embryonic fibroblasts (MEFs) exhibited the same high levels of LC3 lipidation as compared
with the wild-type MEFs. Mass spectrometry and immunoblotting analyses revealed that the viral infection led to the
direct conjugation of ATG3, which is the E2-like enzyme required for LC3-phosphoethanonamine conjugation, to ATG12,
which is a component of the E3-like ATG12-ATG5-ATG16 complex for LC3 lipidation. Consistently, ATG3 was shown to be
required for the vaccinia virus induced LC3 lipidation. Strikingly, despite the high levels of LC3 lipidation, subsequent
electron microscopy showed that vaccinia virus-infected cells were devoid of autophagosomes, either in normal growth
medium or upon serum and amino acid deprivation. In addition, no autophagy flux was observed in virus-infected cells.
We further demonstrated that neither ATG3 nor LC3 lipidation is crucial for viral membrane biogenesis or viral
proliferation and infection. Together, these results indicated that vaccinia virus does not exploit the cellular autophagic
membrane biogenesis machinery for their viral membrane production. Moreover, this study demonstrated that vaccinia
virus instead actively disrupts the cellular autophagy through a novel molecular mechanism that is associated with
aberrant LC3 lipidation and a direct conjugation between ATG12 and ATG3.

Introduction

Vaccinia virus is a member of the Orthopoxvirus genus of the family
Poxviridae. It is the most well-studied poxvirus and has been
successfully implemented as a vaccine to eradicate variola virus, the
causative agent of smallpox disease. A unique feature of vaccinia and
all poxviruses is that the life cycle is exclusively cytosolic. The
morphogenesis of the large, complex, enveloped virus involves
several distinct forms of virion." The life cycle of the virus begins in
sequestered subcellular regions of the infected host cell, referred to as
“virus factories,” and is the location where crescent membranes
develop and surround dense viroplasm to form spherical immature
virus (IV).> These crescent membranes, containing lipid and
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protein, are the first visible membrane structures in the host cell
post-infection which enclose the core components of the virus and
are reported to contain a double-membrane structure.’ In addition,
vaccinia requires the procurement of an additional membrane
allowing for the nonlytic escape of viral particles from the host cell.
The source of the membranes that arise to form the IVs are still
controversial despite being intensely scrutinized over the past several
decades. It has been suggested that the crescent membranes are not
host derived but are instead formed by a de novo synthesis process,*
while opposing researchers have proposed an alternative double-
membrane model and argue the membrane originates from the

endoplasmic reticulum-Golgi intermediate compartment (ERGIC)
of the host cell.>>°
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Macroautophagy, hereafter referred to as autophagy, is a
membrane-trafficking pathway leading to lysosomal degradation
of cytosolic components.”'® The hallmark of this pathway
involves the generation of autophagosomes, which are double-
membrane structures’"' that sequester the cytosol and its con-
stituents and deliver them to the lysosome for degradation. In
parallel with the controversy surrounding the crescent membranes
of vaccinia, the origin of the double-membrane phagophore
assembly sites are also highly debated. The purported concept
of de novo synthesis for the crescent membranes which mature
to become autophagosomes has been proposed. More recent
studies have suggested that the source of the membranes could
also be derived from pre-existing organelles, such as the endo-
plasmic reticulum,'” mitochondria,”> plasma membrane' or
Golgi network."

The autophagic pathway requires two interlinked ubiquitin-like
protein conjugation systems.'®'® In one system, the C-terminal
glycine of a ubiquitin-like protein ATGI12 is conjugated to a
lysine residue of ATG5'® via an isopeptide bond which is
catalyzed by ATG7, an E1 equivalent enzyme'” and ATG10, an
E2 equivalent enzyme.” In the other system, ATG8 or, in
mammals, MAP-LC3 (microtubule-associated protein 1 light
chain 3), is cleaved by the cysteine protease ATG4*' resulting in
the cytosolic LC3-1 form. Through the El-like enzyme ATG7
and the E2-like enzyme ATG3, LC3 is conjugated to
phosphatidylethanolamine (PE), forming the lipidated LC3-II
species. These two systems functionally interact. The ATG12-
ATGS5 conjugate associates with ATGI6L, forming a large
multimeric protein complex.®” It is believed that this complex
not only serves as a scaffold on which the nascent autophagosome
is expanded® but also acts as an E3-like enzyme for the
conjugation of ATG8 or, in mammals MAP-LC3 (microtubule-
associated protein 1 light chain 3), to the phospholipids.*

We previously visited the idea that cellular autophagy may play
a role in vaccinia virus membrane biogenesis.”* The study showed
that inactivation of autophagy by deleting essential autophagy
genes, atg5 or beclin 1, affect neither viral production nor viral
infectivity, suggesting that cellular autophagy is not required for
the vaccinia virus membrane biogenesis. In the present study,
however, we found that vaccinia virus does have a tremendous
impact on cellular autophagy. Vaccinia virus infection causes
massive levels of LC3 lipidation. Surprisingly, the LC3 lipidation
induced by vaccinia virus is independent of ATG5 and ATG7,
but depends on ATG3. However, neither deletion of a#g3 nor lack
of LC3 lipidation seems to have an impact on viral production. In
search of the molecular mechanism leading to the ATG5- and
ATG7- independent LC3 lipidation, we showed that vaccinia
virus infection leads to a direct conjugation between ATG12 and
ATG3, which is associated with a total absence of autophagosome
formation under either basal or amino acid deprivation condi-
tions. Our results showed that vaccinia virus does not use the
autophagosome membrane as its source for the core membrane
of the immature virus; however, vaccinia virus does actively
disrupt the cellular autophagy machinery through a unique
molecular mechanism leading to total deficiency of autophago-
some formation.
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Results

Vaccinia virus infection of fibroblast cells led to massive LC3
lipidation that was independent of (ATG5) and ATG7. A
previous study in our lab, employing azg5"~ MEFs and beclin 17~
embryonic stem (ES) cells, showed that the cellular autophagy
machinery is not required for vaccinia virus replication and
maturation.>* However, we found that vaccinia virus infection did
lead to a massive increase of LC3 lipidation at the various
multiplicity of infections (MOI) we tested, as shown in Figure 1A
and B. The ratio of LC3-II over actin is several fold higher than
that observed in the cells that underwent amino acid and serum
deprivation for 2 h with Hank’s media. Strikingly, when the
autophagy-deficient azg5~" or atg7”~ MEF cell lines were infected
with vaccinia virus, they displayed similar levels of LC3 lipidation
as observed in the wild-type cells (Fig. 1C and D). As a control,
amino acid and serum starvation failed to produce any lipidation
of LC3 in these autophagy-deficient cells without vaccinia virus
infection. Lack of AT G5 (as indicated by lacking ATG12-ATG5
conjugate) and ATG7 in the respective knockout MEF cells was
confirmed with immunoblotting as shown in Figure 1E. This
result indicated that vaccinia virus infection generated LC3
lipidation through a unique process that is independent of ATG7
and ATGS.

New species of ATG12 conjugate was formed upon vaccinia
virus infection. The surprising result that the LC3 lipidation
induced by vaccinia virus infection is independent of ATG5 and
ATG?7 indicated that the virus had exploited a novel molecular
mechanism for LC3 lipidation. One possibility is that the viral
genome may encode a homolog of ATG5 and ATG7 that is
capable of complementing the loss of the mammalian proteins. To
explore that possibility, we screened the Addgene (Cambridge,
MA) vaccinia virus ORF (open reading frame) library. The library
is a collection of all 266 open reading frames from the vaccinia
virus genome subcloned into a mammalian expression vector. We
transfected each ORF expression plasmid from the library into the
atg5” cell line to determine if the viral gene could mimic the
effect of viral infection in restoring LC3 lipidation. However, no
single ORF from the collection could induce the conversion of
LC3-I to LC3-11 in the atg5 ™" cell line (data not shown). The data
suggested that the vaccinia virus genome may not encode a
homolog of ATG5 or that the complementation of the ATG5
function may require a concerted interaction specifically related to
viral life cycle.

In wild-type cells, ATG5 is conjugated to ATGI2 in a
ubiquitin-like conjugation system* and in turn helps facilitate the
conjugation of LC3 to PE. Therefore, we decided to employ an
alternative approach to identify the functional homolog of ATGS5.
We reasoned if a functional ATG5 homolog existed, it should
form a conjugate with ATG12. We did an immunoblotting assay
with an antibody against ATG12 on infected and uninfected wild-
type, atg5”" and atg7”~ MEF cells. As shown in Figure 2A, under
untreated and starvation conditions in wild-type cells, a 55-kDa
protein band was detected representing the ATGI2-ATGS5
conjugate. This protein band was not detected in either autophagy
deficient cell line as expected. Upon viral infection, a novel
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Figure 1. Vaccinia virus infection increases LC3
lipidation, which is independent of atg5 and atg7.
(A) Immunoblotting assay of wild-type cells either
grown in normal medium (untreated), or amino acid
and serum deprived for 2 h with Hank’s media
(starvation), or infected with vaccinia virus at a
multiplicity of infection (MOI) of 1, 3 or 9 and
harvested 24 h post infection. Cell lysates were
subjected to SDS-PAGE and separated proteins were
immunoblotted using an anti-LC3 or anti-actin
antibodies as indicated. (B) Quantification of LC3-Il to
actin ratio in (A). (C) Immunoblotting assay of wild-
type, atg5~~ and atg7”~ MEF cell lines either grown in
normal medium (untreated), or amino acid and serum
deprived for 2 h with Hank’s media (starvation), or
infected with vaccinia virus at a MOI of 3 and
harvested 24 h post infection. Cell lysates were
analyzed with an anti-LC3 or anti-actin antibody, as
indicated. (D) Quantification of LC3-Il to actin ratio in
(C). The results in (A) and (C) are representative of
three independent experiments. (E) Immunoblotting
assay of wild-type, atg5”~ and atg7”~ MEF cell lines
grown in normal medium using an anti-ATG12, anti-
ATG7 and anti-actin antibodies as indicated.

protein band that interacts with the anti-ATG12
antibody was detected in wild-type, az¢5”" and
atg7”’~ MEFs. Under denaturing conditions, this
faster migrating protein band was running at
approximately 50-kDa. It was interesting to note
that the 55-kDa protein band that represents
ATGI12-ATG5 protein conjugate was no longer
observed in the wild-type cells post vaccinia virus
infection. We further performed a time course
study. As shown in Figure 2B, the novel protein
band reached a high level in about 4 h and
remained abundant in the infected cells for all the
time points tested thereafter. These results
suggested that ATG12, whose molecular weight
is 16 kDa, might be conjugated to a protein other
than ATG5 upon vaccinia virus infection.

Novel ATG12-ATG3 conjugate was gener-
ated upon vaccinia virus infection and ATG3 was
required for LC3 lipidation. To determine the
identity of the unknown protein that was
conjugated to ATG12, we generated a stable cell
line expressing FLAG and HA epitope tagged
mouse ATGI12, referred to hereafter as FH-
ATGI12, in NIH-3T3 cells. The FH-ATGI12
stable cell line was subsequently infected with
vaccinia virus for 24 h and immunoprecipitation
experiments employing M2 agarose beads (the
anti-FLAG antibody M2 is crossed-linked to
agarose) were performed. Silver stain of the
virus-infected ~ immunoprecipitation
sample revealed a protein band that ran at
an approximate size of 50-kDa (Fig. 3A)
corresponding well with western blot results

(Fig. 2A). Untreated NIH-3T3 and FH-ATGI12

vaccinia
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Figure 2. Formation of a new ATG12 conjugate upon vaccinia virus infection. (A) Immunoblotting assay of wild-type, atg5~~ and atg7”~ MEF cell lines
either untreated, or amino acid and serum deprived for 2 h with Hank’s media (starvation), or infected with vaccinia virus at a MOI of 3 and harvested
24 h post infection. Lysates were subjected to SDS-PAGE and separated proteins were immunoblotted using an anti-ATG12 (upper) or anti-actin (lower)
antibody. The results are representative of three independent experiments. (B) Immunoblotting assay of wild-type cells showing the time course of the
appearance of the novel protein band after vaccinia virus infection. Wild-type MEFs were infected with vaccinia virus at a MOI of 3, harvested at
indicated time points, and analyzed with an anti-ATG12 (upper) or anti-actin (lower) antibody.

immunoprecipitation control samples did not exhibit a protein
band that ran at the same molecular weight.

Mass spectrometry analysis was performed to determine the
identity of the novel fusion protein. Screening of the mass
spectrometry amino acid sequence data against the protein
databanks that are encoded by the Western Reserve and
Copenhagen vaccinia virus strains yielded no matches with high
confidence levels; however, screening against the murine protein
database identified ATG3 as the most plausible protein
conjugating to ATG12 (Fig. 3B).

To confirm the mass spectrometry findings, we performed
immunoblotting analysis on the immunoprecipitated proteins. As
shown in Figure 4A, indeed, the immunoprecipitated protein
band was recognized by both the ATGI12 and the ATG3
antibodies. We further tested if the ATG12 interacting protein
band shown in Figure 2A can be recognized by the ATG3
antibody. Cell lysates were re-examined with an anti-ATG3
antibody. As shown in Figure 4B, upon vaccinia virus infection,
wild-type, atg5” and atg7”' cell lines all exhibited an intense 50-
kDa protein band that was in the position previously identified
with the ATG12 antibody. Again, as in the case when probed
with anti-ATG12 antibody (Fig. 2A), this protein band was not
detected under untreated or starvation conditions in wild-type
cells. To determine that the 50-kDa protein was truly reactive to
both ATG3 and ATGI2 antibodies, the band was verified in
several ways. First, fresh membranes were exposed to each
individual antibody; second, after probing and stripping of one
antibody, the membrane was then reprobed with the second
antibody; third, the order of probing antibodies were reversed. All
these analyses indicated that the protein that is reactive to the
ATG3 and ATGI12 antibodies is the same protein. Based on
predicted molecular weight of ATG12 (16-kDa) and ATG3
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(36-kDa), the detection of an ATG12-ATG3 protein conjugate
would be expected to run at an approximate molecular weight of
52-kDa, in-line with the empirical western blot data.

We then investigated the functional significance of the
ATG12-ATG3 conjugation and determined if the LC3 lipidation
depends upon ATG3. Wild-type, atg5”~ and atg3™ cell lines were
infected with vaccinia virus (Fig. 4C and D). Consistent with our
previous observations (Fig. 1C and E), wild-type and azg5™" cells
exhibit the conversion of LC3-I to LC3-II post vaccinia virus
infection. However, in the atg3” cell line, no LC3 lipidation was
detected upon viral infection, indicating LC3 lipidation is
dependent upon ATG3 during viral infection. Together, our
results indicated that vaccinia virus leads to the production of
ATGI12-ATG3 conjugate and ATG3 is required for the virus-
induced LC3 lipidation. It is noteworthy that viral infection in the
atg3”~ MEFs still led to production of a residual conjugate
product (Fig. S1A). This is likely due to the fact that the atg37"
MEFs express an alternative spliced form of azg3 transcript
(Fig. S1B). In this transcript, the neo cassette that replaces azg3
exon 10 encoding the catalytic domain of ATG3 is spliced out
(Fig. S1C). The residual conjugate might be the conjugation
product between ATG12 and the nonfunctional ATG3Aexon10
(Fig. S1A).

Viral DNA and ATGI12/ATG3 proteins were clustered
together in vaccinia-infected cells. An immunofluorescence study
was performed to determine changes in subcellular localization of
ATGI12 and ATG3 post-vaccinia virus infection. When stained
for ATG12 or ATG3, wild-type cells under normal growth
conditions exhibited a diffuse pattern throughout the cell (Fig. 5A
and C, upper). However, upon viral infection, a new pattern
was observed in which ATG12 or ATG3 was clustered in the
cytoplasm. To determine if viral activity colocalized with the
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Figure 3. Immunoprecipitation and mass spectrometry analysis of the
novel ATG12 conjugate. (A) NIH-3T3 and NIH-3T3 stable cell line
expressing epitope tagged ATG12 (FH-ATG12) were left untreated or
infected with vaccinia virus at a MOI of 3 and harvested 24 h post
infection. Samples were immunoprecipitated with a-FLAG M2 affinity gel
beads and eluted with FLAG peptide. The final eluate was separated by
SDS-PAGE and visualized by silver stain. Labeled protein bands were
identified through mass spectrometry analysis; double asterisk denotes
cellular protein not fully characterized. (B) ATG3 peptide sequences
identified by mass spectrometry. The numbers indicate the relative
amino acid position in full-length mouse ATG3 sequence.

ATG12 or ATG3 clustering, DAPI staining was performed in
wild-type cells to visualize viral DNA. After 8 h of viral infection,
viral DNA was clearly observed. In almost all cells, the location
where ATG3 or ATGI12 was clustered in near proximity to the
cytoplasmic viral DNA (Fig. 5A and C, lower). Quantification of
the immunofluorescence results show that ATG12 and ATG3
consistently localize near the subcellular regions of the cell where
viral DNA is concentrated (Fig. 5B and D). Due to the
unavailability of commercial antibodies of different species origins
against ATG3 and ATGI12 that are suitable for immuno-
fluorescent study, it was not possible to directly analyze the
colocalization between ATG12 and ATG3 upon viral infection. It
was important to note that while the ATG12 or ATG3 clusters
seemed to interdigitate with the viral DNA clusters, ATG12/
ATG3 proteins did not overlap with the viral DNA. Together,
our results indicated that vaccinia virus led to ATG12/ATG3
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clustering near the viral factory in the infected cells, supporting
that ATG12-ATG3 conjugation is a result of viral activities.

Viral proliferation was not dependent upon ATG3. Our
observation that no LC3 lipidation was formed in azg3” cells
allowed us to further determine a possible role of ATG3 and the
ATG3-dependent LC3 lipidation in viral proliferation. A viral
growth assay was completed comparing the viral production in
wild-type and in azg3” cells. Growth curve analysis of vaccinia
virus shows that there was no significant difference in levels of
intracellular virus when comparing wild-type and azg37 cell lines
at the observed time points (Fig. 6A). Consistently, the electron
microscopy pictures showed that there was no defect in viral
crescent formation and viral maturation of the intracellular viral
particles (Fig. 6B). In addition to the viral crescent membrane,
the intracellular mature virus (IMV) acquires an outer wrapping
membrane forming the intracellular enveloped virus (IEV) during
the viral morphogenesis process. The proper formation and
function of the outer membrane is required for nonlytic release
from mammalian cells. To test if ATG3 affects the proper outer
membrane formation, the extracellular viral particles were
collected. The viral growth curve of these particles was determined
by plaque assay and the morphology of those viral particles was
analyzed by electron microscopy (Fig. 6C and D). Again, growth
curve analysis of vaccinia virus shows that there was litde
difference in levels of extracellular viral particle production
between wild-type and a#g3”" cell lines at the observed time
points (Fig. 6C) and seemingly normal extracellular viral particles
were observed under electron microscopy (Fig. 6D). Together,
these results indicated that ATG3 and the ATG3-dependent LC3
lipidation are neither essential for the formation of IV membrane,
nor required for outer membrane maturation required for the
nonlytic release from the host cells.

Vaccinia virus infection abrogated basal and starvation-
induced autophagosome formation and abolished autophagy
flux. Our results clearly indicated that the vaccinia virus
manipulated the cellular autophagy machinery, yet inactivation
of cellular autophagy had no impact on viral proliferation. This
prompted us to speculate that the function of the viral-induced
ATG12-ATG3 conjugation and LC3 lipidation may not be to
support viral replication or maturation but rather to disrupt
cellular autophagy, which often represents a strong innate
immunity response toward viral infection. To test this hypothesis,
we analyzed autophagy activity in the wild-type cells before and
after vaccinia virus infection with electron microscopy. As shown
in Figure 7A and E, without vaccinia virus infection, basal
autophagy activity was easily detectable. The average number of
autophagosomes per cell was approximately two. Very strikingly,
upon vaccinia virus infection, any cell that showed signs of viral
infection, such as formation of IV and IMV, no autophagosomes
were observed (Fig. 7C and E). We further tested if vaccinia virus
infection blocked amino acid and serum deprivation induced
autophagy activation. As shown in Figure 7B and E, after cells
were cultured in Hanks’ medium for 2 h, autophagy activity
increased 4.5 fold, as manifested by the increased number of
autophagosomes in cells (comparing untreated and starvation
alone). However, in the vaccinia virus-infected cells, further
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Figure 4. Novel ATG12-ATG3 conjugate and ATG3 dependent LC3 lipidation. (A) Immunoprecipitation and immunoblotting analysis of the new ATG12
conjugate. NIH-3T3 and NIH-3T3 cells stably expressing FH-ATG12 were left untreated or infected with vaccinia virus at a MOI of 3 and harvested 8 h post
infection. Lysates were immunoprecipitated with a-FLAG. The protein complexes were separated using SDS-PAGE and immunoblotted with anti-ATG12
or anti-ATG3 antibodies, as indicated. (B) Immunoblotting assay of wild-type, atg5~-, and atg7”~ MEF cells with an anti-ATG3 antibody. Indicated cell
lines were either untreated, amino acid and serum deprived for 2 h with Hank’s media or infected with vaccinia virus at a MOI of 3 and harvested 24 h
after infection. Actin levels serve as a loading control. (C) Immunoblotting of wild-type, atg5~~ and atg3~”~ MEF cells with a LC3 antibody. Indicated cell
lines were either untreated, amino acid and serum deprived for 2 h with Hank’s media or infected with vaccinia virus at a MOI of 3 and harvested 24 h
post infection. Lysates were probed with anti-LC3 and anti-actin antibodies. The results are representative of three independent experiments.

(D) Quantification of LC3-Il to actin ratio in (C). The data are the means + SD from three independent experiments.

amino acid and serum deprivation did not lead to any
autophagosome formation (Fig. 7D and E). Interestingly, despite
the fact that no autophagosomes or other nonviral membrane
structures were visible with electron microscopy study, vaccinia
virus infection led to the formation of GFP-LC3 puncta (Fig. 8A
and B). The morphology of these puncta is not exactly the same
as the puncta formed in response to amino acid deprivation
(Fig. 8A). These puncta likely reflect the massive accumulation of
GFP-LC3-1II in the form of aggregates.

The lack of autophagosomes in the virus-infected cells may be
due to cither lack of autophagosome biogenesis or, alternatively,
due to extremely high efficiency of autophagy flux. To differ-
entiate these two possibilities, we determined the effect of vaccinia
virus infection on autophagy flux. As shown in Figure 8C,
treating uninfected wild-type MEFs with bafilomycin A1, which
inhibits the fusion between autophagosome and lysosome, led to
increasing accumulation of LC3-II due to lack of lysosomal
degradation. In contrast, when the wild-type cells were infected
with vaccinia virus, bafilomycin Al could no longer increase LC3-
II accumulation (Fig. 8D), similar to what was observed in the
atg5”’~ MEFs where no autophagy flux was expected (Fig. 8E).
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Taken together, these results strongly support that vaccinia virus
actively disrupts the normal cellular autophagy machinery that is
required for autophagosome formation.

Discussion

The interactions between cellular autophagy and viruses and
consequently the co-evolution of the virus and cellular auto-
phagy machinery is a fascinating area of research.’** On the one
hand, studies involving RNA and DNA viruses, including the
enveloped single stranded RNA Sindbis virus,”"** double stranded
DNA Herpes simplex virus (HSV-1),%*** and the single stranded
RNA plant tobacco mosaic virus,® have demonstrated the key
role autophagy plays as an antiviral immune defense mechanism.
On the other hand, for other viruses, co-evolution has not only
allowed for viral escape of autophagy, but also the subversion
of the autophagic pathway as a possible integral component of
the viral life cycle.*** Our current study of the interaction
between vaccinia virus and cellular autophagy has led to a
number of interesting discoveries. We found that vaccinia
virus infection leads to massive lipidation of LC3, which is,
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localization of viral activity with ATG12. (C) Wild-type MEF cells were untreated, amino acid and serum deprived for 2 h with Hank’s media or infected
with vaccinia virus at a MOI of 1 for 8 h. Cells were fixed, immunostained for endogenous ATG3 and stained with DAPI. Arrows denote areas of viral
activity. (D) Quantification of clustering between viral DNA and ATG3. A minimum of 50 cells was counted and scored for the localization of viral activity with
ATG3. Complete clustering was defined as all cellular ATG3/ATG12 localizing with viral DNA (cytoplasmic DAPI staining), and vice versa. Cells with partial
clustering pattern were defined as those in which all cellular ATG3/ATG12 is localized with viral DNA, with a fraction of viral DNA not localized with cellular

ATG3/ATG12.

surprisingly, azg5- and arg7-independent. In searching for the
molecular mechanism underlying the LC3 lipidation, we found
the autophagy protein ATGI12 is directly conjugated to ATG3
upon viral infection. Moreover, we showed that ATG3 is essential
for the viral-induced LC3 lipidation. These results suggest that
vaccinia virus may selectively alter the cellular autophagy
machinery by inducing ATG12-ATG3 conjugation causing
massive LC3 lipidation. We further investigated the functional
consequence of the LC3 lipidation. Interestingly, neither lack of
ATG3 nor lack of LC3 lipidation has any significant impact on
viral morphogenesis, viral proliferation or viral infectivity. On the
other hand, vaccinia virus infection has a drastic impact on
autophagosome formation in the cells. Paradoxically, despite the
high levels of LC3 lipidation, the viral-infected cells are deficient
in autophagosome formation and have no autophagy flux. Taken
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together, these results indicate that vaccinia virus does not require
cellular autophagy membrane biogenesis machinery for its
morphogenesis and proliferation. Instead, the data support that
vaccinia virus selectively inactivates cellular autophagy machinery
through a novel molecular mechanism, i.e., the conjugation of
ATGI12 to ATG3 and consequent aberrant LC3 lipidation.
Autophagy has been clearly established as a key component of
all branches of immunity, including intrinsic, innate and adaptive
systems.”*?%44¢ Our study indicates that vaccinia virus selectively
inactivates cellular autophagy machinery through a novel mechan-
ism. These discoveries suggest that the activation of cellular
autophagy may impose a strong negative selection pressure on the
survival of vaccinia virus. It would be extremely interesting to
identify the viral proteins that trigger the autophagy inactivation
events. By studying the behavior of the mutant vaccinia virus
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Figure 6. Vaccinia virus maturation and replication is independent of ATG3. (A) Growth curves of vaccinia virus were determined to compare levels of
intracellular virus production in wild-type and atg3”~ MEF cells infected at a MOI of 3. Error bars indicate SD and p values are given at indicated time
points. p values were calculated by Student's t test. (B) Representative electron microscopy image of vaccinia virus infected atg3”~ MEF. Cells were
analyzed 24 h post infection at a MOI of 3. (C) Growth curves of vaccinia virus were determined to compare levels of extracellular virus production in
wild-type and atg3”~ MEF cells infected at a MOI of 3. (D) Representative electron microscopy image of vaccinia virus infected atg3~~ MEF. Cells were
analyzed 24 h post infection at a MOI of 3. Error bars indicate SD and p values are given at indicated time points. Scale bars are shown; IV, immature virus;
IMV, intracellular mature virus. p values were calculated by Student’s t test.

lacking the autophagy inactivating genes in both wild-type and
the autophagy-deficient cells, one may be able to determine the
exact nature of the antiviral activity of autophagy against vaccinia
virus. These studies can provide further insight into our under-
standing of the interactions between virus and the host cells, which
may provide a novel venue for therapies against viral infection.

When studied by electron microscopy, the lack of autophago-
some formation in the vaccinia virus-infected cells is astounding
(Fig. 7C and D). The deficiency in autophagy in the virus
infected cells was also confirmed by autophagy flux analysis
(Fig. 8C and D). The exact mechanism by which the vaccinia
virus causes autophagy deficiency is not clear. Based on the
known functions of the autophagy proteins, we propose a working
model which is illustrated in Figure 9. In the case of normal
cellular autophagy activation (Fig. 9A), the ATG12 ubiquitin-like
protein conjugation system generates an ATG12-ATGS5 conjug-
ate which complexes with ATG16L. Together they form a large
multimeric protein complex (-800 kDa) where autophagosomes
elongate and mature.”®> The ATG12-ATG5-ATG16L complex
serves at least two related purposes: first, it serves as a scaffold that
brings the molecular components required for autophagosome
elongation; second, it functions as a ubiquitin E3-like enzyme that
facilitates the conjugation of LC3 to phosphatidylethanolamine

www.landesbioscience.com
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(PE), which is required for autophagosome elongation and/or
closing. In particular, ATG12 in this ATG12-ATG5-ATG16L
complex is directly related to its E3-like enzyme activity. During
cellular autophagy activation, ATG12 directly interacts with the
ATG3-LC3 intermediate and is responsible for bringing LC3 into
proximity with the membrane embedded PE, thereby leading to
the conjugation between the substrates LC3 and PE.*> Under the
condition of vaccinia virus infection (Fig. 9B), we speculate that
the viral-induced ATG12-ATG3 conjugation disrupts autopha-
gosome formation in the following way. The novel ATG12—
ATG3 conjugate covalently links the E2-like enzyme to the E3-
like enzyme component, causing the “short-circuiting” of the LC3
lipidation regulatory circuitry and leading to massive LC3
lipidation (Fig. 9B). In the meantime, lack of ATG12-ATG5
conjugation fails to generate an ATGI2-ATG5-ATGI6L
complex that brings other components required for autophago-
some elongation. Thus this spatial dislocation of LC3 lipidation
from other molecular components required for autophagosome
elongation might have caused the defect in autophagosome
formation in the viral-infected cells.

The conjugation between ATGI12 and ATG3 has been
recently identified by Jayanta Debnath’s group and it was found
to be functionally involved in regulation of mitochondrial
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homeostasis.”’” It is therefore possible that vaccinia virus might
have exploited the endogenous molecular system. It must be
noted that the transient expression of an ATG12-ATG3 fusion
protein by itself failed to increase LC3 lipidation in either wild-
type or atg5”'" cells (Data not shown). Thus, it appears that the
function of the novel ATG12-ATG3 conjugate depends on
cellular content and additional viral components must have con-
tributed to the aberrant LC3 lipidation and autophagy deficiency.
Importantly, the virus-induced LC3 lipidation is independent of
ATG?7, the El-like enzyme for normal cellular autophagosome
formation. Alternative El-like enzyme is therefore required for
the completion of the chemical reaction. Further studies are
necessary to dissect the molecular interactions and their functional
consequences between vaccinia virus and cellular autophagy.
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Materials and Methods

Cells and viruses. Wild-type, atg37",* atg5"~ * and atg7”~ >°
mouse embryonic fibroblast (MEF) cells were generous gifts from
Drs. Komatsu and Mizushima. All cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% (vol/vol) fetal bovine serum (FBS), 100 units of
penicillin/ml, 100 pg/ml of streptomycin and 0.29 mg/ml of
L-glutamine at 37°C and 5% CO,. A modified version of wild-
type vaccinia virus was employed as previously described.”
Antibodies. The primary antibodies used are as follows: goat
polyclonal anti-actin (Santa Cruz Biotechnology, sc1616), rabbit
polyclonal anti-Atg12 (Cell Signaling Technology, 2011S), rabbit
polyclonal anti-Atg7 (Cell Signaling Technology, 2631S) and
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Figure 8. Analyses of the effect of vaccinia virus infection on GFP-LC3 distribution and autophagy flux. (A) Distribution of GFP-LC3 in uninfected and
vaccinia virus infected cells. NIH 3T3 cells that stably express GFP-LC3 were either untreated, or underwent amino acid and serum starvation for 2 h, or
infected with vaccinia virus, as indicated. Fluorescent microscopy was performed to visualize the distribution of GFP-LC3. (B) Quantification of (A).

(C-E) Immunoblotting assay of wild-type or atg5~~ MEFs either uninfected or infected with vaccinia virus (MOI of 3) for 8 h followed by treatment with
100 nM of bafilomycin A1 for indicated time. Lysates were subjected to SDS-PAGE and separated proteins were immunoblotted using an anti-LC3 and

rabbit polyclonal anti-Atg3 (Abgent, AP1807a). The antibody
against LC3 was raised in rabbits using full-length LC3 as anti-
gen.”" The horseradish peroxidase-conjugated secondary antibodies
were purchased from Santa Cruz Biotechnology with the excep-
tion of goat anti-rabbit secondary antibody (Bio-Rad, 170-6515).
The Alexa Fluor 488 goat anti-rabbit fluorescent dye conjugated
secondary antibody was purchased from Invitrogen (A-11008).
Construction of vectors and cell lines. The mouse full-length
Atg12 cDNA was purchased from Open Biosystems (MMM1013-
9498108). The Atgl2 PCR product was subcloned into the
multicloning site of pIRES1-FHneo under transcriptional con-
trol of the CMV IE promoter. The pIRESIneo had previously
been modified to contain the coding sequences of FLAG and
HA epitope tags and the resulting plasmid is referred to as
pIRES1-FHneo.”* The construct was transfected into NIH-3T3
cells employing Lipofectamine reagent (Invitrogen, 18324-020).
Selection in media supplemented with 500 pg/ml geneticin
(Invitrogen, 11811-031) began 48 h following transfection and
colonies were picked after 2 weeks of selection. Colonies were
expanded to a 12-well plate and tested for the ability to express
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FLAG-HA-ATG12 by western blot probing with HA anti-
body. The clones that express the tagged version of ATG12 were
selected.

Transfections and infections. Cells were seeded in six-well
plates (35-mm) at 2.5 X 10° cells per well or in 100-mm plates at
2.0 X 10° cells per plate for transfection the next day. Transfec-
tions were completed with 2, 5 or 10 pg of plasmid DNA using
Lipofectamine or Lipofectamine 2000 reagent (Invitrogen,
11668-019) and incubated for 5 h at 37°C. Cells were allowed
to recover overnight and treated as indicated prior to harvesting.
Cells were seeded in six-well plates at approximately 2.5 X 10°
cells per well for vaccinia virus infection the next day. Cells were
inoculated with virus at a multiplicity of infection (MOI) as
indicated and allowed to incubate at 37°C for the times indicated.

Protein extraction and immunoblotting. Under the conditions
and indicated time points, cells were harvested with lysis buffer
containing 10 mM TRIS-HCI [pH 7.9], 10% glycerol, 0.1 mM
EDTA, 100 mM KCl, 0.2% NP-40, 0.5 mM PMSF, 1 mM
DTT and mini-complete protease inhibitor cocktail (Roche,
11836153001). Lysates were syringed with 23 gauge % inch
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conjugation systems are required for normal autophagosome formation. The ATG12 ubiquitin-like conjugation system leads to formation of the ATG12-
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massive aberrant LC3 lipidation which is dislocated from phagophore, causing failure in autophagosome formation.

needles on ice and nuclei and insoluble debris were pelleted in an
Eppendorf microcentrifuge at 10,000 rpm for 2 min at 4°C. Cell
extracts were then stored at -20°C or immediately subjected to
sodium dodecyl sulfate-PAGE (SDS-PAGE). Cell extracts were
mixed with 2X Laemmli loading buffer and heated at 95°C for
5 min prior to electrophoresis on 16% SDS-polyacrylamide gels.
For immunoblotting, proteins were transferred to polyvinylidene
difluoride (PVDF) membranes (Millipore, IPVH00010) for 2.5 h
or overnight. Prior to incubating with primary antibody,
membranes were blocked with 5% milk in phosphate-buffered
saline (PBS) supplemented with 0.1% (vol/vol) Tween-20
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(PBST) for one h at room temperature. Chemiluminescent
detection was completed with ECL western blotting reagents
(Amersham, 95038-566). Quantifying LC3-II and actin was
determined by measuring band intensity using Image] software
and used to calculate the ratio of LC3-II to actin.

Mass spectrometry. Lysates were immunoprecipitated with o-
FLAG M2 affinity gel beads (Sigma, A-2220) and eluted with
FLAG peptide (Sigma, F3290). The final eluate was separated by
SDS-PAGE and visualized with SilverSNAP stain for mass
spectrometry kit (Thermo Scientific, 24600). Bands of interest
were in-gel tryptically digested and subject to mass spectrometry
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performed by the Biological Mass Spectrometry Facility at
UMDN]J-Robert Wood Johnson Medical School and Rutgers,
The State University of New Jersey.

RNA purification. Total RNA was isolated from wild-type and
atg3”~ MEF cells using Absolutely RNA Miniprep Kit (Agilent
Technologies, 400800). Reverse transcription was performed
with 2 pg of total RNA using the AffinityScript QPCR ¢cDNA
Synthesis Kit (Agilent Technologies, 600559) employing azg3
specific primers: 5-ATGCAGAATGTGATCAACACG-3' and
5-CTACATTGTGAAGTGTCTTGTG-3".

Immunofluorescence. Cells were fixed in 4% paraform-
aldehyde for 15 min, permeabilized in 0.2% Triton X-100 for
10 min and subject to blocking buffer (10% BSA in PBST) for
1 h. Cells were stained overnight with primary antibody diluted in
1% BSA in PBST followed by a fluorescent dye-conjugated
secondary antibody diluted in 1% BSA in PBST for 1 h. Cells
were counterstained with 50 ng/ml of DAPI (Invitrogen, D9542)
diluted in 1% BSA in PBST. Cells were mounted using Citifluor
and analyzed by fluorescent microscopy. Imaging was performed
using a 100X objective of a Zeiss Axioplan 2 microscope equipped
with a Zeiss AxioCam camera and mercury lamp. Images were
acquired using Openlab software.

Viral growth analysis. Human osteosarcoma cells, 143B,
were added to six-well plates at a concentration of 8 X 10> per
well and incubated overnight at 37°C in DMEM containing
5% FBS. The following day, when the cells had reached
confluency, the medium was removed and replaced with 1.5 ml
of IMDM containing 0.1% BSA. The virus inoculum was then
added to the wells and allowed to infect for 2 h before the
supernatant was removed and the cells overlaid with 3 ml of a 1:1
mixture of 2X DMEM / 5% FBS and 2% agarose. After a 2-d
incubation, an additional 1 ml of 2x DMEM / 2% agarose
containing 200 pg X-gal was added to each well. The following
day the blue plaques were counted and the virus titer calculated.
Virus inoculum was adjusted, by trial and error, to give between 5
and 30 plaques per well and the virus titer was determined from
a series of inoculum dilutions and/or volumes generated in
triplicate.

To determine the levels of intracellular virus, virus-infected cells
were harvested at indicated time points by first removing the
supernatant, then collecting the cells by scraping into PBS
containing 0.1% BSA. The virus was released from the cells by
three freeze-thaw cycles followed by sonication. The inoculum
used for the plaque assay was prepared by low-speed centrifu-
gation to remove cellular debris and PBS / 0.1% BSA was used to
make serial dilutions.

To determine the levels of extracellular virus, the supernatant
was collected from virus-infected cells at the indicated time points
and the inoculum was prepared by low speed centrifugation of the
supernatant to remove detached cells and debris. Serial dilutions
of this inoculum were made using PBS / 0.1% BSA.

Electron microscopy. Electron microscopy was performed by
the University of Medicine and Dentistry of New Jersey (UMDN])
electron microscopy core facility. Wild-type and atg3~ MEFs were
treated under the conditions indicated, fixed and embedded.
Sections were cut and examined with a JOEL 1200EX transmission
electron microscope. Cells were counted and scored for the
presence of autophagosomes and the number of autopha-
gosomes per cell. P values were calculated by Student’s t test.

Analysis of GFP-LC3. NIH-3T3 fibroblasts stably expressing
GFP-LC3 (rat) were grown on coverslips prior to Hanks” media
starvation or vaccinia virus infection. Cells were fixed with 4%
paraformaldehyde, washed with PBS, mounted using Citifluor
(Ted Pella, Inc.) and analyzed by fluorescent microscopy. At least
200 cells from three independent experiments were scored.

Autophagy flux analysis with bafilomycin A1 treatment. Fibro-
blast cells either untreated or infected with vaccinia virus (8 h post
infection) were treated with 100 ng/ml bafilomycin Al. Cells were
harvested at various time points, cell lysates were separated by SDS-
PAGE, immunoblotted with anti-serum against LC3.

Vaccinia virus ORF library. The vaccinia virus ORF library
was purchased from Addgene. The library is a collection of open
reading frames from the vaccinia virus genome and the individual
ORFs were subcloned into pcDNA 3.1D V5-His-TOPO
mammalian expression vectors. The kit was shipped as bacterial
glycerol stocks in a 96-well format. All plasmids were subsequently
purified via a miniprep kit purchased from Qiagen (27106).
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