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Ehrlichia chaffeensis is an obligately intracellular bacterium that exhibits tropism for mononuclear phago-
cytes and survives by evading host cell defense mechanisms. Recently, molecular interactions between E.
chaffeensis 47-kDa tandem repeat (TR) protein (TRP47) and the eukaryotic host cell have been described. In
this investigation, yeast (Saccharomyces cerevisiae) two-hybrid analysis demonstrated that E. chaffeensis-se-
creted tandem repeat protein 120 (TRP120) interacts with a diverse group of host cell proteins associated with
major biological processes, including transcription and regulation, cell signaling, protein trafficking, and actin
cytoskeleton organization. Twelve target proteins with the highest frequency of interaction with TRP120 were
confirmed by cotransformation in yeast. Host targets, including human immunoglobulin lambda locus (IGL),
cytochrome ¢ oxidase subunit II (COX2), Golgi-associated gamma adaptin ear-containing ARF binding protein
1 (GGA1), polycomb group ring finger 5 (PCGF5), actin gamma 1 (ACTG1), and unc-13 homolog D (UNC13D;
Caenorhabditis elegans), colocalized strongly with TRP120 in HeLa cells and with E. chaffeensis dense-cored
morulae and areas adjacent to morulae in the host cytoplasm. The TR domain of TRP120 interacted only with
PCGFS5, indicating that distinct TRP120 domains contribute to specific host target interactions and that
multiple domains are required to reconstitute TRP120 interactions with other host targets. Three previously
defined molecular interactions between TRP47 and host proteins, PCGF5, IGLL1, and CAP1, were also
associated with TRP120, demonstrating that molecular cross talk occurs between Ehrlichia TRPs and host

targets. These findings further support the role of TRPs as effectors that reprogram the host cell.

Ehrlichia chaffeensis is an obligately intracellular Gram-neg-
ative bacterium and is the etiologic agent of human monocy-
totropic ehrlichiosis (HME) (34). E. chaffeensis exhibits tro-
pism for mononuclear phagocytes and enters the cell through
receptor-mediated endocytosis, residing and multiplying within
a cytoplasmic vacuole that phenotypically resembles an early
endosome (34, 37). E. chaffeensis has one of the smallest bac-
terial genomes but has evolved molecular mechanisms that
enable it to circumvent innate and adaptive host defense mech-
anisms, including killing by reactive oxygen species, lysosomal
fusion, and gamma interferon signaling (8, 28, 37). The effector
proteins involved in reprogramming the host cell have not been
fully defined, but molecular interactions of tandem repeat
(TR) protein (TRP) and ankyrin repeat protein (Ank) effec-
tors of E. chaffeensis with the host cell have been associated
with the cell nucleus and cytoplasmic vacuole containing the
organism (42, 44, 51). Identified host targets suggest that there
are numerous and complex interactions occurring in the nu-
cleus, cytoplasm, cell membrane, and organelles, including mi-
tochondria and endoplasmic reticulum.

E. chaffeensis proteins strongly recognized by the host im-
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mune response include the 120-kDa TRP (TRP120), TRP47,
TRP32 (a variable-length PCR target [VLPT] protein), Ank200,
and outer membrane protein 1 (OMP1; p28) (5, 7, 24-26). The
TRPs are secreted, and two (TRP120 and TRP47) are differ-
entially expressed on dense-cored (DC) ehrlichiae (7, 24, 26,
36, 43). TRP120 is involved in ehrlichial binding and internal-
ization and directly binds host DNA, demonstrating that it has
important and diverse roles in ehrlichial molecular pathobiol-
ogy (20, 36, 50). Furthermore, new pathogen-host interactions
have been defined for TRP47, which interacts with multiple
host cell proteins associated with cell signaling, transcriptional
regulation, and vesicle trafficking, including polycomb group
ring finger 5 (PCGFS5), Src protein tyrosine kinase FYN
(FYN), protein tyrosine phosphatase nonreceptor type 2
(PTPN2), adenylate cyclase-associated protein 1 (CAP1), and
immunoglobulin lambda-like polypeptide 1 (IGLL1) (42). In
addition, the E. chaffeensis ankyrin repeat protein, Ank200, is
translocated to the host cell nucleus, where it binds Alu ele-
ments located in the promoter region of many genes associated
with ehrlichial pathobiology (51).

Ehrlichia replicates within membrane-bound cytoplasmic
vacuoles, forming microcolonies called morulae. The ehrlichial
morula membrane is a dynamic pathogen-host interface, and
many secreted ehrlichial proteins associate with the morula
membrane (7, 26, 36). The interaction between E. chaffeensis
TRP47 and human CAP1 has been defined at this interface
and is associated with vesicle trafficking (42). Similarly, the
Anaplasma phagocytophilum-occupied vacuole selectively re-
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cruits Rab GTPases that are primarily associated with recycling
endosomes (16). Pathogen-host interactions that occur at this
interface are critically important for pathogen entry, vacuole
trafficking within the host cell, avoiding host defense mecha-
nisms, and, eventually, release from the host cell (28, 44). In
addition, E. chaffeensis modulates host gene expression of nu-
merous host cell processes to facilitate its intracellular survival
and proliferation, including genes for cell cycle and differen-
tiation, immune response, membrane trafficking and lysosomal
fusion, apoptosis, and signal transduction (49), and modulation
of host gene expression appears to be mediated in part by
ehrlichial DNA-binding proteins such as Ank200 and TRP120.

A better understanding of the role of ehrlichial TRPs in
molecular host interactions is an important step in defining
ehrlichial effectors and molecular mechanisms involved in
ehrlichial pathobiology. In order to define the role of TRP120, we
used a yeast (Saccharomyces cerevisiae) two-hybrid (Y2H) as-
say to identify molecular TRP120-host interactions. We deter-
mined that E. chaffeensis TRP120 interacts with a diverse
group of eukaryotic proteins involved in multiple cellular pro-
cesses and has molecular cross talk with the TRP47 network.
Thus, TRP120 appears to be involved in the molecular repro-
gramming of the host cell that facilitates ehrlichial survival in
mononuclear phagocytes.

MATERIALS AND METHODS

Cell culture and cultivation of E. chaffeensis. Human cervical epithelial ade-
nocarcinoma (HeLa) cells and human monocytic leukemia (THP-1) cells were
propagated in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Carls-
bad, CA) supplemented with 10% fetal bovine serum (HyClone, Logan, UT) as
previously described (42). E. chaffeensis (Arkansas strain) was cultivated in
THP-1 cells as previously described (42).

Antibodies. Rabbit anti-TRP120 and anti-PCGF5 antibodies have been de-
scribed previously (24, 42). Other antibodies used in this study were mouse
anti-human immunoglobulin lambda locus (IGL), cytochrome ¢ oxidase subunit
1II (COX2), Golgi-associated gamma adaptin ear-containing ARF binding pro-
tein 1 (GGAL), actin gamma 1 (ACTG1), and unc-13 homolog D (UNC13D;
Caenorhabditis elegans) (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit
anti-green fluorescent protein (GFP), and mouse anti-GAL4 DNA-binding do-
main (GAL4 DNA-BD) tag (Clonetech, Mountain View, CA). All antibodies
used for immunofluorescence were tested by the vendor to ensure the specificity,
which was confirmed by Western blotting, immunofluorescence, or both (Santa
Cruz).

Yeast two-hybrid system. A Matchmaker Gold yeast two-hybrid system (Clon-
tech), including all yeast strains, yeast media and supplements, vectors, and yeast
transformation system, was used.

E. chaffeensis TRP120 cloning and expr in yeast. The coding region of
TRP120 (GenBank accession number U49426) was amplified by PCR from E.
chaffeensis genomic DNA using forward (5'-GGCGAATTCATGGATATTGAT
AATAGTAACATAAG) and reverse (5'-GGCGTCGACTACAATATCATTTA
CTACATTGTG) (restriction enzyme sites are in boldface; Sigma-Genosys,
Woodlands, TX) primers and cloned into the EcoRI-Sall site of the pGBKT7
vector containing the GAL4 DNA-BD. The resulting bait plasmid, pGBKT7-
TRP120, was transformed into yeast (Saccharomyces cerevisiae) strain Y2HGold
using Yeastmaker yeast transformation system 2, and the expression of bait
protein TRP120 (GAL4 DNA-BD fused) in yeast was confirmed by Western
immunoblotting using transformed yeast cell lysates probed with mouse anti-
GAL4 DNA-BD antibody (1:2,000) or rabbit anti-TRP120 antibody (1:2,000).
Yeast protein extracts were prepared by the urea/sodium dodecyl sulfate method
described in Clontech’s Yeast Protocols Handbook.

Yeast two-hybrid assay. The Matchmaker human bone marrow library (Clon-
tech), a high-complexity cDNA library cloned into the yeast GAL4 activation
domain (GAL4-AD) vector pPGADT7-Rec and pretransformed into S. cerevisiae
host strain Y187, was screened by yeast mating with bait strain Y2HGold con-
taining pGBKT7-TRP120 according to the manufacturer’s protocol. A positive
control was created by mating Y2HGold containing pGBKT7-p53 (murine p53
protein) with Y187 containing pGADT7-T (simian virus 40 large T antigen), and
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Y2HGold containing pGBKT7-Lam (human nuclear lamin) was mated with
Y187 containing pGADT7-T as a negative control. Positive clones expressing
prey proteins interacting with TRP120 (bait) were selected on minimal synthet-
ically defined (SD) quadruple-dropout (QDO) medium (SD medium without
Ade, His, Leu, and Trp [SD/—Ade/—His/—Leu/—Trp]) supplemented with
5-bromo-4-chloro-3-indolyl-a-p-galactopyranoside (X-Gal) and aureobasidin A
(QDO/X/A). Blue colonies with normal size were segregated three times on SD
double-dropout (DDO; SD medium without Leu and Trp [SD/—Leu/—Trp])
plates containing X-Gal (DDO/X), and the prey cDNA inserts were amplified by
colony PCR and then sequenced in the University of Texas Medical Branch
Protein Chemistry Core Laboratory.

Confirmation of positive interactions by cotransformation. The prey plasmid
responsible for positive interactions was rescued from segregated colonies using
an Easy yeast plasmid isolation kit (Clontech), transformed into Escherichia coli
Fusion-Blue (Clontech), and isolated. To distinguish positive from false-positive
interactions, Y2HGold yeast cells were cotransformed with bait (pGBKT7-
TRP120) and prey plasmids or with empty pGBKT7 and the prey plasmids as the
control. The positive interactions were confirmed by selection on QDO/X/A.

Cotransfection of mammalian cells and co-IP. A Matchmaker chemilumines-
cent coimmunoprecipitation (co-IP) system (Clontech) was used to confirm
interactions between bait and prey proteins identified by Y2H assay in mam-
malian cells. Briefly, two mammalian expression vectors, pAcGFP1-C and
pProLabel-C, which encode a fluorescent Aequorea coerulescens green fluorescent
protein (AcGFP1) and enzymatic ProLabel (PL; an ~6-kDa fragment of B-ga-
lactosidase) tags, respectively, were used for generation of N-terminal AcGFP1-
bait and PL-prey fusion proteins. The bait TRP120 was amplified from pGBK-
TRP120 and cloned in-frame downstream of the AcGFP1 tag of pAcGFP1-C
using In-Fusion PCR cloning (Clontech), while the prey gene was amplified from
pGADT7-prey and cloned in-frame downstream of the PL tag of pProLabel-C.

An approach similar to that described above for the full-length TRP120 was
used to generate amino-terminal TRP120 (TRP120N; amino acids 1 to 54),
TRP120 tandem repeats (TRP120TRs; amino acids 48 to 220), and carboxy-
terminal TRP120 (TRP120C; amino acids 401 to 548) fragments, except In-
Fusion PCR cloning was used for cloning of TRP120 fragments into pGBKT7.
Primers used for TRP120 fragment amplification from E. chaffeensis genomic
DNA included the In-Fusion cloning leader sequence CATGGAGGCCGA
ATTC at the 5’ end of each primer. Fragment-specific primer sequences
were TRP120N (forward, 5'-ATGGATATTGATAATAGTAACATAAGTAC;
reverse, 5'-TGTGTCATCTTCTTGCTCTTG), TRP120TR (forward, 5'-CAAG
AGCAAGAAGATGACAC; reverse, 5'-TGATGAAGGTTGAGATACTATT
TC), and TRP120C (forward, 5'-ATTCTAGTAGAAGATTTGCCATTAG; re-
verse, 5'-TACAATATCATTTACTACATTGTGATT) (Sigma-Genosys).

Plasmids pAcGFP1-C (control without insert), pAcGFP1-TRP120, pAcGFP1-
TRP120N, pAcGFP1-TRP120TR, or pAcGFP1-TRP120C and pProLabel-prey
were cotransfected into HeLa cells using Lipofectamine 2000 (Invitrogen), and
expression of GFP was confirmed under an inverted fluorescence microscope
(IX71; Olympus, Japan) at 2 days posttransfection. Then, interacting proteins
were immunoprecipitated according to the manufacturer’s protocol, and PL
activity (in relative light units [RLUs]) was measured at different time intervals
after addition of substrate using a Veritas microplate luminometer (Turner
Biosystems, Sunnyvale, CA). Statistical differences between experimental groups
were assessed with the two-tailed Student’s ¢ test, and significance was indicated
by a P value of <0.05.

Immunofluorescence microscopy. Transfected (pAcGFP1-TRP120 or pAcGFP1-
empty) HeLa cells were collected at 2 days posttransfection, washed once in
phosphate-buffered saline (PBS), and fixed in 3% paraformaldehyde in PBS for
15 min. Cells were permeabilized and blocked with a mixture of 0.1% Triton
X-100 and 1% bovine serum albumin (Sigma) in PBS for 1 h. Then, cells were
incubated with mouse anti-IGL, -COX2, -GGAl, -PCGF5, -ACTGl1, or
-UNC13D antibodies (1:100) for 1 h, washed, and stained with Alexa Fluor 568
goat anti-mouse IgG (H+L) secondary antibodies (1:100; Molecular Probes,
Eugene, OR) for 30 min. Uninfected or E. chaffeensis-infected THP-1 cells (3
days postinfection) were cytocentrifuged onto glass slides, fixed in 3% para-
formaldehyde for 20 min, permeabilized, and blocked with a mixture of 0.3%
Triton X-100 and 2% bovine serum albumin in PBS for 1 h. Cells were then
incubated with mouse anti-IGL, -COX2, -GGALl, -ACTGI, or -UNC13D anti-
body (1:100) and rabbit anti-TRP120 antibody (1:40,000) for 1 h, washed, and
dually stained with Alexa Fluor 568 goat anti-mouse IgG (H+L) and Alexa Fluor
488 goat anti-rabbit IgG (H+L) secondary antibodies (1:100; Molecular Probes)
for 30 min. Slides were washed and mounted with ProLong Gold antifade
reagent (Invitrogen), and fluorescence images were obtained using an Olympus
BX61 epifluorescence microscope. The images were further processed, and flu-
orescence intensity profiles representing the pixel intensity values in a digitized
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FIG. 1. E. chaffeensis TRP120 regions and conserved domains.
(Top) Schematic of E. chaffeensis TRP120 showing the regions of N
terminus, TRs, and C terminus (numbers of amino acids are in paren-
theses; R, repeat). The TR region is shown in gray. There are two
incomplete repeats (10 and 20 amino acids, respectively) preceding the
first repeat and following the last repeat, respectively, which are ho-
mologous to tandem repeats and are also shown in gray. (Bottom)
The Ehrlichia repeat (rpt), TIGR00927 (K*-dependent Na*/Ca™ ex-
changer), and PRK10416 (cell division and signal recognition particle-
docking protein FtsY) conserved domains were identified from the
NCBI Conserved Domain Database. The computationally detected
Ehrlichia repeat multidomains are present in the same region of
TRP120 that contains four TRs.

section along a user-defined area were created using Slidebook (version 5.0)
software (Intelligent Imaging Innovations, Denver, CO).

GO analysis. Gene ontology (GO) analysis of TRP120 target proteins was
performed by using the Babelomics FatiGO tool (http://babelomics3.bioinfo.cipf
.es) (2).

RESULTS

Biochemical and functional characteristics of E. chaffeensis
TRP120. E. chaffeensis TRP120 is a 548-amino-acid, highly
acidic (pI 3.91) protein containing four nearly identical 80-mer
TRs flanked by N (50 amino acids) and C (148 amino acids)
termini (Fig. 1). TRs constitute the majority of TRP120, and
all four TRs were predicted to be surface accessible. TRP120
was predicted to be secreted by a nonclasssical and leaderless
mechanism by the SecretomeP (version 2.0) server (www.cbs
.dtu.dk/services/SecretomeP). Neither the full-length TRP120
nor any of three regions (N terminus, TRs, or C terminus) had
substantial homology with any known protein except E. canis
ortholog TRP140. However, a conserved domain search (http:
//www.ncbi.nlm.nih.gov/structure/cdd/wrpsb.cgi)  identified
four putative single domains of the Ehrlichia repeat superfam-
ily and two multidomains, K*-dependent Na*/Ca™* exchanger
(TIGRO00927; bit score, 44.22; E value, 5.92e—05) and FtsY
(PRK10416; bit score, 38.34; E value, 3.92e—03) (Fig. 1). FtsY
is a cell division membrane protein and a signal recognition
particle receptor involved in cell division and protein secretion
of bacteria.

Analysis of E. chaffeensis TRP120 interactions with human
proteins using a yeast two-hybrid system. To confirm that the
bait (TRP120) did not autonomously activate (autoactivate)
the reporter genes in yeast strain Y2HGold in the absence of
a prey protein, Y2HGold cells were transformed with bait
plasmid pGBKT7-TRP120 and plated on SD without Trp (SD/
—Trp), SD without Trp supplemented with X-Gal and aureo-
basidin A (SD/—Trp/X/A), and SD without Trp, His, and Ade
supplemented with X-Gal (SD/—Trp/—His/—Ade/X-Gal; tri-
ple dropout [TDO/X]) plates. Many colonies were observed on
the SD/—Trp plate after 3 to 5 days of incubation, but no
growth or only a few tiny white/pale blue colonies were ob-
served on SD/—Trp/X/A and TDO/X plates, confirming a lack
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FIG. 2. Detection of TRP120 expression in yeast. Expression of
GAL4 DNA-BD-TRP120 fusion protein in yeast (arrow) was deter-
mined by immunoblotting of yeast cell extracts transformed with
pGBKT7 (empty vector) or pGBKT7-TRP120 using the anti-TRP120
antibody or anti-GAL4 DNA-BD antibody. M, molecular mass marker.

of autoactivation by TRP120 (data not shown). To examine the
toxicity of TRP120 in yeast cells, Y2HGold cells transformed
with pGBKT7-empty or pGBKT7-TRP120 were grown in both
solid and liquid media. No significant differences in yeast
growth in solid or liquid medium containing bait and empty
plasmids were observed, demonstrating that the bait was non-
toxic to yeast.

To confirm GAL4 DNA-BD-TRP120 fusion protein expres-
sion in yeast, yeast proteins were extracted from Y2HGold
cells transformed with pGBKT7-empty or pGBKT7-TRP120,
and the fusion protein was detected by Western immunoblot-
ting with an anti-GAL4 DNA-BD monoclonal antibody or an
anti-TRP120 antibody (Fig. 2). The fusion protein exhibited a
molecular mass (~125 kDa) larger than the predicted mass
(~83 kDa = 61 kDa of TRP120 + 22 kDa of GAL4 DNA-BD
tag) on the basis of the amino acid sequence, which was con-
sistent with our previous report regarding the aberrant elec-
trophoretic mobility of native and recombinant TRP120 (24).
In addition, it has previously been demonstrated that TRP120
likely degraded, and multiple bands were detected by Western
immunoblotting (24).

By yeast two-hybrid screening using yeast mating, ~19%
mating efficiency was achieved and ~21 million diploid clones
were screened. In total, 271 yeast colonies with blue color and
normal size were observed and selected from SD/—Trp/—Leu/
—Ade/—His/X/A (QDO/X/A) plates for identification of po-
tential positive clones that exhibited bait and prey protein-
protein interactions. After segregation of the colony three
times, yeast colony PCR was performed, followed by DNA
sequencing to eliminate the duplicate clones and identify in-
teracting targets. Ninety-eight different potentially interacting
human proteins were identified (see Table S1 in the supple-
mental material), and the 12 most abundant clones in order of
frequency were human immunoglobulin light-chain lambda
(IGL), cytochrome ¢ oxidase subunit IT (COX2), immunoglob-
ulin kappa constant (IGKC), immunoglobulin heavy constant
alpha 1 (IGHALI), erythrocyte membrane protein band 4.2
(EPB42), Golgi-associated gamma adaptin ear-containing
AREF binding protein 1 (GGAL), prosaposin (PSAP), solute
carrier family 2, member 3 (SLC2A3), unc-13 homolog D
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TABLE 1. Summary of 12 human proteins that interact with E. chaffeensis TRP120 determined by
yeast two-hybrid assay and cotransformation

Interacting human protein”

GenBank
accession no.

Properties/functions

Immunoglobulin lambda locus
(IGL)

Cytochrome ¢ oxidase subunit II
(COX2)

Immunoglobulin kappa constant
(IGKC)

Immunoglobulin heavy constant
alpha 1 (IGHALI)

Erythrocyte membrane protein
band 4.2 (EPB42)

Golgi-associated, gamma adaptin
ear-containing, ARF binding
protein 1 (GGAL)

Prosaposin (PSAP)

Solute carrier family 2, member
3 (SLC2A3)

unc-13 homolog D (C. elegans)
(UNC13D)

Polycomb group ring finger 5
(PCGF5)

Actin, gamma 1 (ACTG1)

XM_002348112.1
XR_078889.1

NW_001838785.1
NW_001838121.1

NM_001114134.1

NM_013365.3

NM_001042466.1

NM_006931.2
NM_199242.2
NM_032373.3

NM_001614.2

Recognizes foreign antigens and initiates immune responses such as phagocytosis
and the complement system

Terminal enzyme of the mitochondrial respiratory chain, catalyzing the transfer
of electrons from reduced cytochrome ¢ to molecular oxygen

Recognizes foreign antigens and initiates immune responses such as phagocytosis
and the complement system

Recognizes foreign antigens and initiates immune responses such as phagocytosis
and the complement system

An ATP-binding protein which may regulate the association of protein 3 with
ankyrin; it probably has a role in erythrocyte shape and mechanical property
regulation

Ubiquitous coat proteins that regulate the trafficking of proteins between the
trans-Golgi network and the lysosome

A highly conserved glycoprotein which is a precursor for saposins; saposins
localize primarily to the lysosomal compartment, where they facilitate the
catabolism of glycosphingolipids

Glucose transmembrane transporter

A member of the UNC13 family that appears to play a role in vesicle maturation
during exocytosis and is involved in regulation of cytolytic granules secretion

DNA-dependent regulation of transcription, metal ion binding, and protein
binding

A cytoplasmic actin found in nonmuscle cells; highly conserved proteins that are

involved in various types of cell motility and maintenance of the cytoskeleton

F-box and WD repeat domain
containing 7 (FBXW?7)

NT_016354.19

The F-box proteins constitute one subunit of ubiquitin protein ligase complex
SCFs (SKP1 [S-phase KimSC-associated protein 1] cullin-F-box) which

function in phosphorylation-dependent ubiquitination; seven tandem WD40
repeats bind directly to cyclin E, probably for ubiquitin-mediated degradation

¢ Listed by the order of identification frequency.

(UNC13D; C. elegans), polycomb group ring finger 5 (PCGFY),
actin gamma 1 (ACTG1), and F-box and WD repeat domain
containing 7 (FBXW?7) (Table 1).

In order to reveal general biological processes that may be
affected by TRP120, a functional analysis was performed on
the 98 Y2H assay-identified TRP120-interacting targets using
the Babelomics FatiGO tool. Proteins were classified in three
gene ontology databases (biological process, molecular func-
tion, and cellular component) (see Fig. S1 in the supplemental
material). The most highly represented target proteins were
associated with major biological processes, including tran-
scription and transcription regulation, posttranslational pro-
tein modification, transcription, actin cytoskeleton organi-
zation and biogenesis, and regulation of nucleic acid metabolic
processes, which were consistent with their biological func-
tions, including zinc ion binding, ATP-binding, and pyrophos-
phatase activity and with their major structural associations
with the nucleus (see Fig. S1 in the supplemental material).

Confirmation of interactions by cotransformation and
coimmunoprecipitation. To confirm the true interactions,
cotransformation assays were performed in yeast with candi-
date prey plasmids from the 12 most abundant clones. Inter-
actions in yeast were confirmed with all these prey proteins
(Fig. 3, showing interactions of TRP120 with six prey proteins:
IGL, COX2, GGA1, PCGF5, ACTG1, and UNCI13D). In or-
der to further examine the interaction of TRP120 with these
prey proteins in mammalian cells by co-IP, nine candidate
preys were selected from the above-described 12 most abun-

dant clones except IGKC, IGHA1, and SLC2A3, which had
significant overlap in functions with another target IGL or
were of low priority (SLC2A3). Nine prey genes were cloned
into the mammalian expression vector pProLabel-C, but only
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FIG. 3. Confirmation of positive interactions in yeast by cotrans-
formation. Y2HGold yeast cells were cotransformed with bait plasmid
pGBKT7-TRP120 and prey plasmid pGADT7-IGL, -COX2, -GGAI,
-PCGF5, -ACTG1, or -UNC13D. As a control, pPGBKT7 (empty vec-
tor) was used to cotransform with each prey plasmid. The positive
interactions were confirmed by selection on QDO/X/A plates.
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four proteins (ACTG1, GGA1, PCGF5, and UNC13D) were
expressed and detected by PL chemiluminescence (Fig. 4A).
Co-IP confirmed a direct interaction between TRP120 and all
four expressed prey proteins. The relative strengths of the
interaction between TRP120 and PCGF5, GGA1l, ACTGI,
and UNCI13D were 5.2, 3.5, 3.0, and 2.4 times higher than
those of the respective controls (AcGFP1 without TRP120;
P < 0.05) (Fig. 4B). The full-length TRP120 interacted with
each prey protein specifically and differentially, as demon-
strated by high relative physical interaction values (218 RLUs
for PCGFS5 to 48 RLUs for ACTG1) (Fig. 4B). To confirm the
specificity of the protein-protein interaction, HeLa cells were
cotransfected with pAcGFP1-TRP120 and pProLabel-C, and
co-IP was performed. The relatively low RLU value (12) indi-
cated that there was no protein-protein interaction and dem-
onstrated that the presence of a specific prey protein was
required for TRP120-prey protein interaction (Fig. 4B). This
experiment confirmed the Y2H assay results and also con-
firmed that TRP120 interacted most strongly with PCGFS5,
followed by GGA1, ACTG1, and UNC13D.

Tandem repeats of E. chaffeensis TRP120 interact with PCGFS.
To define the TRP120 domain that was involved in specific
interactions with the identified host proteins, N-terminal
(TRP120N; amino acids 1 to 54), tandem repeat (TRP120TR,;
amino acids 48 to 220), and C-terminal (TRP120C; amino
acids 401 to 548) regions of TRP120 were cloned in-frame
downstream of the pAcGFP1 coding sequence and expressed
as a C-terminal AcGFP1 fusion protein. Plasmid pAcGFP1-
TRP120N, pAcGFP1-TRP120TR, or pAcGFP1-TRP120C
was cotransfected with a prey plasmid (pProLabel-ACTGI,
-GGALl, -PCGF5, or -UNCI13D) into HeLa cells. The co-IP
results demonstrated that only TRP120TR containing the TRs
interacted with PCGF5, but no interaction was observed with
the other three proteins (Fig. 4C). The N- or C-terminal region
of TRP120 did not exhibit any substantial interaction with
ACTGI1, GGAL1, PCGFS5, or UNC13D (Fig. 4C), although the
full-length TRP120 interacted with these proteins (Fig. 4B).
However, the relative interaction with the TRP120TR con-
struct with PCGF5 was weaker (~3 times the control) than the
relative interaction of full-length TRP120 with PCGF5 (~5
times the control) (Fig. 4B and C).

Recombinant E. chaffeensis TRP120 (AcGFP1-TRP120) co-
localizes with human target proteins in HeLa cells. Interac-
tions between TRP120 and nine selected proteins were exam-
ined in mammalian (HeLa) cells transfected with the TRP120
expression vector. Immunofluorescence microscopy revealed
that recombinant TRP120 colocalized with all nine host tar-
gets, but six proteins (IGL, COX2, GGA1l, PCGF5, ACTGI,
and UNCI13D) exhibited the strongest colocalization (Fig. SA
to F, showing colocalization of six proteins). Recombinant E.
chaffeensis TRP120 and host cell proteins exhibited primarily
diffused cytoplasmic colocalization in the cell, although punc-
tate colocalization of TRP120 and ACTG1 was observed (Fig.
5A to F).

Differentially expressed TRP120 on DC ehrlichiae colocal-
izes with human target proteins in E. chaffeensis-infected
THP-1 cells. Consistent with our previous report (36), we ob-
served that only dense-cored (DC) E. chaffeensis cells reacted
with anti-TRP120 antibody, in contrast to anti-Dsb (a consti-
tutively expressed pan-Ehrlichia marker) antibody, which re-
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FIG. 4. E. chaffeensis TRP120 interactions with multiple human
proteins detected by chemiluminescent coimmunoprecipitation. AcGFP1
(without insert) or AcGFP1-TRP120 was coexpressed with the PL-
ACTG1, -GGAL, -PCGFS5, or -UNCI13D fusion protein in HeLa cells.
A positive control (B, controls, right bars in the pair of bars) was
performed by coexpressing AcGFP1-p53 (human tumor suppressor
p53 protein) and PL-T (simian virus 40 large T antigen), while
AcGFP1-TRP120 (B, controls, left bars in the pair of bars),
-TRP120N, -TRP120TR, or -TRP120C (C, controls, from left to right)
was coexpressed with PL (without insert) as the negative control.
ProLabel activity in relative light units (RLUs) was measured 1 h
after addition of substrate. The results were from three indepen-
dent experiments, and the values are means * standard deviations.
(A) The relative strength of expression of four proteins (ACTG1,
GGA1, PCGF5, and UNCI13D) was detected in HeLa cells by PL
chemiluminescence activity. Control, pPL-C. (B) Relative strength and
interaction of AcGFP1-TRP120 with PL-ACTG1, -GGAl, -PCGF5, or
-UNCI3D. (C) Relative strength and interaction of AcGFP1-TRP120N,
-TRP120TR, and -TRP120C with PL-ACTGI1, -GGAIl, -PCGFS5, or
-UNCI13D. TRP120N, amino-terminal TRP120; TRP120TR, tandem re-
peats of TRP120; TRP120C, carboxyl-terminal TRP120.
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FIG. 5. Colocalization of IGL, COX2, GGAl, PCGF5, ACTG1,
and UNCI3D with AcGFP-TRP120 in HeLa cells. pAcGFP1-
TRP120-transfected HeLa cells (2 days posttransfection) were labeled
and observed by fluorescence microscopy. The AcGFP-TRP120 (green; A
to F) and anti-IGL, -COX2, -GGAl, -PCGF5, -ACTGI1, and
-UNC13D (red; A to F, respectively) signals were merged with 4,6'-
diamidino-2-phenylindole staining (blue) (A to F). Bars, 10 wm.

acted with all ehrlichiae (data not shown). Consistent with the
colocalization in HeLa cells, double-immunofluorescence la-
beling of E. chaffeensis-infected THP-1 cells revealed that nine
identified host targets colocalized with morulae (green) that
stained with anti-TRP120 antibody, but six proteins, IGL,
COX2, GGAL, PCGFS5, ACTGI1, and UNCI13D (red), exhib-
ited the strongest colocalization (Fig. 6A to E, showing colo-
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calization of five proteins). Colocalization of E. chaffeensis DC
with PCGFS5 in THP-1 cells has been reported previously (42).
Target proteins colocalized with the morulae or in the host cell
cytoplasm adjacent to the morula membrane. To further ex-
amine the distribution and colocalization of host proteins with
TRP120-expressing E. chaffeensis morulae, the fluorescence
intensity profiles across the colocalized regions in the fluores-
cence images were analyzed (Fig. 6A to E, right). The intensity
analysis demonstrated that TRP120 (green curve) and IGL,
COX2, GGA1, ACTG1, or UNCI13D (red curve) had consis-
tent colocalization with morulae and revealed a similar pattern
of elevated peaks across and adjacent to the morulae profile.
Redistribution of TRP120 target proteins in E. chaffeensis-
infected cells compared to uninfected cells was observed; for
example, IGL, GGA1, and ACTG1 were mostly associated
with morulae in infected THP-1 cells (Fig. 6A, C, and D), while
IGL was diffusely distributed in uninfected THP-1 cells, mainly
in the cytoplasm (Fig. 6A, inset); GGA1 mainly localized in a
small area in the cytoplasm adjacent to the nucleus in unin-
fected cells, which was consistent with the location of the Golgi
apparatus (Fig. 6C, inset); and ACTG1 was mainly distributed
in the cytoplasm (Fig. 6D, insets).

DISCUSSION

Following entry into mononuclear phagocytes, E. chaffeensis
subverts the host cell immune system and modulates cellular
processes to create a supportive replicative microenvironment
within phagocytes, involving, for the most part, complex mo-
lecularly undefined E. chaffeensis-host interactions. Some host
cell responses during Ehrlichia infection have been identified
and characterized, but little is known regarding the ehrlichial
effector proteins and the host cell targets responsible for cel-
lular permissiveness (37, 44).

Recently, we have determined for the first time that TRP47,
an ehrlichial surface-exposed and secreted protein, is an effec-
tor protein that interacts with multiple host proteins associated
with cell signaling, transcriptional regulation, and vesicle traf-
ficking, including PCGFS5, FYN, PTPN2, CAP1, IGLLI1, and
some others (42). In this study, we demonstrated that TRP120,
another ehrlichial surface-exposed and secreted protein, ap-
pears to be an effector protein involved in the direct interac-
tions with a diverse group of eukaryotic proteins, including the
targets that are associated with TRP47. By yeast two-hybrid
analysis, TRP120-interacting human targets which are involved
in diverse cellular processes were identified, which suggests
that TRP120 is a multifunctional protein intimately involved in
a complex molecular strategy to alter molecular host cell pro-
cesses. This study expands on our previous conclusion that an
array of diverse interactions is occurring between ehrlichial
effectors and host proteins in vivo. Recently, we also demon-
strated that E. chaffeensis Ank200 and TRP120 can translocate
to the host cell nucleus and directly bind host DNA associated
with genes that regulate transcription, signal transduction, and
apoptosis (50, 51). Therefore, ehrlichial effector proteins, such
as TRP47, TRP120, and Ank200, appear to play important
roles in ehrlichial modulation of expression of host genes as-
sociated with numerous host cellular processes through pro-
tein-protein or protein-DNA interactions.

Many target proteins with a high frequency of interaction
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FIG. 6. Colocalization of IGL, COX2, GGA1l, ACTGI1, and UNCI13D with E. chaffeensis TRP120 in E. chaffeensis-infected THP-1 cells.
Fluorescence microscopy and intensity profiles of infected THP-1 cells stained with 4,6'-diamidino-2-phenylindole (blue), anti-TRP120 (green),
and anti-IGL, -COX2, -GGAL1, -ACTG1, or -UNCI13D antibodies (red; A to E, respectively) show colocalization of E. chaffeensis TRP120-labeled
morulae with IGL, COX2, GGA1, ACTG1, and UNCI13D (A to E). The white arrows in the fluorescence images indicate the areas selected for
fluorescence intensity profile analyses, which are displayed in graph form. The x axis shows the position along the line (pixels), and the y axis
shows the fluorescence intensity. The insets (A, C, and D) show the distribution of IGL, GGA1, and ACTG1 in normal uninfected THP-1
cells. Bars, 5 pm.
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with TRP120 were confirmed, including IGL, COX2, GGAL,
PCGF5, ACTG1, and UNCI13D, which exhibited strong colo-
calization with E. chaffeensis morulae. Consistent with findings
from our recent study that the PCGFS protein exhibited the
strongest interaction with E. chaffeensis TRP47, we also de-
tected the strongest interaction to be between PCGF5 and
TRP120 in this study. The role of PCGFS5 is not fully defined,
but it appears to be involved in DNA-dependent regulation of
transcription through metal ion binding, protein-protein in-
teractions, and epigenetic modification (13), which is also
consistent with our conclusion from gene ontology analysis
of TRP120-interacting partners. Polycomb group (PcG) pro-
teins are members of a set of transcriptional repressors that
control expression of developmental regulator genes in ani-
mals and plants (19, 32). PCGF proteins are PcG proteins with
a specialized ring finger motif characterized by a cysteine-rich
Zn*"-binding domain. The ring finger domains are involved in
protein-DNA and protein-protein interactions and E2-depen-
dent ubiquitination and consequently function in a variety of
fundamental cellular processes, including the regulation of
gene expression, signal transduction, and proteolysis (18, 27).
PCGF proteins, such as PCGF1 (NSPC1), PCGF2 (Mel-18),
PCGF4 (Bmi-1), and PCGF6 (MBLR), play important roles in
the regulation of embryogenesis, lymphocyte differentiation
and migration, immune responses, and self-renewing cell divi-
sions (1, 11, 14, 17, 30). Thus, both TRP47 and TRP120 may
interact with PCGFS5 in order to modulate host cell gene ex-
pression to favor ehrlichial survival. E. chaffeensis changes the
global gene expression pattern of the host cell (49), but the
mechanisms involved are largely unknown.

The yeast two-hybrid assay revealed that the IGL protein
was the most frequently identified partner interacting with
TRP120. Our data also identified other immunoglobulin loci,
including IGKC and IGHALI, interacting with TRP120 at a
high frequency. Thus, TRP120 appears to directly interact with
a wide variety of regions of human immunoglobulins. Interest-
ingly, our previous study also identified an immunoglobulin
lambda-like polypeptide (IGLL1) to be a partner interacting
with E. chaffeensis TRP47 (42). The IGLL1 gene encodes one
of the surrogate light-chain subunits, which is a member of the
immunoglobulin gene superfamily (6). IGLLI is involved in
transduction of signals for cellular proliferation, differentiation
from the pro-B cell to the pre-B cell stage, allelic exclusion at
the immunoglobulin heavy-chain gene locus, and promotion of
immunoglobulin light-chain gene rearrangements (40). To the
best of our knowledge, the role of immunoglobulin chains in
macrophage differentiation or other cellular processes is un-
determined. Hence, understanding of the role and significance
of IGL and IGLLI1 and their interactions with ehrlichial TRPs
in the macrophage will require further study, but the associa-
tion with the host immune system suggests convergence on
defined cellular networks by Ehrlichia effectors.

COX2 was the second most frequently identified partner
interacting with TRP120. Cytochrome ¢ oxidase is a multimeric
enzymatic complex which is the terminal enzyme of the mito-
chondrial respiratory chain and is involved in the transfer of
electrons from cytochrome ¢ to molecular oxygen. The human
COX complex is located in the mitochondrial inner membrane
and consists of 13 subunits. Subunits 1, 2, and 3 (COX1, -2, and
-3) are large, highly hydrophobic, transmembrane proteins en-
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coded in the mitochondrial genome and form the catalytic core
of the enzyme. COX2 transfers the electrons from reduced
cytochrome c to the catalytic subunit COX1, and this is one of
the key functional and regulatory sites of mammalian energy
metabolism (9). Gene mutations of COX2 have been reported
to cause encephalopathy or myopathy in patients (38). Asso-
ciations between Ehrlichia morulae and mitochondria have
been consistently observed (31, 35, 47, 48), and recently,
Ehrlichia morulae were found to interact with mitochondria and
inhibit mitochondrial metabolism, including the transcriptional
level of the mitochondrial gene NADPH?2 (23). The associa-
tion of TRP120 with the respiratory chain suggests that E.
chaffeensis may inhibit the production of ATP and superoxide
in the host cell through the interaction of TRP120 and COX2
and subsequently suppress some cellular processes that utilize
ATP, including biosynthetic reactions, motility, cell division,
and superoxide production. Downregulation of host cell super-
oxide generation by E. chaffeensis has previously been reported
(22).

Mitochondria play a central role in programmed cell death
through both apoptotic and necrotic signals (46). Proapoptotic
signals that disrupt the mitochondrial membrane barrier cause
the release of proapoptotic contents such as cytochrome ¢ and
apoptosis-inducing factor (AIF), which separately activates
a cascade of caspases and promotes nuclear changes in a
caspase-independent manner (41). Recently, we reported the
interaction of E. chaffeensis TRP47 with CAP1, which is a
highly conserved monomeric actin-binding protein involved in
regulation of actin remodeling in response to cellular signals
and functions as an actin shuttle to mitochondria independent
of caspase activation to promote apoptosis (42, 45). Therefore,
like TRP47 and CAP1, the association of TRP120 with COX2
may also promote apoptosis in the late stage of ehrlichial
infection and serve multiple functions in the host cell.

Caveola-mediated endocytosis directs E. chaffeensis to an
intracellular compartment or inclusion that retains character-
istics of the early endosome and does not fuse with lysosomes,
thus providing protection from nonoxidative and oxidative
damage (31). However, how Ehrlichia modulates host cell ve-
sicular trafficking to avoid morula delivery to lysosomes re-
mains unclear. The strong TRP120-GGA1 interaction suggests
that TRP120 may play a role in this process. GGALI is a mem-
ber of the Golgi-localized, gamma adaptin ear-containing,
ADP-ribosylation factor (ARF)-binding protein (GGA) fam-
ily. Members of this family are ubiquitous coat proteins that
regulate the trafficking of proteins between the trans-Golgi
network (TGN) and the endosome/lysosome system mediated
by clathrin-coated vesicles (4). In eukaryotic cells, newly syn-
thesized proteins in the endoplasmic reticulum are transported
via the Golgi apparatus to the TGN, where they are sorted for
delivery to various cellular destinations, such as endosomes,
lysosomes, and the cell membrane domains. GGAs possess
four conserved functional domains, each of which interacts
with cargo proteins, including mannose 6-phosphate receptors
and other proteins, the small GTPase ARF, clathrin, or acces-
sory proteins (33). Cargo proteins are packaged into carrier
vesicles that detach from the TGN, dock, and fuse at the
appropriate acceptor compartment; for example, human acid
hydrolases are targeted to lysosomes by the mannose 6-phos-
phate recognition system (10). Therefore, by the interaction
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between TRP120 and GGAI, E. chaffeensis may manipulate
host cell protein transportation from the Golgi apparatus to
the endosome, preventing early endosomal maturation into
late endosomes, thereby avoiding the late endosome-lysosome
pathway.

Among other TRP120-interacting proteins identified by
Y2H assay, the identification of ACTG1 and UNC13D was of
significant interest. Actins are highly conserved proteins that
are involved in various types of cell motility and maintenance
of the cytoskeleton (21). Actin gamma 1 is a cytoplasmic actin
found in nonmuscle cells. We previously reported that E.
chaffeensis TRP47 interacts with an actin-binding protein,
CAP1 (42), and a recent report showed that inhibition of actin
polymerization in Ehrlichia-infected cells prevented filopodia
formation, followed by the localization of Ehrlichia in the pe-
riphery of macrophages (39). Thus, actins appear to play im-
portant roles in both ehrlichial entry into and exit from the
host cell, although the full details of the exact mechanisms of
ehrlichial entry and exit remain incompletely defined. There-
fore, associations of both TRP120 and TRP47 with actins sug-
gest their importance in E. chaffeensis pathobiology, although
the effects of the TRP interactions are unknown. An actin-
related protein 2/3 complex subunit 2 (ARPC2) which has
been implicated in the control of actin polymerization in cells
(29) was also found to be associated with TRP120 by the Y2H
assay (see Table S1 in the supplemental material). UNC13D
appears to play a role in vesicle maturation during exocytosis
and is involved in regulation of the secretion of cytolytic gran-
ules (15). Thus, the interaction of TRP120 and UNC13D may
also play a role in ehrlichial release.

E. chaffeensis TRP120 consists of three major regions: the
N-terminal region (50 amino acids), TR-containing region (350
amino acids), and C-terminal region (148 amino acids). Ho-
mology between TRP120 and other known proteins was not
identified, except for E. canis TRP140. However, in addition to
the single Ehrlichia repeat domain, conserved multidomains in
K*-dependent Na™/Ca™ exchanger and FtsY were identified
in the TR region of TRP120. FtsY is involved in cell division
and protein secretion signal recognition of bacteria (3, 12). The
significance of these conserved domains in the TR region is not
clear but implicates a functional significance of the TR region,
consistent with our findings. A co-IP experiment using single-
region mutants of TRP120 identified the TR-containing region
of E. chaffeensis TRP120 to be the primary interaction domain
with PCGF5. However, the interaction between PCGF5 and
the TR region of TRP120 was weaker than the interaction
between PCGFS5 and full-length TRP120, demonstrating the
contribution of the TRP120 N- and C-terminal regions in
the interaction. Moreover, none of the examined full-TRP120-
interacting partners, including PCGF5, GGA1l, ACTG1, and
UNCI3D, interacted with the N- or C-terminal region of
TRP120 devoid of TRs, further implicating the importance of
all regions, especially the TR region, in these protein-protein
interactions, which is consistent with our previous observations
regarding TRP47 (42).

TRP120 is a DC ehrlichia-expressed and secreted protein,
and detection of TRP120 in the culture supernatants of host
cells indicates that it can be secreted extracellularly into the
host cell (24). Immunofluorescent microscopy demonstrated
that interactions between TRP120 and host targets occurred
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either on morula-containing DC ehrlichiae or in the host
cell cytoplasm adjacent to morula, which was consistent with
our previous report regarding interactions between TRP47
and host targets (42). The interactions between TRP120 and
TRP47 and host targets cause the redistribution of some host
proteins to the morula or cytoplasm around the morulae in E.
chaffeensis-infected cells, suggesting that TRP120 and TRP47
have profound effects on host cell protein recruitment and
cellular distribution.

It is becoming more and more evident that Ehrlichia ma-
jor immunoreactive proteins, such as TRP47, TRP120, and
Ank200, are important effectors in the pathobiology of ehrli-
chial infection. TRP120 and TRP47 have some common mo-
lecular host interactions, suggesting an increased importance
of overlapping or function-associated targets such as PCGFS,
IGL, and CAPL. E. chaffeensis TRP120 interactions with both
host proteins and DNA indicate that it is an ehrlichial effector
with complex and diverse functions. Further research is needed
to understand the mechanisms underlying these host-pathogen
molecular interactions and their importance in ehrlichial
pathobiology. Identification of other ehrlichial effector pro-
teins and host cell ligands will facilitate studies to elucidate and
define the molecular mechanisms involved.
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