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reduced Ap infection compared with WT mice (Fig. 7B), showing
the significant role of Beclin 1-mediated autophagy in Ap infection.

3-MA severely inhibits Ap growth (12). Although fivefold ex-
cess of the 12 essential amino acid mixture slightly inhibited Ap
growth (by inhibiting the starvation-induced autophagy), it par-
tially alleviated 3-MA-induced growth inhibition (Fig. 7 C and
D). Unlike 3-MA, the vacuolar-type ATPase inhibitor Bafilomy-
cin Al or the proteasome inhibitor MG-132 had no effect on Ap
infection (only MG-132 data are shown) (Fig. 7 E and F), sug-
gesting a lack of involvement of lysosomal or proteasomal pro-
teolysis in Ap growth.

Our previous proteomics work revealed several proteases, in-
cluding serine protease, on the surface of Ap and E. chaffeensis
(35). These bacterial surface proteases may be sufficient to de-
grade host cytoplasmic proteins after they are delivered inside
inclusions. To test this hypothesis, we first pretreated Ap with
the membrane-permeable serine protease inhibitor diisopropyl-
fluorophosphate (DFP). This treatment completely prevented Ap
infection, whereas the pretreatment of host cells with DFP had no
effect on Ap infection. Furthermore, DFP added at 1 d post-
infection arrested Ap growth, suggesting Ap serine protease in-
volvement in Ap growth likely by digesting autophagic substrates
(Fig. 7 G-).

Discussion

The present findings show that the T4S effector Ats-1 nucleates
autophagosomes. So far, only a few non-T4S related bacterial
products, including cytolysin from Vibrio cholerae, vacuolating
cytotoxin from Helicobacter pylori, and VirG from S. exneri, have
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Fig. 4. Autophagy proteins localize to Ap inclu-
sions. (A) Ap-infected cells at 2 d postinfection (p.i.).
Ap morulae/inclusions are indicated with arrows in
Diff-Quik staining. N, nucleus. (Scale bar: 5 pm.) (B)
Ap-infected RF/6A cells expressing GFP, HA-Atg14L,
HA-DFCP1, or GFP-LC3 were immunostained with
anti-Ap and anti-HA at 2 d p.i. N, nucleus. Boxed
areas are magnified on the right. (Scale bars: 10
um.) Arrowheads indicate the presence of GFP-LC3
inside of Ap inclusions. (C) Immunogold labeling
for GFP-LC3 in Ap-infected GFP-LC3-expressing RF/
6A cells. Yellow pseudocolored area, Ap inclusion.
An arrowhead indicates the GFP-LC3 inside of
Ap inclusion. An asterisk indicates Ap. (D) Selected
sequential video images of a single inclusion con-
taining an mCherry-Ap (red) in live RF/6A cells
transfected with plasmid encoding GFP-LC3 (green).
GFP-LC3 puncta inside of Ap inclusion are indicated
with arrowheads. (Scale bar, 4 um.) (E) An auto-
phagosome (arrow) is closely apposed to the Ap
(asterisk) inclusion membrane in HL-60 cells. (F) An
Ap inclusion containing autophagic bodies (arrow-
heads). Note that the content of autophagic vesicles
is similar to the host cell cytoplasm. (C, E, and F)
TEM. (Scale bars: 0.5 pm.) (G) Phosphorylated mTOR
level in Ap-infected HL-60 cells harvested at 4, 12,
24, 48, and 72 h p.i. Western blot analysis using
antibodies against a-tubulin, mTOR, and p-mTOR.
HL-60, uninfected HL-60 cells. Rapamycin-treated
HL-60 cells were used as positive control. The values
under the bands show the relative ratios of band
intensities of p-mTOR to tubulin, with the ratio in
HL-60 lane set as one.

been reported to induce autophagosome formation (36). Al-
though Beclin 1 functions as an interacting hub for several proteins
to regulate autophagy in mammalian cells (18), no bacterial pro-
tein has been reported to bind Beclin 1. In contrast, several viral
proteins are known to bind Beclin 1 (1). Because all known viral
Beclin 1 binding proteins inhibit autophagy rather than induce
autophagy, Ats-1 is a unique example of a pathogen-derived
Beclin 1 binding protein that drives autophagosome formation.
Furthermore, Ats-1 is a pathogen-derived molecule that enhances
pathogen growth by inducing autophagosomes. Our current study
showed that the Ats-1 binding partner Beclin 1 is, indeed, required
for in vitro and in vivo Ap infection. Autophagy favors replication
of C. bumnettii in phagolysosomes (5), whereas autophagy initia-
tion, but not autophagy elongation, proteins are required for B.
abortus to complete its intracellular cycle and spread (6). Unlike C.
bumetii or Ap, autophagy does not affect replication of B. abortus.
The detailed mechanism, particularly the Coxiella and Brucella
factor critical for autophagy induction, is currently unknown.
Recently, it was reported that infection by Shigella and Salmonella
causes host cell membrane damage, leading to down-regulation
of the mTOR activity, and autophagy induction through the star-
vation signaling pathway (3). Our results showed that mTOR
Ser2448 phosphorylation was not reduced by Ats-1-GFP trans-
fection. Thus, Ats-1 autophagy induction likely begins on Beclin 1
binding, bypassing the starvation signaling pathway of mTOR.
Compared with Shigella and Salmonella, Ap grows much more
slowly in the host cells, normally taking 3-4 d to complete in-
tracellular infection cycle. We do not know whether Ap causes host
cell membrane damage during entry like Shigella and Salmonella
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Fig. 5. Cellular fractionation of Ap-infected cells. Inmunoblotting of frac-
tions (1-12) of Ap-infected HL-60 cells () and uninfected HL-60 cells (U)
collected after OptiPrep density gradient centrifugation using anti-Ats-1
and various organelle markers: anti-LC3 (autophagosome), anticalnexin (ER),

anti-LAMP-2 (lysosomes and late endosomes), anti-EEA1 (early endosomes),
and anti-P44 (Ap inclusions).

(3), but punctate LC3 was not found in the host cell until 1 d
postinfection, when Ap exponential growth begins (12). Moreover,
in contrast to Salmonella, which only transiently colocalizes with
LC3 at the early stage (1-2 h) of infection (3), Ap inclusions per-
sistently accumulate LC3 during infection. However, we cannot
deny the possibility that Ap may cause amino acid starvation in host
cells during its growth, leading to concurrent autophagy induction
through the starvation pathway, because we found that phosphor-
ylated mTOR was slightly reduced at the exponential growth stage
of Ap infection. Ats-1-induced autophagy likely synergizes with the
starvation-induced autophagy to promote Ap growth, because
rapamycin treatment enhances Ap growth (12). Because rapamycin
treatment clears Salmonella (13), this result also supports that Ats-
1-induced autophagosomes are distinct from membrane damage-
induced autophagosomes. An additional important distinction from
other pathogen-induced autophagosomes is that the autophago-
somes recruited to Ap inclusions are not matured to autolysosomes,
which was evidenced by the lack of LAMP-1 and LAMP-3 and the
persistence of GFP-LC3 punctates on Ap inclusions (11, 12).
During the nucleation of autophagosomes, PI3P, generated by
the activated Beclin 1-Vps34 complex, marks the omegasome
formation site on the ER, which is decorated with DFCP1 (25).
Treatment with the PI3KC3 inhibitor 3-MA blocks DFCP1
clumping on the specialized domain of ER in amino acid starva-
tion-induced autophagy (25). Our result of DFCP1 localization to
Ap inclusions indicates PI3P on the Ap inclusion membrane. The
result is consistent with our previous observation of localization of
Beclin 1 puncta to Ap inclusions and 3-MA inhibition of Ap rep-
lication (12). This finding seems to be a unique feature of Ap
autophagosomes, because DFCP1 has not been reported on any
other vacuoles associated with intracellular infection. Similarly,
Atgl4L was not reported to localize to any intracellular pathogen-
associated compartment, although Atgl4L is required for com-
pletion of the intracellular life cycle of Brucella (6). Atgl4L
accumulates on highly curved PI3P-enriched autophagic mem-
brane through its C-terminal Beclin 1-associated autophagy-re-
lated key regulator/Atgl4L autophagosome targeting sequence
domain (37). It was suggested that, when autophagosomes expand
by membrane fusion, PI3P is dephosphorylated, which leads to the
dissociation of the Atgl4L-PI3KC3 complex from autophago-
somes (37). Furthermore, a study proposed that Atgl4L and
PI3KC3 dissociation from autophagosome might cause membrane
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curvature instability and prime the membrane for fusion with
endosomes-lysosomes (37). Prevention of lysosomal fusion with
Ap autophagosomes is one of the activities essential for in-
tracellular survival of Ap. It is possible that retention or delayed
dissociation of Atgl4L and DFCP1 (perhaps because of prolonged
PI3P accumulation) on Ap inclusions is one of the mechanisms to
block lysosomal fusion. UVRAG was reported to be involved in
autophagosome maturation (21). Because Atgl4L prevents
UVRAG from binding to the Ats-1-Beclin 1 complex, it also leads
to a lack of lysosomal fusion with Ap inclusions. However, in-
hibition of lysosomal fusion seems to require additional Ap pro-
teins, because Ats-1-GFP vesicles mature to autolysosomes.

The presence of Atgl4L and DFCP1, which have ER locali-
zation domains, on Ap inclusions and cofractionation of the ER
marker calnexin with the Ap inclusion suggest the involvement of
ER in Ap autophagosome and inclusion biogenesis. ER is the
major source for autophagosome membrane in amino acid star-
vation-induced autophagy (22, 25). Alternative or additional
membrane sources for autophagosomes reported are mitochon-
dria, plasma membrane, Golgi, endosomes, and the nuclear
membrane (26). From mitochondria, mitochondrial outer mem-
brane lipids and proteins are translocated to autophagosomes
(38). The N-terminal mitochondria-targeting sequence of Ats-1 is
essential for Ats-1-GFP autophagosome formation. However, the
lack of Ats-1-GFP vesicle colocalization with mitochondria and
the failure of Cox8A-Ats-1(AN17)-GFP to form autophagosomes
suggest that mitochondria may not be involved in Ats-1-GFP
autophagosome formation. Results of our MTS mutation experi-
ment showed critical roles of arginines in Ats-1 (N17) in determining
distribution of Ats-1 between mitochondria and autophagosomes.
Our studies suggest that mitochondria-targeting and autophagy-
inducing activities of Ats-1 are competitive. In addition, host cell
conditions influence the cellular distribution of Ats-1. When expo-
nentially growing host cells that are used for transfection, Ats-1
primarily targets mitochondria (17). In contrast, less Ats-1 is local-
ized to mitochondria in cells at high confluence, which is shown
in the present study. The translocase of the mitochondrial outer
membrane complex is the main import pore for nuclear-encoded
proteins into mitochondria, and the mitochondrial membrane po-
tential is required to import proteins into mitochondria (39). Cells at
high confluence have lower density of the translocase of the mito-
chondrial outer membrane 20 cluster and lower mitochondrial
membrane potential than cells at low confluence (40). This finding
suggests that, during infection, host cell physiologic conditions, in-
cluding the mitochondrial membrane potential, influence the dis-
tribution of Ats-1 between mitochondria and autophagosomes
and consequently, Ap growth. Although functions of a number of
autophagy proteins have been characterized in mammalian cells, the
molecular events underlying autophagy nucleation are not fully
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Fig. 6. Ats-1 promotes Ap infection. Ap infection (A and B) and autophagy
induction (B) in HL-60 cells 2 d after cytoplasmic delivery of anti-Ats-1 or pre-
immune IgG by the Chariot system. (A) Percent infected cells. Data are shown
as the mean + SD from three independent experiments. *Significantly differ-
ent (P < 0.01). (B) Immunoblotting using anti-P44, antitubulin, and anti-LC3.
The values under the bands show the relative ratios of band intensities, with
the ratios of those band intensities from preimmune IgG control set as one. (C)
Ap infection in RF/6A cells transfected with plasmid encoding GFP or Ats-1-GFP
[0.5 d posttransfection (p.t.), 3 d p.i.]. Immunoblot analysis using anti-P44 and
antiactin. The values under the bands show the relative ratios of band in-
tensities, with the ratios of those band intensities from GFP set as one. The
expressions of GFP and Ats-1-GFP in transfected cells are shown at the bottom.

PNAS | December 18,2012 | vol. 109 | no.51 | 20805

MICROBIOLOGY



=y

Downloaded by guest on September 21, 2021

A @ B
skna S 6° 20, beclin T+ belin 1+~
k 2 g . o* *
(Beclin 1/ Becin1 2 845
actin) 10 047 > I =
P44 2210
(Pag) = = s5Q
actin) 1.0 069 & 0 05 o I
Al

e e ACLIN

(

3

Log (relative ratio O

g
S
=2
=
Q
w
-

< 100 3 T12 T1.2
8z g1 § g
857 Sos o iy
2820 204 204 204 *
< © * © ©
o3 —3 2o0-N—3 goo-N—o goo N —0
O A &0 K O K © <
™ oy & O & ) ¥

Fig. 7. Beclin 1 depletion impairs Ap infection, and amino acid supple-
mentation overrides 3-MA inhibition of Ap replication. (A) Immunoblotting
of lysates of Ap-infected RF/6A cells transfected with beclin 1 siRNA or
scrambled siRNA (2 d p.t., 3 d p.i.) using anti-P44, antiactin, and anti-Beclin 1.
The values under the bands show the relative ratios of band intensities, with
the ratios of those band intensities from scrambled siRNA set as one. (B) The
dot plot of Ap load in the blood from beclin 1"/~ and WT mice at 5 d p.i.
Quantitative PCR of Ap 16S rDNA normalized to mouse G3PDH DNA. *Sig-
nificantly different (P < 0.05). (C) Ap-infected cells: untreated (Control), or
treated with amino acids supplementation (AA), 3-MA (3-MA), or 3-MA and
amino acids (3-MA + AA). Diff-Quik staining. (Scale bar: 10 pm.) (D) Quan-
titative PCR of Ap 16S rDNA normalized to human G3PDH DNA. *Signifi-
cantly different (P < 0.05) by ANOVA. (E and F) The effect of MG-132 on Ap
growth. Diff-Quik-stained images of Ap in solvent control or MG-132-treated
HL-60 cells (E) and the percentage of Ap infected HL-60 cells on 3 d p.i. (F).
(Scale bar: 10 pm.) (G-/) The effect of DFP on Ap growth. Host cell-free Ap
pretreated with solvent control or DFP was used to infect HL-60 cells (G). HL-60
cells were pretreated with solvent or DFP followed by washing and infec-
tion with Ap (H). HL-60 cells were infected with Ap followed by the treatment
with solvent or DFP at 1 d p.i. (/). The relative ratios of Ap/cell were shown,
with the ratios from control set as one. *Significantly different (P < 0.01).

understood, in part because of complex autophagy inducers and
unpredictable cellular sites of autophagosome formation. In this
aspect, a single-molecule Ats-1-induced autophagy may serve as
a simple model to study the details of autophagosome initiation.
Ap has a small genome size of 1.47 Mb with a limited number
of genes for biosynthesis and metabolism (41), which obliges Ap
to acquire host nutrients for growth; how this acquisition is
achieved within the confines of inclusions is not understood. A
few decades ago, the concept of autophagy that helps feed an
obligatory intracellular pathogen O. tsutsugamushi was intro-
duced but lacked investigation using modern methods (8). The
present study showed that Ats-1 induces autophagosome for-
mation on Ap inclusions and enhances bacterial replication, and
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Ap growth arrest caused by the autophagy inhibitor 3-MA
treatment is partially abrogated by amino acid supplementation.
Taken together, these data imply that Ats-1-induced autophagy
provides nutrients for Ap growth. Importantly, Ap nutrient ac-
quisition does not involve lysosomal of proteasome degradation;
instead, a bacterial serine protease seems to be involved. Re-
cently, it was shown that host proteasomal degradation generates
amino acids essential for Legionella pneumophila growth (42).
Thus, intracellular pathogens evolved diverse mechanisms to
obtain required nutrients for replication.

In summary, the present study unraveled a mechanism evolved in
an obligatory intracellular pathogen to promote intracellular repli-
cation. Based on our previous and current data, our proposed model
of autophagosome nucleation by Ats-1 in Ap-infected cells is depicted
in Fig. 8. The identified Ats-1 autophagy pathways provide new tar-
gets for possible development of intervention strategies against hu-
man granulocytic anaplasmosis. In addition, our investigation of
autophagy-subverting bacteria and molecule contributes fundamen-
tally to the field of autophagy signaling and regulation.

Materials and Methods

Additional experimental details are provided in S/ Materials and Methods,
including a summary of primers (Table S1).

Bacteria and Culture. The Ap HZ strain was cultured in human promyelocytic
leukemia HL-60 cells, and E. chaffeensis (Arkansas strain) was cultured in
human acute leukemia THP-1 cells. Cells were infected with Ap or E. chaf-
feensis at a multiplicity of infection of 100 unless otherwise indicated. The
detailed method is described in S/ Materials and Methods.

Co-IP. HEK293 cells cotransfected with plasmids expressing Ats-1 and HA-Beclin
1, Ats-1(90-250)-GFP and HA-Beclin 1(1-272), Ats-1(218-376)-GFP and HA-
Beclin 1(1-272), Ats-1-GFP and HA-Atg14L, Ats-1(AN17)-GFP and HA-Atg14L,
Cox8A-Ats-1(AN17)-GFP and HA-Atg14L, or Ats-1-GFP and Myc-UVRAG were
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Fig. 8. Proposed model of autophagosome nucleation by Ats-1 in Ap-
infected cells. Ats-1 is translocated from Ap to the cytoplasm of infected
cells by the type IV secretion system. A portion of Ats-1 interacts with the
host autophagosome initiation complex (Atg14L-Beclin 1-Vps34), stimu-
lating the formation of omegasomes in ER. Another portion of Ats-1 tar-
gets mitochondria, where it exerts antiapoptotic activity. The omegasome
is marked with DFCP1. N terminus of Ats-1 is required for Atg14L
recruiting and thus, autophagosome formation, but it is cleaved off when
Ats-1is imported into mitochondria. The isolation membrane elongates to
envelop the cytoplasmic content into the double-membrane vacuole, the
autophagosome, which is decorated with LC3. Ats-1 autophagosomes are
recruited to Ap inclusion, and the outer membrane fuses with the Ap in-
clusion membrane, resulting in the release of the autophagic body-like
content into the Ap inclusion.
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resuspended in immunoprecipitation buffer. The cleared lysate was incubated
with rabbit anti-Ats-1, rabbit preimmune I1gG, mouse anti-HA, or mouse 1gG1
isotype control followed by incubation with protein A or protein G agarose
beads. The immunoprecipitates were subjected to Western blot analysis using
antibodies against Ats-1, HA, and Myc. The detailed protocol is described in
SI Materials and Methods.

Colocalization. RF/6A cells were cotransfected with plasmids encoding Ats-1-
GFP, Cox8A-Ats-1(AN17)-GFP, or Ats-1 with HA-Beclin 1, HA-DFCP1, HA-
Atg14L, HA-LC3, or HA-Rab7 and subjected to immunostaining to determine
the colocalization of Ats-1 with HA-tagged proteins. RF/6A cells were trans-
fected with plasmid encoding HA-DFCP1, HA-Atg14L, or GFP-LC3 followed by
infection with Ap to study the colocalization of Ap inclusions with HA-tagged
proteins or LC3. The detailed method is described in S/ Materials and Methods.

Localization of Ats-1 in HL-60 Cells Selectively Permeabilized with SLO. Ap-
infected HL-60 cells were treated with DTT-activated SLO on ice for 15 min
followed by washing to remove unbound SLO. SLO-treated cells were then
incubated at 37 °C for 30 min to allow the formation of pores on the plasma
membrane. Cells were fixed and stained with rabbit anti-Ats-1 and mouse
anti-P44 followed by incubation with secondary antibodies Alexa Fluor 488-
conjugated goat anti-rabbit IgG and Alexa Fluor 555-conjugated goat anti-
mouse IgG. After washing, the immunostained cells were incubated with the
saponin-containing solution to permeabilize the membranes and labeled
with mouse anti-P44 and Alexa Fluor 350-conjugated goat anti-mouse 1gG.
The detailed method is described in SI Materials and Methods.

Subcellular Fractionation by OptiPrep Density Gradient Centrifugation. Ap-
infected and uninfected HL-60 cells were homogenized in homogenization
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buffer. After briefly centrifuging to remove unbroken cells and nuclei, the
supernatant was loaded onto the top of linear 5-25% (vol/vol) OptiPrep gra-
dient. Fractions (12 total at 1 mL each) were collected from top to bottom
sequentially after high-speed centrifugation. Equal aliquots from each fraction
were analyzed by immunoblotting using anti-P44, anti-LC3, anticalnexin
(Stressgen), anti-LAMP-2, and anti-EEA1. The detailed method is described
in S| Materials and Methods.

beclin 1 Heterozygous-Deficient Mice. Five each beclin 1™/~ C57BL/6 mice and
congenic WT mice were inoculated intraperitoneally with Ap-infected HL-60
cells. Blood samples were collected at 5 d after inoculation and subjected to
quantitative PCR using Ap 16S rDNA and mouse glyceraldehyde 3-phosphate
dehydrogenase (G3PDH) gene primers. The detailed method is described in
Sl Materials and Methods.

Statistical Analysis. Analyses of significant differences between means were
performed using two-tailed Student t and ANOVA tests. Data are shown as
mean values + SDs from three independent experiments. The dot plot for
the experiment of beclin 1 heterozygous-deficient mice was drawn using
GraphPad Prism 5 program (GraphPad).
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