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mitochondria and curbs ROS and apoptosis by upregulating
host MnSOD
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Summary

Ehrlichia chaffeensis infects monocytes/macrophages and causes human monocytic ehrlichiosis.
To determine the role of type IV secretion (T4S) system in infection, candidates for T4S effectors
were identified by bacterial two-hybrid screening of E. chaffeensis hypothetical proteins with
positively charged C-terminus using E. chaffeensis VirD4 as bait. Of three potential T4S effectors,
ECHO0825 was highly upregulated early during exponential growth in a human monocytic cell line.
ECHO0825 was translocated from the bacterium into the host-cell cytoplasm and localized to
mitochondria. Delivery of anti-ECHO0825 into infected host cells significantly reduced bacterial
infection. Ectopically expressed ECHO0825 also localized to mitochondria and inhibited apoptosis
of transfected cells in response to etoposide treatment. In double transformed yeast, ECH0825
localized to mitochondria and inhibited human Bax-induced apoptosis. Mitochondrial manganese
superoxide dismutase (MnSOD) was increased over 9-fold in E. chaffeensis-infected cells, and the
amount of reactive oxygen species (ROS) in infected cells was significantly lower than that in
uninfected cells. Similarly, MnSOD was upregulated and the ROS level was reduced in ECH0825-
transfected cells. These data suggest that, by upregulating MnSOD, ECHO0825 prevents ROS-
induced cellular damage and apoptosis to allow intracellular infection. This is the first example of
host ROS levels linked to a bacterial T4S effector.
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Introduction

Human monocytic ehrlichiosis is a tick-borne infectious disease characterized by fever,
headache, myalgia, anorexia, and chills, and it is frequently accompanied by leukopenia,
thrombocytopenia, anemia, and elevated levels of serum hepatic aminotransferases. Disease
severity varies from asymptomatic to death, and severe morbidity is frequently documented
(Maeda et al., 1987, Paddock et al., 2003). The etiologic agent of human monocytic
ehrlichiosis, Ehrlichia chaffeensis, is a Gram-negative obligatory intracellular bacterium of
the order Rickettsiales (Dawson et al., 1991). £. chaffeensis has unique tropism to infect
human monocytes/macrophages, and it proliferates in membrane-bound inclusions in the
host-cell cytoplasm, forming characteristic mulberry-like bacterial aggregates called
morulae (Rikihisa, 2010a).
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Human monocytes/macrophages are the first-line defense cells of innate immunity, and they
are equipped with powerful antimicrobial mechanisms, including the phagocytosis and
lysosomal destruction of invading pathogens and production of reactive oxygen species
(ROS) (Cohen, 1994, Slauch, 2011). To evade these defenses, £. chaffeensis proliferates in
an early endosome-like compartment containing early endosome antigen 1, transferrin
receptor, transferrin, Rab5, and vacuolar-type H* ATPase but not lysosomal markers or
NADPH oxidase (Barnewall et al, 1997, Mott et al., 1999, Lin et al, 2007b). Having lost
genes encoding lipopolysaccharide and peptidoglycan, £. chaffeensis prevents the activation
of innate immunity by phagocytes and facilitates its adaptation to leukocytes and cells of the
tick vector (Lin et al, 2003, Dunning Hotopp et al., 2006). In addition, £. chaffeensis does
not induce superoxide generation in human monocytes and can block the production of
superoxide by membrane NADPH oxidase in human monocytes in response to exogenous
stimuli (Lin et al, 2007b).

Although E. chaffeensis subverts or overcomes several host antimicrobial defense
mechanisms (Rikihisa, 2010b, Rikihisa, 2010a), the bacterial virulence factors responsible
for the defense have not been documented. One of the important virulence factors for
intracellular infection is the bacterial protein secretion system that directly delivers bacterial
effector proteins into host eukaryotic cells (Rego et al., 2010). E. chaffeensis has genes
encoding the type 1V secretion (T4S) apparatus, which are expressed in the human acute
leukemia monocytic cell line, THP-1, as well as in tick cells (Cheng et a/., 2008, Bao et al.,
2009, Rikihisa er al., 2010). However, T4S effectors of £. chaffeensis and their functions
have not been examined except for a putative T4S effector, AnkA (Zhu et al., 2009, Rikihisa
et al., 2010).

In this study, we identified three E. chaffeensis T4S effector candidates and characterized
the biological activity of one of them, ECH0825, which was translocated from the bacterium
to host cells, targeting host mitochondria. The study revealed a novel mechanism of
inhibition of mitochondria-mediated apoptosis by ECHO0825 through upregulation of the
mitochondrial matrix protein manganese superoxide dismutase (MnSOD) and relieving ROS
stress.

Identification and characteristics of three putative E. chaffeensis T4S effectors

E. chaffeensis has genes encoding components of the T4S apparatus that are homologous to
those of Anaplasma phagocytophilum and other members of a-Proteobacteria (Ohashi et af,
2002, Dunning Hotopp et al., 2006). VirD4 of Agrobacterium tumefaciens, which is the
model organism for studying the T4S system, localizes to the bacterial inner membrane and
is regarded as a coupling protein because it can bind T4S effectors to be delivered by the
TAS apparatus (Cascales et al., 2004). In A. tumefaciens, the C-terminal transport signal for
recruitment and translocation of T4S effector proteins is hydrophilic and has a net positive
charge with a consensus motif of R-X(7)-R-X-X-R-X-X(n) (Vergunst et al,, 2005). Two
TA4S effectors of A. phagocytophilum contain these characteristic C-terminal signals (Lin et
al., 2007a, Niu et al.,, 2010); one effector, Ats-1, has been identified using A.
phagocytophilum \VirD4 as bait to screen an Anaplasma genomic prey library with the
bacterial two-hybrid system (Niu et a/,, 2010). To identify T4S effectors of E. chaffeensis by
the bacterial two-hybrid system, full-length £. chaffeensis virD4 (2,145 bp, GenBank
YP_506872) was cloned into the bait plasmid. Ten selected genes encoding hypothetical
proteins or conserved hypothetical proteins with a positively charged C-terminus from the £.
chaffeensis genome were cloned into the prey plasmids (Table S1). The bait and each of the
prey plasmids was co-transformed into the BacterioMatch 11 reporter strain and screened by
M9 His-selective medium. This screen identified three T4S effector candidates: ECH0261
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(GenBank YP_507082), ECH0767 (GenBank YP_507483), and ECH0825 (GenBank
YP_507621) (Table S1). When the sequence encoding the C-terminal 250 amino acid
residues of ECH0825 was cloned into the prey plasmid, the product interacted with VirD4;
this was not the case, however, for the C-terminal 100 residues (Table S1). These results
suggested that the central region of ECHO0825 is required for interaction with VirD4. The
three genes encoding T4S candidates were expressed by E. chaffeensisin THP-1 cells (Fig.
1A).

Presence of eukaryotic protein domains, and low total and C-terminal hydropathy values are
important features of putative T4S substrates of A. marginale, Legionella pneumophila, and
Bartonella henselae (Lockwood et al., 2011). Our bioinformatic analysis did not reveal any
eukaryotic domains or conserved repeats in the three £. chaffeensis proteins (Table S2).
Only ECHO0825 had a total hydropathy value of less than -200, which is a typical
characteristic for T4S substrates of A. marginale, L. pneumophila, and B. henselae
(Lockwood et al.,, 2011). Genes encoding the three proteins were found to be conserved
among the genus EArlichia. In addition ECHO0825 had orthologous proteins in the genus
Anaplasma, suggesting it has an important role in infection of broader members of the
family Anaplasmataceae (Table S2). Taken together with our quantitative proteomic
analysis data that show high expression of ECH0825 in mammalian cells (Lin et af., 2011),
our subsequent experiments focused on determination of the putative T4S effector ECH0825
biological activity in mammalian cells.

ECHO0825 is upregulated early during exponential growth

To confirm the expression of ECHO0825 protein by E. chaffeensis in infected THP-1 cells,
recombinant ECH0825 (rECHO0825, C-terminal 250 residues) was affinity-purified (Fig. 1B)
and used to immunize rabbits to produce anti-ECHO0825 serum. Affinity-purified rabbit anti-
ECHO0825 IgG recognized rECH0825 at 30 kDa (Fig. 1C) and full-length ECH0825 in E.
chaffeensis-infected THP-1 cells or in £. chaffeensis cells at 43 kDa (Fig. 1C). No
immunoreactive proteins were detected in uninfected THP-1 cells, confirming the specificity
of the ECHO0825 antibody. In infected cells, in addition to the major 43-kDa band, weak
degraded or cleaved smaller-sized bands were detected (Fig. 1C).

While infecting human cells, £. chaffeensis undergoes a biphasic developmental cycle
(Rikihisa, 2010a). Synchronized cultures of £. chaffeensisin THP-1 cells showed that after
E. chaffeensis entered host cells, the morula size increased until 40 h post-infection (p.i.),
when larger morulae appeared to break up into several smaller ones (Fig. 2A). These small
morulae subsequently increased in size until the infected cells ruptured at 76 h p.i. (Fig. 2A).
Real-time PCR results revealed four stages of E. chaffeensis growth: lag stage, 0~27 h p.i.;
pre-exponential growth stage, 27~52 h p.i.; exponential growths stage, 52~70 h p.i.; and
stationary growth stage, 70~76 h p.i. Under our culture conditions, the number of bacteria
increased over 600-fold at 76 h p.i. compared to 0 h p.i. (Fig. 2B).

The amount of ECHO0825 transcript, normalized by bacterial number based on 16S rDNA
level, was highest at 76 h p.i. with a small peak at 40 h p.i. (Fig. 2C). To determine
ECHO0825 protein levels in synchronously cultured E. chaffeensis, samples were loaded
proportional to bacterial numbers as determined by quantitative PCR, and subjected to
Western blotting. Protein band density for each sample was measured by densitometry and
normalized by bacterial numbers. ECH0825 protein expression relative to bacterial DNA
peaked at 40 h p.i. (Fig. 2D), corresponding to the pre-exponential growth stage.

Cell Microbiol. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal. Page 4

ECHO0825 is secreted into host cells and localizes to mitochondria

Double immunofluorescence labeling of £. chaffeensis and ECHO0825 in E. chaffeensis-
infected THP-1 cells showed that most of ECH0825 localized to bacterial inclusions, but a
portion of ECH0825 was detected outside of inclusions, which was evident at 40 — 46 h p.i.,
corresponding to the pre-exponential growth stage (Fig. 3). Bioinformatic analysis using
Predotar (http://urgi.versailles.inra.fr/predotar/predotar.html) suggested that ECH0825 likely
targets mitochondria with a probability score of 0.84 (range: 0 — 1.0). To determine the
mitochondrial localization of secreted ECH0825 in THP-1 cells, immunofluorescence
labeling was performed and examined using confocal microscopy. Using MnSOD as a
mitochondrial marker, secreted ECH0825 was shown to localize to mitochondria at the
beginning of exponential growth of £. chaffeensis in infected THP-1 cells (Figs. 4A and
4B). ECHO0825 was also targeted to mitochondria in £. chaffeensis-infected human
peripheral blood monocytes (Fig. 4C).

To examine whether the translocation of ECH0825 to host-cell mitochondria could occur
independent from other £. chaffeensis proteins or bacterial infection, monkey endothelial
cell line RF/6A, which can be readily infected with £. chaffeensis (Supplementary Fig. S1,
and Fig. 10), was transfected with a plasmid encoding ECH0825 (pECH0825). The plasmid
pECH0825 was constructed by replacing the GFP-coding gene in pEGFP-N1 with codon-
optimized ECHO0825 gene for mammalian expression because the AT-rich £. chaffeensis
genomic ECHO0825 gene yielded low protein levels when expressed in mammalian cells
(data not shown). Control pEGFP-N1- or pECHO0825-transfected RF/6A cells were labeled
with cytochrome ¢, a mitochondrial inner membrane protein, and the results showed that
ectopically expressed ECH0825, but not GFP, was translocated to mitochondria (Fig. 4D),
indicating that ECHO0825 is intrinsically targeted to host-cell mitochondria.

ECHO0825 has a direct effect on the efficiency of E. chaffeensis infection of THP-1 cells

To determine whether ECHO825 is required for £. chaffeensis infection, affinity-purified
anti-ECHO0825 or normal rabbit 1gG was delivered into THP-1 cells by the Chariot protein
delivery reagent to block ECH0825 function. Immunofluorescence labeling results showed
that antibodies were delivered into host cells (Fig. 5A). At 1 day post-antibody delivery, the
number of bacteria in cells treated with anti-ECH0825 was reduced more than 50%
compared to cells treated with control 1gG (Fig. 5B). This result suggests that host
cytoplasmically delivered ECHO0825 has a critical role in £. chaffeensis infection.

ECHO0825 inhibits etoposide-induced apoptosis by preventing Bax clumping, cytochrome ¢
release, and loss of mitochondrial membrane potential

Mitochondria play a key role in regulating cellular apoptosis (Parone et al., 2003, Wang et
al., 2009). Because ECHO0825 localizes to mitochondria, we examined whether ECH0825
inhibits mitochondria-mediated apoptosis. pPEGFP-N1- or pECH0825-transfected RF/6A
cells were treated with etoposide for 1 day at 20 h post-transfection. Etoposide, a
topoisomerase Il inhibitor, can induce DNA double-strand breaks leading to the activation of
caspase 2 and subsequent induction of Bax translocation to mitochondria and cytochrome ¢
release, which results in apoptosis (Karpinich et al,, 2002). In cells transfected with pEGFP-
N1 control vector, nearly 50% of cells showed condensed or fragmented nuclei following
etoposide treatment; however, only ~20% of pECHO0825-transfected cells showed these
nuclear effects (Figs 6A and 6B), indicating that ectopically expressed ECHO0825 inhibits
etoposide-induced apoptosis.

Bax belongs to the pro-apoptotic Bcl-2 family and is diffusely distributed in the cytosol in
healthy cells (Willis et al.,, 2005). Upon apoptotic stimuli, however, Bax is targeted to the
outer mitochondrial membrane and oligomerizes to form pores, and cytochrome cis released
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to the cytosol (Lartigue et al.,, 2008). Because Bax was diffusely distributed in the cytosol in
non-apoptotic RF/6A cells, it was nearly undetectable by fluorescence microscopy; clumped
Bax, however, could be readily detected in severely apoptotic cells after etoposide treatment
(Fig. 7A). More cells showed Bax clumping in pPEGFP-N1-transfected negative-control cells
than in pECHO0825-transfected cells after etoposide treatment (Fig. 7B).

Once Bax forms clumps and pores on the mitochondrial outer membrane, mitochondrial
membrane potential is lost and apoptosis ensues (Antonsson, 2001). To monitor
mitochondrial membrane potential, live cells were labeled with MitoTracker Red, which
only labels mitochondria that have a high membrane potential (Poot ef a/., 1996, Keij et al.,
2000). More cells showed loss of mitochondrial membrane potential in pPEGFP-N1-
transfected negative-control cells than in pECHO0825-transfected cells after etoposide
treatment (Fig. 7C and 7D).

Cytochrome cis a key component in the mitochondria-dependent apoptotic pathway (Jiang
et al., 2004). Cytochrome creleased into cytosol binds to Apaf-1 (apoptotic protease
activating factor-1), and this bimolecular complex promotes the formation of the
apoptosome, which activates initiator and executioner procaspases and results in apoptosis
(Kumar, 2007). Cytochrome ¢ became more diffuse after etoposide treatment in pEGFP-N1-
transfected cells than in pECHO0825-transfected cells (Figs. 7E and 7F). Taken together,
these data suggested that ectopically expressed ECH0825 could prevent etoposide-induced
apoptosis by preventing Bax clumping, cytochrome crelease, and loss of mitochondrial
membrane potential.

ECHO0825 inhibits Bax-induced apoptosis in yeast

Although yeasts lack Apaf-1, p53, and Bcl-2 family proteins, the cell death—regulating
activity of mitochondria in response to Bcl-2 family proteins is conserved in yeast;
moreover, expression of human Bax induces growth arrest and cell death in yeast (Ligr et
al., 1998). Yeast co-transformed with pYECHO0825 and pBax (Fig. 8A) were used to study
the effect of ECH0825 on human Bax-induced apoptosis. In transformed yeast cells,
ECHO0825 was also targeted to mitochondria as in RF/6A and THP-1 cells (Figs. 5 and 8B).
After Bax was induced with galactose for 5 days, the number of yeast colonies co-
transformed with the plasmids pYECHO0825 and pBax was approximately 4-fold greater than
that of yeast transformed with pGADT?7 (control plasmid) and pBax (Fig. 8C), indicating
that ECH0825 can inhibit human Bax-induced apoptosis in yeast.

ECHO0825 inhibits ROS production in mitochondria

Superoxide generated by aerobic respiration in mitochondria can cause DNA damage and is
a critical factor for inducing host cell apoptosis (Cai et al., 1998, Thannickal et al., 2000,
Wei, 2002 #695, Parone et al., 2003). Because etoposide increases the generation of ROS
(Kurosu et al.,, 2003) and ECHO0825 inhibits mitochondria-mediated apoptosis, we examined
ROS levels in E. chaffeensis-infected cells using 2’, 7’-dichlorodihydrofluorescein diacetate
(Ho,DCFDA), which can permeate the host-cell membrane and become trapped inside cells
once hydrolyzed by cellular esterases to yield membrane-impermeable H,DCF. H,DCF can
be oxidized by ROS to yield DCF, which can be detected by fluorescence
spectrophotometry (Armstrong et al., 2007). The results showed that ROS production in £.
chaffeensis-infected THP-1 cells was significantly lower than in uninfected cells (Fig. 9A),
suggesting that £. chaffeensis can inhibit ROS production in its own cells as well as in host
cells. Furthermore, ROS levels in ECH0825-transfected human embryonic kidney 293
(HEK293) cells, which can also be readily infected with £. chaffeensis (Miura et al., 2011),
were significantly lower than in pEGFP-N1-transfected HEK293 cells (Fig. 9B), suggesting
that ECHO0825 in mitochondria reduces the ROS level in host cells.
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E. chaffeensis infection and ectopically expressed ECHO0825 increase host MnSOD level

MnSOD in the mitochondrial matrix has an important role in converting membrane-
impermeable superoxide anion generated through aerobic respiration to membrane-
diffusible hydrogen peroxide, which is further detoxified by peroxidase and catalase
(Oberley et al.,, 1988, Knirsch et al.,, 2001, Zelko et al., 2002). Mitochondrial MnSOD
protects cells from apoptosis induced by many stimuli (Wong, 1995, Pani et a/., 2000, Kops
et al., 2002, Li et al.,, 2002, Tanaka et al., 2002). Western blotting results showed that, in £.
chaffeensis-infected RF/6A cells, the protein amount of MnSOD was increased significantly
compared to that in uninfected cells (Fig. 10A). Similar results were obtained with THP-1
cells (data not shown). Importantly, the MnSOD protein amount was also significantly
upregulated in ECH0825-transfected RF6/A cells (Fig. 10B), suggesting that ECH0825 in
mitochondria promotes an increase in the MnSOD level in the mitochondrial matrix to
detoxify ROS. Quantitative RT-PCR results showed that mRNA amount of MnSOD (s0d2)
in ECHO0825-transfected cells remained unchanged compared to GFP-transfected cells (data
not shown), suggesting MnSOD upregulation by ECHO0825 is not at the mRNA level but
likely at protein level.

Discussion

In this study, we demonstrated that an £. chaffeensis T4S effector, ECH0825, can be
translocated from the bacterium to the cytoplasm of host cells. Although the level of
ECHO0825 mRNA per bacterium was highest at the stationary stage, the level of ECH0825
protein per bacterium was highest at the pre-exponential growth stage, concurrent with the
upregulation of MRNAs encoding components of the £. chaffeensis TAS apparatus (Cheng
et al., 2008), suggesting that once the T4S components were expressed and the apparatus
assembled, ECH0825 protein could be readily translocated to the cytoplasm of the host cell.

Host translocated ECHO0825 had direct effects on efficiency of £. chaffeensis infection. At
what stage of the intracellular infection, ECH0825 is involved, however, remains to be
determined. Since the antibody added after bacterial uptake blocked the infection, ECH0825
is likely promoting more efficient replication or allowing additional cycles of replication as
it blocks host cell apoptosis. The reduction of infection by intracellular antibody delivery is
approximately 50%. More efficient delivery of antibody into the cell and perhaps into
mitochondria (or alternative blocking approaches) would allow complete abrogation.
However, there are other possibilities such as there are alternative proteins or pathways that
allow continued infection/replication, but with lower efficiency. In fact L. pneumophila
encodes multiple T4S effectors of overlapping functions to ensure their intracellular
infection (Isberg et al., 2009).

Prevention of host-cell apoptosis provides a survival advantage for obligatory intracellular
pathogens because it gives sufficient time for the bacteria to replicate. Bacterial pathogens
have evolved several ways to prevent host-cell apoptosis by ensuring the integrity of
mitochondria and preventing cytochrome crelease, by activating cell survival pathways, or
by preventing caspase activation (Faherty ef al., 2008). A previous study showed that £.
chaffeensis can upregulate the expression of nuclear factor-xB and other apoptosis inhibitors
and can differentially regulate the expression of cyclins and cyclin-dependent kinase in
THP-1 cells (Zhang et al., 2004). Several studies have shown that mitochondria associate
closely with E. chaffeensis inclusions (Popov et al., 1995, Rikihisa, 1996, Liu et al,, 2011).
One of important functions of mitochondria is the regulation of apoptosis. A recent study
showed that mitochondrial membrane potential is maintained in £. chaffeensis-infected
DHB82 cells treated with aphidicolin, an inhibitor of DNA polymerase-a; by contrast, the
membrane potential is reduced in mock-infected DH82 cells, which show condensed nuclei,
suggesting that £. chaffeensis can inhibit apoptosis of host cells (Liu et a/, 2011). Our
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current study showed that ECH0825 is translocated to mitochondria and inhibits
mitochondria-mediated apoptosis, which is accompanied by the inhibition of both
cytoplasmic Bax translocation to (and clumping on) mitochondria and release of cytochrome
¢. This is similar to the mechanism by which the T4S effector Ats-1 inhibits apoptosis in A.
phagocytophilum-infected human neutrophils and RF/6A cells (Niu et a/., 2010). Indeed,
ECHO0825 and Ats-1 are orthologs, having 21% amino acid identity.

ROS can damage DNA and induce mitochondria-mediated apoptosis (Cai ef a/., 1998,
Thannickal et al., 2000, Wei et al., 2002, Parone et al., 2003). The present study revealed
that ROS production in £E. chaffeensis-infected cells was lower than that in uninfected cells.
E. chaffeensis can prevent ROS production by membrane NADPH oxidase during infection
of human monocytes (Lin et a/., 2007b). Indeed other studies have shown that intracellular
bacteria, such as Chlamydiaand A. phagocytophilum, can reduce ROS production to protect
host cells by upregulating ferritin heavy chain (Carlyon et al., 2005, Vardhan et al., 2010).
Ferritin can sequester cellular iron, which generates highly toxic hydroxyl radicals from
H,0, via the Harber-Weiss reaction (Arosio et al., 2002). In contrast, several bacterial
pathogens, including Burkholderia cepacia, Borrelia hermsii, Listeria monocytogenes,
Staphylococcus aureus, and Streptococcus pyogenes increase the ROS production,
consequently kill the invading microorganisms and result in host apoptosis (Kobayashi et
al., 2003, DeLeo, 2004).

Most of the toxic ROS found in eukaryatic cells are produced during ATP generation from
oxygen in mitochondria, as 1-3% of electrons leak from the electron transport chain and
interact with oxygen directly and yield superoxide (Halliwell et a/,, 1999). Other systems
such as NADPH oxidase also produce ROS (Babior, 2004, Nauseef, 2008). To prevent
oxidative damage to mitochondria and the cell, cells synthesize antioxidants. MnSOD in the
mitochondrial matrix, catalyzes the conversion of superoxide anion to hydrogen peroxide
(Knirsch et al., 2001, Zelko et al., 2002). In mitochondria, the action of MnSOD and the
glutathione/glutathione peroxidase-1 system act cooperatively to constrain the levels of ROS
(mainly O,~ and H»05) generated during normal aerobic metabolism (Oberley et al., 1988,
Knirsch et al., 2001, Zelko et al., 2002). When cellular antioxidant defense systems cannot
remove excess ROS, oxidative stress ensues, resulting in cell damage and apoptosis (Cai et
al, 1998, Parone et al,, 2003, Cui et al., 2011). Loss of MnSOD (Soa2~"") is lethal in mice,
whereas partial deficiency (S0a2*/") increases the rate of apoptosis (Kokoszka et al., 2001,
Van Remmen ét al., 2001). MnSOD overexpression stabilizes the mitochondrial membrane,
inhibits the permeability transition and apoptosis (Manna et a/., 1998, Bruce-Keller et al.,
1999, Epperly et al., 2002, Epperly et al., 2003), and blocks Fas-mediated apoptosis (Sato et
al., 2004). MnSOD can regulate the levels of mitochondrial Bcl-2 family proteins, i.e., it can
increase the Bcl-2 level and decrease the Bax level to suppress ROS-induced apoptosis (Xu
et al., 2008, Sharma et al., 2009, Li et al., 2010). We observed a significant increase in
mitochondrial MnSOD level in £. chaffeensis-infected cells, which may be responsible for
reducing ROS levels in infected cells. Furthermore, our study showed that MnSOD was
upregulated and ROS production was significantly lower in ECH0825-transfected cells
compared with GFP-transfected cells, indicating a role for ECH0825 in MnSOD
upregulation and ROS reduction. MnSOD, which is encoded by chromosomal DNA, is
primarily transported to the mitochondrial matrix (Glick B, 1991). Our results showed that
ectopically expressed ECH0825 mostly localized to mitochondria and mitochondria-
translocated ECHO0825 increased MnSOD protein amount, suggesting that ECH0825 can
protect mitochondria and host cells from oxidative stress and apoptosis. This hypothesis is in
agreement with previous reports that induction of mitochondrial MnSOD confers resistance
to apoptosis in acute myeloblastic leukemia cells or HEK293 cells exposed to etoposide
(Mantymaa et al., 2000, Chen et al., 2007) and that ROS induces apoptosis via selective
activation of c-Jun N-terminal kinase (i.e., JINK), Bak, and Bax (Cai et al., 1998, Chen et al.,
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2007). Ats-1 of A. phagocytophilum localizes to the matrix of mitochondria and blocks Bax
translocation to mitochondria (Niu et a/,, 2010), however, effects of Ats-1 on MnSOD or
ROS have not been studied. It is possible that mitochondria-translocated Ats-1 also blocks
host-cell apoptosis (Niu et al.,, 2010) by stabilizing host MnSOD. MnSOD is degraded in a
caspase-dependent manner during Fas-mediated apoptosis (Pardo et al,, 2006); However, the
mechanism of MnSOD regulation by E. chaffeensis ECH0825 remains to be studied.
Furthermore, we cannot exclude the alternate possibility that, in £. chaffeensis-infected
DH82 cells, the reduced levels of ROS are a consequence of reduced energy generation in
mitochondria. This possibility is supported by studies showing that mitochondrial DNA
synthesis is inhibited and transcription of the mitochondrial genes nadph2and cytB
(encoding cytochrome b) is decreased in E. chaffeensis-infected cells compared to mock-
infected cells (Liu et al, 2011).

The fact that ROS levels are significantly reduced in £. chaffeensis-infected cells than
uninfected cells suggests that £. chaffeensis is also equipped with an antioxidant mechanism
to protect itself. It is possible that ECHO0825 also acts as an antioxidant inside the bacteria as
inside mitochondria that are evolved from a Rickettsial ancestor (Andersson et al., 1998).
Interestingly, genes encoding FeSOD (soadB) and components of the T4S apparatus are co-
transcribed in both E. chaffeensis and A. phagocytophilum (Ohashi et al., 2002), perhaps to
coordinate bacterial and host antioxidant-based survival mechanisms.

Currently, identified T4S effector molecules of A. phagocytophilum and E. chaffeensis are
Ats-1/ECH0825 and AnkA, which possess C-terminal positively charged amino acid
residues and can be recognized by the T4S coupling protein VirD4 (Rikihisa et al., 2009,
Rikihisa et al., 2010). They are abundantly produced and secreted into the mammalian host
cytoplasm, are not toxic to host cells, and can manipulate host cell processes to aid the
infection process. At the cellular level, the two effectors have distinct subcellular
localization: Ats-1 and ECHO0825 target host mitochondria and AnkA is in the cytoplasm
and nucleus, and distinct signaling mechanisms in host cells (Rikihisa et al., 2009, Zhu et al.,
2009, Rikihisa et al,, 2010, Scharf et al., 2011). Thus in these obligatory intracellular
pathogens, the T4S system has evolved as a critical host-subversive virulence factor.

TAS apparatus genes are highly expressed by E. chaffeensis in tick cells as well as in
mammalian cells (Bao et al., 2009), thus T4S system is likely important in tick stage of £.
chaffeensis. In addition to ECHO0825, the present study identified two T4S candidates of £.
chaffeensis (Table S1). Although ECH0261 and ECHO767 proteins are not highly expressed
in mammalian cells (Lin ef a/., 2011), the recent microarray study reported that ECH0767 is
highly transcribed in tick (AAE2 and ISE6) cells (Kuriakose et al,, 2011). Further
experiments are ongoing to address the potential role of ECHO767 in £. chaffeensis
infection of tick cells. Future studies are expected to provide better understanding of roles of
multiple T4S effectors during the entire life cycle of the vector-borne obligatory intracellular
pathogens.

Experimental Procedures

E. chaffeensis and cell culture

E. chaffeensis Arkansas (Anderson et al., 1991) was propagated in THP-1 (ATCC,
Manassas, VA), and RF/6A cell (ATCC) was cultured as described (Kumagai et a/., 2010,
Niu et al,, 2010). HEK293 cells were cultured in DMEM (Invitrogen, Carlsbad, CA)
supplemented with 2 mM c-glutamine and 10% fetal bovine serum (FBS, Atlanta biological,
Lawrenceville, GA).
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Synchronous culture of E. chaffeensis and reverse transcription polymerase chain
reaction (RT-PCR)

The procedure for synchronous culture of £. chaffeensis was modified from Dr. Cheng
(Cheng et al., 2008). An approximate multiplicity of infection of 50 was used in this study.
To disrupt host cells and liberate £. chaffeensis, infected THP-1 cells on ice were sonicated
twice for 10 s at setting 2 with a W-380 sonicator (Heat System-Ultrasonics, Farmington,
NY). The supernatant was collected after centrifugation at 700 x g and passed through a 2.7-
pwm filter (Whatman, Florham Park, NJ) to remove cell debris. The bacterial suspension on
ice was further sonicated for 30 s twice at setting 4.5 to disrupt reticulate cells of £.
chaffeensis (Cheng et al., 2008). E. chaffeensiswas centrifuged at 10,000 x g for 10 min and
used to infect 1 x 108 THP-1 cells in 5 ml of culture medium in a T-25 flask. After
incubating at 37°C for 1 h with gentle shaking every 10 min, the cells were washed three
times with fresh medium to remove unbound or un-internalized bacteria and resuspended at
a density of 3 to 4 x 10° cells/ml. After unbound or un-internalized bacteria were removed,
this time point was designated as 0 h p.i. Infected THP-1 cells were harvested at designated
times p.i. and divided into several aliquots. Cells for RNA extraction were suspended in
RNA /ater (Qiagen, Valencia, CA) and stored at —20°C. Cells for DNA extraction and
western blotting were stored at —80°C. Expression levels of ECH0825, ECH261 and
ECHO767 were determined by RT-PCR analysis, and quantitative PCR was performed as
described (Cheng et al.,, 2006). All primers are listed in Table S3.

Bacterial two-hybrid screen

E. chaffeensis proteins that interact with VirD4 were determined using the BacterioMatch 11
two-hybrid system (Stratagene/Agilent, La Jolla, CA). E. chaffeensis chromosomal DNA
was extracted using QlAamp DNA Mini kit (Qiagen). E£. chaffeensis virD4 was cloned into
bait vector pBT (Stratagene/Agilent) to construct the pBT-VirD4 bait plasmid. Ten selected
E. chaffeensis genes (Table S1) encoding hypothetical proteins or conserved hypothetical
proteins having a net positive charge in the C-terminal region (Vergunst et al., 2005) were
cloned into prey vector pTRG (Stratagene/Agilent) to construct pTRG-prey plasmids: the
full-length gene was cloned for genes of <750 bp, and the 3" 750 bp was cloned for genes of
> 750 bp (Table S1). pBT-VirD4 and pTRG-prey were co-transformed into the reporter
strain XL1-Blue MRF’ Kan. Dual transformants were plated on an M9 His-selective
medium and non-selective medium.

Production of rabbit antisera against ECH0825 and western blot analysis

The 3’-terminal 750 bp of ECH0825 was cloned into pET-33b(+) (Novagen, San Diego,
CA), and rECHO0825 protein was purified by Ni-affinity chromatography (Sigma-Aldrich,
St. Louis, MO) as described (Cheng et al., 2006). Purified rECH0825 was subjected to SDS-
PAGE (12% acrylamide). rECH0825 (~200 j.g) recovered from gel slices was used for the
first immunization of rabbits after being mixed with TiterMax (TiterMax USA, Norcross,
GA) in 1:1 ratio (v/v). Similarly, 100 g rECHO0825 was mixed with Freund’s incomplete
adjuvant (Sigma-Aldrich) in 1:1 ratio (v/v) and used to immunize rabbits for the second to
fourth times at 2-week intervals. The rabbit anti-ECHO0825 serum was affinity-purified with
rECHO0825 bound to a HiTrap NHS-activated HP column (GE Healthcare, Piscataway, NJ).

Proteins in lysates from uninfected or £. chaffeensis-infected, or antibody-delivered THP-1
or RF/6A cells, or from pECH0825- or pEGFP-N1-transfected RF/6A cells were subjected
to SDS-PAGE and Western blotting using primary antibodies including rabbit-anti-rP28
(diluted 1:2,000 (Ohashi ef al., 1998)), rabbit anti-ECHO0825 (1:2,000), mouse anti-MnSOD
(1:1,000; Alexis Biochemicals, San Diego, CA), rabbit anti-actin (1:2,000; Sigma-Aldrich),
mouse anti-a-tubulin (1:2,000; Santa Cruz Biotechnology, Santa Cruz, CA), or mouse anti-
GFP (1:2,000; Clone B-2, Santa Cruz Biotechnology), and peroxidase-conjugated secondary
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antibodies (1:2,000; KPL, Gaithersburg, MD). The procedure for antibody detection, image
capture, and densitometry was carried out as described (Lin ef a/., 2007a).

Delivery of anti-ECH0825 IgG into host cells using Chariot reagent

Chariot protein delivery reagent (Active Motif, Carlsbad, CA) was used to deliver anti-
ECHO0825 IgG into £. chaffeensis-infected THP-1 cells at 1 d p.i. as described (Lin ef a.,
2007a). Briefly, 6 pl of Chariot in 100 .l H,O was mixed with 100 ! of phosphate-
buffered saline (PBS: 137 mM NacCl, 2.7 mM KCI, 10 mM NayHPO4, 2 mM KH,POy, pH
7.4) containing 5 pg of affinity-purified rabbit anti-ECHO0825 IgG or control normal rabbit
IgG. Following incubation for 30 min at room temperature, the complex was added to 5 x
10° of E. chaffeensis-infected THP-1 cells at 1 day p.i. in 0.4 ml of medium lacking serum.
After culturing for 2.5 h, cells were supplied with another 1.4 ml RPMI 1640 medium
containing 10% FBS and 2 mM .-glutamine. At 2.5 h post-transfection, an aliquot of cells
(=50 plI) was cytocentrifuged onto slides for immunofluorescence labeling, and the
remaining cells were cultured. The number of bacteria was determined at 1 day post-
transfection by Western blotting.

ECHO0825 transfection and apoptosis analysis

Full-length ECH0825 was codon-optimized for expression in human cells and synthesized
by GenScript (Piscataway, NJ). Codon-optimized or wild-type ECH0825 was cloned into
pEGFP-N1 (Clontech, Mountain View, CA) by replacing the gene encoding enhanced GFP
(EGFP) to create plasmid pECH0825. The sequence of the cloned fragment was confirmed
by DNA sequencing. After Escherichia coli strain DH5a. (Invitrogen) was transformed,
plasmids were extracted using the EndoFree Plasmid Maxi kit (Qiagen). RF/6A or HEK293
cells were transfected by electroporation with Gene Pulser Xcell System (Bio-Rad,
Hercules, CA) as described (Niu et al., 2010).

pEGFP-N1- or pECH0825-transfected RF/6A cells were seeded at 1 x 10° cells/ml into each
well of a 6-well plate, and at 20 h post-transfection cells were treated with 100 .M
etoposide (Sigma-Aldrich) for 1 day and fixed with 2% paraformaldehyde in PBS. The
integrity of nuclei was determined by staining cells with 300 nM of 4°, 6-diamidino-2-
phenylindole, dilactate (DAPI, Invitrogen) for 5 min, and cells were observed by
fluorescence microscopy to quantify cellular apoptosis.

Immunofluorescence analysis

Cells were fixed with 2% paraformaldehyde at room temperature for 30 min; for double
immunofluorescence analysis, the cells were incubated with rabbit anti-ECH0825 and
mouse anti-MnSOD, or dog anti-£. chaffeensis (Barnewall et al., 1997) and mouse anti-
cytochrome ¢ (Santa Cruz Biotechnology) or mouse anti-Bax (BD Transduction Laboratory,
San Diego, CA) diluted 1:100 in PGS (PBS supplemented with 0.1% gelatin and 0.1%
saponin) for 1 h at room temperature. For triple immunofluorescence analysis, cells were
incubated with mouse anti-MnSOD, rabbit anti-ECHO0825, and dog anti- £. chaffeensis. The
secondary antibodies, Alexa Fluor 350 (AF350)-conjugated goat anti-mouse IgG
(Invitrogen), AF555-conjugated goat anti-mouse 1gG (Invitrogen), AF488-conjugated goat
anti-rabbit 1gG (Invitrogen), and Texas Red-conjugated goat anti-dog 1gG (Rockland,
Gilbertsville, PA), each diluted 1:100 in PGS, were incubated at room temperature for 1 h.
To determine the mitochondrial membrane potential, live RF/6A cells were incubated with
400 nM MitoTracker Red CMXRos (Invitrogen) in Advanced-MEM medium (Invitrogen)
for 30 min at 37°C. After washing with PBS, cells were fixed in 3% paraformaldehyde in
Advanced-MEM medium without serum. Images were captured by a Nikon Eclipse E400
fluorescence microscope with a xenon-mercury light source (Nikon Instruments, Melville,
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NY), a DeltaVision Deconvolution microscope system (Applied Precision, Issaquah, WA),
or an LSM 510 laser-scanning confocal microscope (Carl Zeiss, Thornwood, NY).

Co-transformation with pYECH0825 and pBax and induction of Bax in Saccharomyces

cerevisiae

The DNA fragments of codon-optimized ECH0825 were amplified and cloned into yeast
constitutive expression vector pPGADT7 AD (Clontech) by replacing the GAL4 AD
sequence, resulting in the recombinant plasmid termed pYECHO0825. Primers used are listed
in Table S3. A pair of plasmids, pBax (Niu ef a/., 2010) and pGADT7 AD, or pBax and
pYECHO0825, was co-transformed into S. cerevisiae haploid strain YPH499 (ATCC) by
using the YEASTMAKER Yeast Transformation System 2 (Clontech). The procedures for
yeast culture, MitoTracker Red CMXRos labeling, yeast immunofluorescence analysis, and
Bax induction were as described (Niu ef a/., 2010) except that anti-ECH0825 was used.

ROS assay with H,DCFDA

The level of ROS in whole cells was detected using HoDCFDA (Invitrogen). Briefly, after 2
days of culture, 3 x 10° uninfected and £. chaffeensis-infected THP-1 cells, or pEGFP-N1-
and pECHO0825-transfected HEK293 cells, were harvested and washed with PBS. The pellet
was resuspended with 200 I prewarmed PBS with 10 pM H,DCFDA or DMSO control
and incubated for 30 min at 37°C under 5% CO,. After washing cells with PBS and
resuspending them with 200 .l prewarmed PBS, the fluorescence intensity of DCF,
corresponding to the ROS level, was measured with a Spectra Max GeminiXS Microplate
Fluorometer (Molecular Devices, Sunnyvale, CA) at excitation and emission wavelengths of
492 nm and 520 nm, respectively, with a cutoff of 515 nm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Three putative T4S effectors, including ECHO0825, are expressed by E. chaffeensisin THP-1
cells.

A. ECHO0261, ECHO767, and ECHO0825 are transcribed by E. chaffeensisin THP-1 cells. M,
molecular size marker; + and — indicate the presence or absence of reverse transcriptase,
respectively; D, positive control (chromosomal DNA used as template) for PCR.
Corresponding genes and sizes (in base pairs) of amplified products are indicated. No
amplicon was detected without reverse transcriptase, indicating that the RNA preparation
was not contaminated with genomic DNA.

B. rECH0825 (C-terminal 250 residues of ECH0825) expressed in £. coliwas purified by
immobilized Ni2* affinity chromatography and subjected to SDS-PAGE followed by
GelCode blue staining. M, protein molecular mass marker.

C. Western blot analysis of rECH0825, uninfected THP-1 cells, £. chaffeensis (ECH)-
infected THP-1 cells, and purified ECH organisms using rabbit anti-ECHO0825 antiserum.
Molecular mass markers are indicated at the left. Arrows indicate rECH0825 and native
ECHO0825.
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Fig. 2.

E. chaffeensis growth and temporal expression of ECH0825.

A. E. chaffeensis developmental cycle in synchronously infected THP-1 cells was examined
by Diff-Quik staining. Arrows indicate bacteria or morulae. Scale bar: 5 pum.

B. Synchronous growth of £. chaffeensis determined by quantitative PCR. Genomic DNA
extracted from infected THP-1 cells at different times p.i. was subjected to real-time PCR
analysis. The data indicate the numbers of bacteria relative to the number at 0 h p.i. Data are
expressed as the mean + standard deviation (n = 3) and are representative of two
independent experiments with similar results.

C. Temporal expression of ECHO825in E. chaffeensis-infected THP-1 cells as determined
by quantitative RT-PCR. Transcript amounts were normalized to the £. chaffeensis 16S
rRNA gene. Data are expressed as the mean + standard deviation (n = 3) and are
representative of two independent experiments with similar results.

D. Temporal expression of ECH0825 in E. chaffeensis-infected THP-1 cells. Protein
samples were subjected to western blot analysis based on bacteria number as determined by
quantitative PCR. ECH input: relative ratios of £. chaffeensisloaded in SDS-PAGE wells.
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Fig. 3.

Translocation of ECH0825 from E. chaffeensis into the cytoplasm of THP-1 cells.

E. chaffeensis infected cells were subjected to double immunofluorescence labeling using
dog anti-£. chaffeensis (Texas Red, red) and rabbit anti-ECH0825 (ECH0825; AF488,
green) at different times p.i. Merge, merged images; Merge w/PC, image merged with phase
contrast. Arrows indicate ECH0825 translocated to the cytoplasm of host cells. Scale bar: 5

pm.
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ECHO0825 localizes to mitochondria in infected host cells.

A. Double immunofluorescence labeling of E. chaffeensis-infected THP-1 cells at 46 h p.i.
using rabbit anti-ECHO0825 (ECHO0825; AF488, green) and monoclonal anti-MnSOD
(MnSOD; AF555, red) was examined by confocal microscopy.

B, C. Triple immunofluorescence labeling of £. chaffeensis-infected THP-1 cells (B) and £.
chaffeensis-infected human peripheral blood monocytes (C) using dog anti-£. chaffeensis
(E. chaffeensis, Texas red, red), rabbit anti-ECH0825 (ECHO0825; Alexa Fluor 488, green),
and monoclonal anti-MnSOD (MnSOD; AF350, gray). Arrows indicate the localization of
ECHO0825 to host-cell mitochondria but not to intracellular £. chaffeensis.

D. Immunofluorescence labeling of RF/6A cells transfected with pECH0825 or pEGFP-N1;
cells were labeled with anti-ECH0825 (ECH0825; AF488, green) and mouse monoclonal
anti-cytochrome ¢ (cytochrome ¢; AF555, red). Scale bar: 5 pm.
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Antibody against rECHO0825, or normal rabbit 1gG, was delivered to £. chaffeensis-infected
THP-1 cells at 1 day p.i. by Chariot transfection reagent. A. Goat anti-rabbit conjugated with
AF555 (red) was used to detect the delivered antibodies. Merge w/PC, image merged with
phase contrast. B. Bacterial infection level was determined at 1 day post-delivery by western
blot analysis with rabbit anti-P28 (£. chaffeensis major surface antigen).
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Fig. 6.

Ectopically expressed ECH0825 inhibits etoposide-induced apoptosis.

A. Double fluorescence labeling of pEGFP-N1- or pECHO0825-transfected RF/6A cells
treated with etoposide (100 M) for 1 day; cells were labeled for DNA with DAPI (blue)
and rabbit anti-ECHO0825 (ECH0825; AF488, green). The white dashed lines denote
contours of host cells. Scale bar: 15 um.

B. Percentage of apoptotic cells with fragmented nuclei among pECH0825- or pEGFPN1-
transfected cells. Data are presented as the mean * standard deviation of three independent
experiments. **Significantly different by Student’s #test (p< 0.01).
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Fig. 7.

Ectopically expressed ECHO0825 inhibits etoposide-induced Bax clumping, loss of
mitochondrial membrane potential, and cytochrome c release.

Bax clumping (A, B), loss of mitochondrial membrane potential (C, D), and cytochrome ¢
release (E, F) were inhibited in pECHO0825-transfected cells compared to pEGFP-N1-
transfected cells after 1 day of treatment with 100 .M etoposide. DAPI was used to label
DNA (blue and gray); Bax was labeled with mouse anti-Bax and AF488-conjugated goat
anti-mouse 1gG; MitoTracker Red was used to stain mitochondria that had a high membrane
potential. cytochrome ¢ was labeled with mouse anti-cytochrome ¢ and AF488-conjugated
goat anti-mouse IgG; The white dashed lines denote contours of host cells. Scale bar, 15
pm. Percentage of cells with Bax clumping, loss of mitochondrial membrane potential, and
cytochrome crelease are shown in B, D, and F, representative data for which are presented
as the mean =+ standard deviation (n = 3) of two (D, F) or three (B) independent experiments.
*Significantly different by Student’s #test (0 < 0.05).
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Fig. 8.

Ectopically expressed ECH0825 inhibits Bax-induced apoptosis in yeast.

A. Expression of ECH0825 in S. cerevisiae. Lysates of YPH499 cells transformed with
pYECHO0825 or pGADT7 AD (pGADT?7) was subjected to western blot analysis with anti-
ECHO0825.

B. Localization of ECH0825 to mitochondria in S. cerevisiae. pYECH0825- or pGADT7
AD (pGADTT7)-transformed YPH499 cells were loaded with MitoTracker Red and subjected
to immunostaining with rabbit anti-ECH0825 and AF488—conjugated anti-rabbit 1gG. Scale
bar: 5 pm. C. ECHO0825 partially rescues S. cerevisiae from Bax-induced growth arrest.
YPH499 cells were co-transformed with pBax and pGADT7 AD (pGADT?7) or pBax and
pYECHO0825. Recombinant yeast cells were cultured in the medium containing galactose to
induce Bax expression. The number of viable cells was determined by a plate count
technique. The numbers of viable cells at day 5 after Bax induction were compared to the
number of viable cells on day 0. Data are expressed as the mean * standard deviation (n = 3)
and are representative of two independent experiments with similar results. *Significantly
different by Student’s #test (p < 0.05).
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ROS production is reduced by E. chaffeensis infection or ectopically expressed ECH0825.
ROS production after 2 days of culture of £. chaffeensis-infected relative to uninfected
THP-1 cells (A), and of pECH0825-transfected relative to pEGFP-N1-transfected HEK293
cells (B). ECH, E. chaffeensis-infected THP-1 cells. Data are expressed as the mean £
standard deviation (n = 3) and are representative of two independent experiments with
similar results. *Significantly different by Student’s #test (p < 0.05).
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E. chaffeensis infection or ectopic expression of ECH0825 upregulate MnSOD expression.
Western blot analysis for MnSOD expression in (A) uninfected RF/6A cells or cells that
were infected with £. chaffeensis (analysis done at 2 days p.i.) and (B) RF/6A cells
transfected with pECHO0825 or pEGFP-N1. Samples were probed with anti-MnSOD, anti-
actin, anti-ECHO0825 or anti-GFP by western blot analysis. The amount of protein was
measured by densitometry.
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