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Abstract
Ehrlichia chaffeensis is an obligately intracellular gram negative bacterium with a small genome
that thrives in mammalian mononuclear phagoctyes by exploiting eukaryotic processes. Herein,
we discuss the latest findings on moonlighting tandem repeat protein effectors and their secretion
mechanisms, and novel molecular interkingdom interactions that provide insight into the
intracellular pathobiology of ehrlichiae.

Keywords
Ehrlichia; human monocytotropic ehrlichiosis; zoonosis; effector; nucleomodulin; tandem repeat
protein; moonlighting protein; type 1 secretion system; post translational modification

1. Introduction
Ehrlichia chaffeensis is an obligately intracellular gram-negative bacterium that
demonstrates tropism for mononuclear phagocytes and is the etiologic agent of human
monocytotropic ehrlichiosis (HME) [1]. HME is an emerging life-threatening tick-borne
zoonosis in the United States [2], with more than 6,000 cases reported to the CDC as of
2010, and is classified as a group I NIAID emerging disease. However, a prospective
investigation indicates that HME is substantially underdiagnosed and underreported [3].
HME is a seasonal disease (April-September) with a geographic distribution that coincides
with that of the vector (Amblyomma americanum) [4]. E. chaffeensis is transstadially
maintained in A. americanum, and the enzoonotic cycle is maintained through persistent
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infection of mammalian hosts, including the white tailed deer (Odocoileus virginianus),
which is the primary reservoir [5]. HME presents as a flu-like illness with clinical symptoms
and laboratory abnormalities that include fever, myalgia, elevated hepatic transaminases,
and hematologic abnormalities, including anemia, thrombocytopenia, and leucopenia [6]. In
immunocompetent patients low bacterial burden and toxic-shock like symptoms suggest
immunopathologic mechanisms, such as elevated TNFα and IL-10 levels, mediate disease
pathogenesis [6]. HME is a serious disease in that approximately 50% of patients are
hospitalized, with severe complications, including adult respiratory distress syndrome
(ARDS), intravascular coagulopathy, meningo-encephalitis, and hepatic and renal failure,
associated with the 3% case fatality rate [4].

E. chaffeensis is an α-proteobacteria in the order Rickettsiales, family Anaplasmataceae,
which includes genera Anaplasma, Rickettsia, Orientia, Wolbachia, and Neorickettsia [7]. E.
chaffeensis has as two ultrastructurally defined forms, dense-cored cells (DC, 0.4–0.6μm)
that are infectious and characterized by concentration of ribosomes and chromatin,
predominate at early and late time points of infection, and reticulate cells (RC, 0.7–1.9μm)
that are of pleomorphic morphology with DNA and ribosomes distributed throughout the
bacterial cytoplasm and are replicate [8]. In addition to ultrastructural differences, DC and
RC differentially express proteins that mediate host cell invasion, and are involved in
establishment of the intracellular niche, and evasion of host innate immune response [9].

Previous reviews have focused on the host innate and adaptive immune responses as well as
the cellular processes affected during E. chaffeensis infection [6, 10–12]. This review will
largely focus on recent advances in our understanding of newly characterized secreted
tandem repeat protein (TRP) effectors that promote intracellular survival through a large and
diverse array of interactions with defined host targets and DNA, and by exploitation of host
post translational pathways.

2. Intracellular development and subversion of host defense mechanisms
In mammalian cells, E. chaffeensis replication occurs in a 72 h life cycle that is initiated
with DC ehrlichiae binding to DNaseX, E- and L- selectins, and other GPI-anchored
proteins within caveolae at the monocyte cell surface [13–15]. This interaction is contingent
on ehrlichial adhesins (ECH_1038 and TRP120), which have been shown to mediate
adhesion and internalization [15, 16]. During endocytosis which is di-cyclic GMP dependent
[17], DC ehrlichiae associates with caveolin 1 and phospholipase C-γ2 (PLC-γ2) and
modulates host cell signaling including transglutamination, tyrosine-phosphorylation and
activation of PLCγ2, inositol-(1,4,5)-triphosphate (IP3) production, and release of
intracellular calcium stores [18]. Following endocytosis and for the duration of intracellular
development, the bacterium resides in a membrane-bound cytoplasmic vacuole that is
maintained in an exclusive caveolar endosomal recycling pathway. The ehrlichial vacuole
does not fuse with lysosomes, phenotypically resembles an early-endosomal vesicle, and
contains vacuolar (H+) ATPase, transferrin, transferrin receptor, and major
histocompatibility molecules [19]. Within an hour of endocytosis, the DC cell transitions to
RC form and divides via binary fission, doubling every 8 h for the next 48 h [8, 20], The
resulting microcolony (morula) within the endosomal-like compartment, which contains as
many as 400 individual bacterium [19]. By 72 h post infection, the RC transitions into the
DC morphology, and the bacteria exit the host cell through undefined mechanisms including
direct cell lysis, exocytosis, or cell-cell transfer via filopodia [21].

Throughout its intracellular life cycle, E. chaffeensis employs mechanisms to avoid and
subvert host innate and adaptive immune responses. In contrast to related Rickettsia spp. and
other gram negative bacteria, E. chaffeensis genome does not encode genes for enzymes
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required to synthesize pathogen-associated molecular patterns (PAMPs), lipopolysaccharide
(LPS) or peptidoglycan. However, Ehrlichia does acquire cholesterol from the host cell for
structural integrity of the outer membrane [22]. Following endocytosis, the bacterium
actively prevents maturation and acidification of the endosomal vacuole as a means of
blocking phagolysosomal fusion [10]. E. chaffeensis also expresses and secretes effector
proteins, including TRP32, TRP47, TRP120, and a 200 kDa ankyrin repeat protein
(Ank200) that appear to be involved in modulating host cell signaling and host gene
transcription to avoid innate immune responses [11]. Early in infection Ehrlichia inhibit
reactive oxygen species (ROS) production and apoptosis, and disrupt Jak/STAT signaling to
prevent innate immune signaling responses [9]. Cytokine production is repressed, including
IL-12, IL-15, and IL-18, thereby preventing cell-mediated immune response mechanisms,
such as activation of TH1, NK cells, and cytotoxic T lymphocytes, and subsequent
IFNγproduction [6, 12].

3.E. chaffeensis genome and differential gene expression
Similar to other rickettsial agents, E. chaffeensis has evolved mechanisms to survive in both
arthropod and mammalian hosts. E. chaffeensis has a small genome (1.18Mbp) with low
GC-content (~30%), encoding roughly 1000 genes, about half of which have predicted
functions [23]. These bacteria utilize complex molecular strategies to adapt to intracellular
niches in both vertebrate and invertebrate hosts, one of which involves differential bacterial
gene/protein expression in order to adapt to these distinct host environments [24]. E.
chaffeensis demonstrates significantly greater global transcriptional activity in tick cells (A.
americanum, AAE2 cells; and Ixodes scapularis, ISE6 cells). Expression of genes involved
in cellular processes, particularly metabolism and translation, is greater in tick cells
suggesting E. chaffeensis is metabolically more active in the invertebrate host [24].
Expression of ehrlichial genes involved in translation and post translational modification in
addition to short hypothetical proteins (30–80aa) also varies greatly between mammalian
and tick cells. In contrast, significant differences in gene expression between mammalian
and tick hosts were not observed in studies with R. rickettsii [25], suggesting that E.
chaffeensis has evolved divergent adaptation mechanisms for intracellular survival in
vertebrate and invertebrate hosts.

Differential regulation of major immunoreactive proteins that are now known to be effector
proteins has also been observed. E. chaffeensis Ank200, TRP32, TRP47, and TRP120
transcripts were detected in both host cell types; however, neither TRP32 or TRP47 protein
was detected in tick cells suggesting significant post transcriptional regulation occurs in the
invertebrate host [24]. Conversely, TRP47 and TRP32 are hyperexpressed (10–15-fold
greater than other highly expressed genes) in mammalian cells and protein is readily
detected.

In human cells, TRP32 and TRP47 interact with host proteins involved in immune response,
cell signaling, vesicular trafficking, cytoskeletal reorganization, and apoptosis [26, 27].
Host-dependent transcriptional regulation of these TRP effectors may reflect the ability of E.
chaffeensis to establish a unique intracellular niche and survive in both mammalian
macrophages and tick cells. Moreover, differential expression of the p28 family of outer
membrane genes (OMP-1) occurs, with OMP-1b (p28-14) upregulated in tick cells, and p28
(p28-19), an integral membrane protein with porin activity [28] that is upregulated in
mammalian cells [24].
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4. Two-component systems
Ehrlichia differential gene expression, to some extent, is controlled by a series of two-
component response regulator (RR) systems, three of which have been identified in the E.
chaffeensis genome. These systems mediate gene expression based on queues from the host
cell environment and are composed of the histidine kinase (HK), present as a
transmembrane protein with a sensor domain in the periplasm and a kinase domain
extending into the cytosol, as well as the RR, which is phosphorylated by the HK in the
cytoplasm and subsequently binds genomic DNA to modulate bacterial gene expression.
The ehrlichial two-component systems include PleC-PleD, NtrY-NtrX, and CckA-CtrA
(RR-HK, respectively), which do not crosstalk [29, 30]. The most well characterized system,
CckA-CtrA, regulates bacterial expression late in infection and confers stress-response
mechanisms, including physical and chemical resistance to sonication and ROS, to the DC
cell type in preparation for host cell evasion and release [31]. Activated CtrA binds the bolA
promoter which regulates transcription of TRP120 and ECH_1038 (a highly conserved
OMP) [31].

5.Ehrlichia secretion systems
E. chaffeensis genome encompasses multiple mechanisms for secretion and delivery of
effector proteins to the bacterial extracellular space. Orthologs of Sec-dependent twin
arginine translocase (TatA), Sec-independent TatC, and SecF genes, have been identified in
the genome. Such secretion systems deliver bacterial proteins across the inner membrane
into the periplasm, and these genes are expressed during both invertebrate and vertebrate
host infections, with higher expression levels reported in tick cells [24].

Type 4 secretion system (T4SS) components ((VirB2, B3, B4, B6, B8, B9, B10, B11, and
D4) of the VirB/D ancestral type, largely characterized in plant pathogen Agrobacterium
tumefaciens, have been identified in the E. chaffeensis genome [32, 33]. These genes are
expressed in both mammalian and tick host cells, with select components demonstrating >2-
fold greater expression in the tick cell [24]. Ehrlichial VirB/D genes are present on two
operons and operon expression is regulated by the ehrlichial DNA binding protein EcxR
[34]. VirB/D loci are upregulated during bacterial replication, and downregulated during
bacterial evasion and release from the mammalian host cell [33]. E. chaffeensis proteins
(ECH_0261, ECH_0767, and EC_0825) have been identified as T4S substrates
demonstrated to be secreted via the T4S machinery [35]. EC_0825 translocates across the
ehrlichial vacuolar membrane and localizes to host cell mitochondria where it induces
expression of the mitochondrial matrix protein manganese superoxide dismutase (MnSOD)
to curb ROS production and inhibit mitochondrial-mediated apoptosis [35].

The E. chaffeensis genome also encodes three proteins (ECH_0383, ECH_0970, and
ECH_1020) with homology to Escherichia coli type 1 secretion system (T1SS) components
HlyB, HlyD, and TolC. T1SS mediates translocation of unfolded proteins from the cytosol,
through the periplasm, and into the bacterial extracellular space. HlyD forms a homodimeric
pore that spans the entire periplasm and interacts with the TolC heterotrimer that assembles
in the outer membrane [36, 37] (Fig. 1a). HlyB is present as a homodimer in the inner
membrane, where it recognizes C-terminal T1S signals in unfolded bacterial proteins and
hydrolyses ATP to mediate translocation of the substrate across the inner membrane into the
HlyD pore.

Features of T1SS substrates include acidic pI, few cysteine residues, and tandem repeats,
with the best characterized T1SS substrates being the repeats in toxins (RTX) family of
exoproteins [36]. An uncleaved C-terminal secretion signal enriched in LDAVTSIF is
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observed in T1S substrates, suggesting unfolded proteins are translocated following
completion of protein translation, and folded upon exit of TolC. Recently, Ank200, and TRP
ehrlichial effectors were demonstrated to be T1SS substrates [38]. LDAVTSIF-enriched
motifs were identified in the C-terminal 50 amino acids of these effectors. Secretion of
TRP32, TRP47, TRP120, and Ank200 (a C-terminal construct) was demonstrated using a
heterologous E. coli T1SS mutant strains. In the absence of the T1SS components TolC (Fig.
1b) or HlyB and HlyD (Fig. 1c), ehrlichial effector secretion was diminished [38]. Ehrlichial
protein homology with T1SS components and the recent demonstration that immunoreactive
TRPs and Ank200 are secreted in a type-1 dependent manner, establishes the importance of
the T1SS in the pathobiology of ehrlichial infection, a first for an intracellular bacterium.

6. Characteristics of E. chaffeensis ankyrin and tandem repeat proteins
Ehrlichia proteins with ankyrin and tandem repeats have been identified as the major
immunoreactive proteins that elicit strong antibody responses during infection [39–41].
Ehrlichia TRP effectors share domain architecture and molecular characteristics despite
differences in protein length and absence of homology (Fig. 2). Consistent with other T1S
substrates, these proteins are highly acidic and contain tandem repeats [38]. TRP32, TRP47,
and TRP120 TRs are serine-rich and acidic (pI ~4), and this characteristic is responsible for
the anomalous protein migration observed during gel electrophoresis [42]. In contrast, the
TRP75 TR is lysine-rich with a basic pI [43]. In TRP32, TRP47, and TRP120 the acidic C-
terminal region contains the T1S signal, facilitating effector secretion [38]. TRPs contain
major continuous species-specific antibody epitopes [43–47], and antibodies directed at
these epitopes are protective against infection [41].

In human monocytes, TRPs are differentially expressed dependent on morphological cell
type. TRP32 and TRP75 are constitutively expressed by DC and RC types, while TRP47
and TRP120 are exclusively expressed by DC cell type [16, 43]. Upon T1S into the
intramorular space, these effectors translocate across the vacuolar membrane via an
undefined mechanism, and localize to different host subcellular compartments including the
nucleus [27, 48]. However, these proteins do not contain a classic NLS and the mechanism
of nuclear translocation remains undefined.

Following secretion, TRPs are substrates of host-mediated post translational modification
pathways. TRP47 is phosphorylated at tyrosine 44 and serine 159 and/or serine 161 [42].
TRP75 contains an N-terminal lipobox motif and is proteolyzed and acylated at cysteine 21
[49]. Anti-phosphotyrosine immunoprecipitation demonstrated TRP75 is also tyrosine
phosphorylated, although the specific modified residues remain undefined [43]. TRP120 is
covalently modified by ubiquitin (Ub) at multiple lysine residues [50], as well as the small
ubiquitin-like modifier (SUMO) at lysine 432 in the C-terminus [51]. The functional
consequences for TRP post translational modification have not been defined, but there is
evidence suggesting effector subcellular localization is affected [50] and some host protein
interactions are enhanced with modified effector [51]. Ank200 is a T1S effector that
contains at least 21 ankyrin repeats flanked by acidic N- and C-terminal regions that harbor
major linear antibody epitopes [52]. Ank200 is secreted, escapes the ehrlichial inclusion, and
translocates to the host nucleus where it directly binds host genomic DNA [53]. The
mechanism of nuclear translocation remains undefined as Ank200 does not harbor a classic
nuclear localization sequence (NLS).

7. TRP-host protein interactions
Our understanding of the role of TRPs as effectors in ehrlichial pathobiology has
significantly advanced in recent years with characterization of TRP-host interactions. Yeast
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two-hybrid (Y2H) studies performed with a human bone marrow cDNA library have
identified host target proteins that interact with TRPs [26, 27, 54]. These studies identified
TRP interactions with a diverse network of host proteins involved in many host cellular
processes including transcriptional and translational regulation, post translational
modification, signaling and immune response, intracellular trafficking and cytoskeletal
organization, and apoptosis (Fig. 3a), demonstrating that TRPs are moonlighting proteins.

Y2H studies for TRP47 and TRP120 utilized the full TRP open-reading frame and yielded
roughly 100 host protein interactions each [27, 54]. Such interaction studies with TRP32
required use of a truncated C-terminal construct (as the TR region elicited strong
autoactivation in this assay) and yielded 22 host protein interactions [26] (Fig. 3a).
Immunofluorescence (Fig. 3b, c) and confocal microscropy (Fig. 3d) demonstrated
colocalization of select TRP-host proteins during ectopic expression and during E.
chaffeensis infection. During infection, host protein redistribution from the cytosol to the
ehrlichial vacuole was observed, particularly for CD63, immunoglobulin lambda (IGL) and -
actin (ACTG1) compared to healthy cells (Fig. 3b, c). TRP75 yeast two-hyrbrid studies did
not reveal host interactions (Luo, Zhang, and McBride, unpublished data); however this
protein encompasses an N-terminal lipobox motif that is proteolyzed and acylated [49]
suggesting TRP75 may be membrane associated. The format of the yeast two-hybrid
technique may not be suitable for identifying TRP75 interacting proteins.

Interestingly, several host proteins were demonstrated to interact with more than one TRP
effector. TR47 and TRP120 both robustly interact with PCGF5 [27, 54]. In the nucleus,
PGCF5 is a component of the polycomb repressive complex 1 (PRC1), which mediates
epigenetic regulation [55]. However, during E. chaffeensis infection, PCGF5 redistributes to
the cytosol and colocalizes with ehrlichial inclusions (Fig. 3d) [27], suggesting there may be
a cytosolic role for PCGF5 or effector interaction may trigger clearing of the nucleus.
TRP120 interaction with PCGF5 is mediated through the TR domain, but evidence suggests
a conformational change is necessary to expose this domain as full length TRP120 must be
SUMO conjugated to yield interaction with PCGF5 [51].

TRP47 and TRP120 interact with components of the Ub post translational modification
pathways, including E3 ligases, FBXW7 and KLHL12, as well as Ub isoforms UBB and
UBC. These interactions suggest the effectors are either themselves targets of Ub
conjugation, which was recently observed for TRP120 [50], or the TRP interaction
modulates this pathway to enhance Ub-mediated signaling changes such as receptor-
mediated endocytosis, Ub-mediated subcellular localization, or Ub-mediated proteasomal
degradation.

Ehrlichia and related species demonstrate delayed host cell apoptosis through expression of
cell surface effectors [56] and stabilization of host cell mitochondria [57]. Microarray
studies demonstrate E. chaffeensis upregulates expression of apoptosis inhibitors early in
infection (1–7 h post infection) and upregulate apoptosis inducers at later time points (>7 h
post infection) [9]. TRP Y2H studies suggest E. chaffeensis may also modulate programmed
cell death responses through host protein interactions. TRP47 and TRP120 interact with
ribosomal proteins L4 and L11 (RPL4 and RPL11), which are associated with ribosomal
assembly and p53-mediated apoptosis [58, 59]. TRP effectors also interact with a range of
immunoglobulins, which were recently reported to stabilize protein expression of anti-
apoptotic Bcl-xL [60]. Further characterization of these interactions is necessary to
determine the role of TRPs in regulating host programmed cell death; however recent host
interaction studies suggest these effectors participate in the mechanism.
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8.E. chaffeensis effectors function as nucleomodulins
Characterization of TRP-host protein interactions has contributed to our understanding of
the role of these effectors in E. chaffeensis pathobiology. Recently, ehrlichial effectors
Ank200 and TRP120 were also determined to reprogram host cell processes through directly
binding host chromatin and modulating host transcriptional response [48, 53]. These nuclear
effectors contribute to changes in expression levels observed for 5% of the host genes four
hours post E. chaffeensis infection [9]. Observation that ehrlichial proteins function as
nuclear effectors is not unique to E. chaffeensis. In fact, there is an emerging appreciation
that several pathogenic bacteria, including Listeria monocytogenes [61], Xanthomonas
campestris [62], and Anaplasma phagocytophilum [63], secrete effectors that access the host
nucleus and modulate gene expression through interactions with host chromatin or specific
DNA motifs that mediate epigenetic changes or function as transcription factors [61]. This
newly defined class of bacterial effectors has been termed “nucleomodulins” [64].

Ank200 localizes to the host nucleus during ehrlichial infection, where it has been
demonstrated to directly bind host genomic DNA at an adenine-rich motif in Alu-Sx
elements [53]. Alu-Sx elements are the most abundant repetitive elements in the mammalian
genome, and are frequently found in promoter and intronic regions. Whole genome
chromatin immunoprecipitation (ChIP) and DNA sequencing demonstrated Ank200 binds
DNA motifs within 456 host genes [53] which range in function from transcriptional and
translational regulation, post translational modification, immune response and cell signaling,
intracellular trafficking and cytoskeletal rearrangement, and transmembrane transport (Table
1). Many of these target genes are strongly upregulated during ehrlichial infection, including
TNFα, STAT1, CD48 [53], suggesting the mechanism of enhanced gene expression may
involve Ank200 interaction.

Recently, TRP120 was reported to directly interact with host genomic DNA. In these studies
a recombinant TRP120-TR construct encoding two 80-amino acid TRP120-TRs was shown
to directly bind host genomic DNA by EMSA (Fig. 4a) [48]. The TRP120-TR-DNA
complex was confirmed following incubation with anti-TRP120 antibody and an observed
supershift (Fig. 4a). DNA sequence motif analysis identified the consensus TRP120 DNA
binding motif as a GC-rich sequence motif (Fig. 4b). These DNA motifs are enriched in
promoter regions and serve as recognition sequences for some classes of transcription
factors [65, 66]. Genome-wide TRP120 targets were identified using ChIP and DNA
sequencing (Table 1) [48]. Genomic TRP120 binding sites were mapped to promoter regions
as well as introns and exons within more than 2000 host genes. Gene ontology (GO)
analysis classified TRP120 target genes into functionally related gene groups based on
biological process, where the most highly represented categories include transcriptional
regulation, protein modification, and apoptosis (Fig. 4c) [48].

Following identification of TRP120 host genomic targets, TRP120-mediated modulation of
transcription levels of representative gene targets was demonstrated (Fig. 4d). TRP120
targets immune response genes, including CXCL11, CCL2, and STAT1, and upregulates
expression [48]. Consistent with increased CXCL11, CCL2, and STAT1 protein expression
observed during E. chaffeensis infection, transfection of recombinant TRP120 protein
enhances expression levels for these gene targets. This recent study suggests TRP120
contributes to the mechanism of upregulation of target gene expression during ehrlichial
infection.

8.1 Ehrlichial effectors subvert host immune responses
As a potential immune subversion mechanism, Ank200 and TRP120 target the genes for
nearly all major components of the Jak-Stat pathway (Jak2, Stat1, Stat3, Stat5 and IFNR2)
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(Table 1) [48, 53]. Transcription factors involved in host signaling pathways are also gene
targets for Ank200 and TRP120. Notch and Wnt signaling molecules are targets, as well as
peroxisome proliferator-activated receptor alpha (PPAR) and a retinoid x receptor alpha
(RXRA). Protein products of these genes ultimately regulate cell growth, proliferation,
differentiation, and immune inflammatory responses. Ehrlichial effector nucleomodulins
may target these genes as a mechanism for reprogramming the host cell and downregulating
host defenses.

8.2 Ehrlichial effectors target host epigenetic machinery
Genes for epigenetic machinery are also targets of Ank200 and TRP120, including histone
deacetylase 1, 2, and 8 (HDAC1, 3, and 8) and DNA methyltransferase (DNMT). Y2H
studies demonstrated TRP120 also directly interacts with host epigenetic machinery,
including a histone methylase (NSD1) and demethylase (KDM6B), protein components of
the SWI/SNF chromatin remodeling complex (ARID1B), and PCGF5, a component of
PRC1 that regulates transcriptional silencing through epigenetic modification. This suggests
yet another mode of transcriptional regulation through potential effector-mediated changes
in expression levels of host epigenetic machinery, or changes in histone modification and
chromatin remodeling. This mechanism is similar to that described for AnkA, a T4S effector
from A. phagocytophilum, which recruits HDAC1 to host chromatin to repress gene
expression [63].

8.3 Ehrlichial effectors modulate vesicular trafficking and cytoskeletal components
Similar to yeast two-hybrid results, ehrlichial effectors target genes involved in intracellular
trafficking and cytoskeletal rearrangement. Clathrin (CLTA), coatomer (COPA), syntaxins
(SNX14, SNX11, SNX17), and TSNARE (TSNARE1) are gene targets of Ank200 and
TRP120, and suggest E. chaffeensis may regulate expression of vesicular trafficking
machinery to facilitate delivery of requisite protein and small molecule cargo to the
ehrlichial inclusion during replication. Y2H studies also demonstrated TRP120 interacts
with components of the vesicular trafficking machinery [54]. Acquisition of cholesterol,
iron, and essential amino acids from the host cell has been shown to be necessary for
ehrlichial replication [22], and ehrlichial effectors may modulate vesicular trafficking to
facilitate this process. Likewise, components of the cytoskeleton are gene targets for
Ank200 [53], as well as host proteins known to interact with TRP120 [54]. Effector-
mediated changes in expression of cytoskeletal components may facilitate vesicular
trafficking, exocytosis or filopodia formation, particularly late in infection for bacterial
egress.

Of particular note is the frequency of solute carrier family pores (SLC) and ion channels
(KCNQ4) that were identified as both Ank200 and TRP120 gene targets. Y2H studies
identified SLC pores as TRP32 and TRP120 interacting proteins [26, 54]. Further
characterization of the importance of these transcripts is necessary; however, their putative
function suggests that, similar to modulation of vesicular trafficking, ehrlichial effectors
change expression levels of these small molecule and ion channels as a means of acquiring
requisite materials during bacterial replication.

9. Conclusions
E. chaffeensis demonstrates host-specific gene expression which gives insight into adaptive
mechanisms employed by the bacteria for survival in diverse vertebrate and invertebrate
intracellular environments. E. chaffeensis interacts with and responds to its host environment
via two-component systems and expression and secretion of effector proteins via T4 and
T1SS. TRPs, a novel class of ehrlichial effectors, were recently shown to be T!SS substrates.
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This class of ehrlichial proteins is highly immunoreactive and contains species-specific
epitopes in tandem repeat regions. These epitope-specific TRP antibodies are protective
against infection via extracellular and intracellular mechanisms that remain undefined.

TRPs effectors mediate diverse host protein interactions as well as directly bind host genes.
This recent characterization cements the fact that these proteins are indeed effectors, and
points to their moonlighting functions in modulating multiple host cellular processes and
subverting host defenses to promote intracellular survival. Fig. 5 illustratively summarizes
what is known thus far about the roles of these effectors in ehrlichial pathobiology. Further
characterization is necessary to determine the impact of these effectors on host cellular
processes. The studies reviewed herein extend our understanding of the pathobiology of
intracellular pathogenic bacteria, explore mechanisms used to invade and subvert host
defenses, and identify novel targets for development of bacterial and host-directed small
molecule therapeutics, such as effector secretion systems and cell signaling pathways,
respectively.
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Figure 1. Type-1 secretion of E. chaffeensis effectors
(A), E. chaffeensis orthologs of E. coli T1SS components HlyB (ECH_0383) HlyD
(ECH_0970) and TolC (ECH_1020) have been identified. Schematic depicts secretion of
T1SS substrates when acidic C-terminal T1S-signals in unfolded cytoplasmic proteins are
recognized by inner membrane protein HlyB and in an ATP-dependent manner the substrate
is translocated across the inner membrane, then the periplasm via HlyD Substrates pass
through TolC, an outer membrane channel and into the extracellular space. (B), Secretion of
Ehrlichia TRPs and Ank200 by E. coli in the presence or absence of TolC, and (C), and
without (−) and with (+) HlyBD [38]. E. chaffeensis effector secretion is significantly
enhanced in the presence of TolC or HlyB/D components of the T1SS.
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Figure 2. Illustration of TRP effector domains, including details of expression and host
subcellular localization
TR protein domains are represented by grey boxes, and locations of confirmed post
translational modifications are noted in red. TRP47 is phosphorylated at Y44, S159 and/or
S161[42]. TRP75 is acylated at C21 following proteolysis within the lipobox (aa 11–24)
[49]. TRP120 is SUMOylated at K432 [51]. (DC, expressed by dense-core cell type; RC,
expressed by reticulate cell type; ND, not determined).
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Figure 3. Diverse interactions between E. chaffeensis TRP effectors and host proteins
A, Selection of mammalian host proteins that interact with ehrlichial TRP effectors, as
determined by Y2H,and classified by biological function. (*) denotes Y2H hits that were
confirmed for TRP localization and interaction with immunofluorescence microscopy and
coimmunoprecipitation. Common host proteins that interact with multiple TRPs are
highlighted in boldface. (B–D), Microscopy of THP-1 cells 72 h post infection, fixed and
probed with epitope-specific anti-TRP antibody (green), anti-specific host protein (red), and
DAPI (DNA, blue) to confirm colocalization (merged, yellow) of TRP32 (B), TRP120 (C),
and TRP47 (D) with interacting host proteins identified in Y2H screens. Insets demonstrate
localization of host proteins in uninfected THP-1 cells and highlight redistributed host
proteins in E. chaffeensis infected cells. Figures are modified reprints from [26, 27, 54].

Dunphy et al. Page 16

Microbes Infect. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. TRP120 directly binds host genomic DNA at a specific motif and modulates host gene
expression
A, EMSA demonstrates recombinant TRP-TR directly binds biotin-labeled mammalian
genomic DNA (purified from THP-1 human monocytes). Incubation with epitope-specific
TRP120 antibody results in a supershift of the TRP120-TR-DNA complex. B, GC-rich
consensus binding motif identified from TRP120 ChIPSeq peak analysis using WebLogo. C,
Gene ontology biological process classification of host genes identified from TRP120-TR
ChIP analysis. D, Induction of expression for select TRP120 target genes is observed in
THP-1 cells 72 h post E. chaffeensis infection (relative to uninfected THP-1 cells) or
recombinant TRP120 transfection (relative to thioredoxin control protein), as determined by
qPCR analysis. Figure is a modified reprint from [48].
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Figure 5. Depiction of effector functions during the E. chaffeensis life cycle in a mammalian
monocyte
1, DC bacteria bind DNaseX, a GPI-anchored receptor as well as other GPI-anchored
proteins within caveoli at the surface of the monocyte. ECH_1038 and TRP120 mediate this
interaction and facilitate bacterial endocytosis. 2, DC bacteria establish an intracellular niche
in a membrane-bound vacuole, to which early-endosomal proteins, including Rab5a and
VAMP2, are recruited. This inclusion does not undergo phagolysosomal fusion. Ehrlichial
effectors, including TRP32, TRP47, TRP120, and Ank200 are secreted into the intramorular
space via T1SS and translocate across the vacuolar membrane (via an undefined
mechanism) into the host cytosol. In the cytosol these effectors are substrates of host post
translational modification machinery (TRP47 is phosphorylated; TRP120 is SUMO and Ub
modified), and interact with diverse host proteins to alter cell processes. Through an NLS-
independent mechanism, ehrlichial effectors are also translocated to the host nucleus where
Ank200 and TRP120 bind host genomic DNA at Alu-Sx elements and GC motifs,
respectively, and modulate host gene expression. Changes in gene expression include
upregulation of signaling genes, including NFκB, and STAT1, as well as downregulation of
innate immune-related genes JAK2, TLR2, and TLR4. 3, 1 h post infection, DC bacteria
transition into the RC morphology and replicate by binary fission every 8 h for the following
48 h. During this period ehrlichial effectors continue to modulate host cell processes. Host
cell signaling is disrupted, including IFNγ-mediated JAK/STAT signaling, as a means of
avoiding host innate immune responses. Vesicular trafficking is exploited to obtain
cholesterol and iron (via transferrin and transferrin receptors) necessary for replication.
Mitochondria redistribute to the periphery of the ehrlichial inclusion. T4SS effector,
ECH_0825, translocates to these mitochondria to inhibit Bax-induced apoptosis and ROS
production, thereby permitting intracellular survival. 4, 72 h post infection RC morphology
transitions into DC cell type. Effectors, including T1SS TRP47 and TRP120 translocate
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across the vacuolar membrane and interact with host cytoskeletal proteins, including β-actin,
γ-actin, γ-tubulin, and myosin X, as well as accessory proteins, including components of the
ARP2/3 complex and CAP1, to facilitate exocytosis or filopodium formation (for direct cell-
cell transfer). Late in infection ehrlichial effectors induce host apoptosis, possibly to
facilitate bacterial release.
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Table 1

Selection of host genes that TRP120 and Ank200 bind, as determined by ChlP, classified by ontology.

TRP120 Ank200

Transcription and translation EEF1A1
DNMT

PCGF3
HDAC3, HDAC6

Histone 1, 2, 3 components
EIF4E2

Post translational modification PTK2 SUMO1 pseudogene
UBE2J2, UBE2Q1

DUB3

Immune response and cell signaling NOTCH1
WNT11
PPARA
RXRA
IKBKB
TLR5

NOTCH2
WNT2B
WISP3
RXRB

STAT1, STAT5b
JAK2

MYD88
TNF

TRAF7
IRF2BP2**

Intracellular trafficking and cytoskeleton SNX14
TSNARE1
SNAP47

SNX11, SNX17
CAP1*

COPA
CLTA
RHOA
MYL6
TUBG1

ACTBL1
ARPC1B

Transmembrane transport SLC2A1
SLC26A9
KCNQ4

SLC2A1
SLC26A9
KCNQ4

*
Gene was also identified in Y2H as TRP47 interacting protein

**
Gene was also identified in Y2H as TRP120 interacting protein

Bold highlights genes bound by both TRP120 and Ank200
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