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Ehrlichiae are obligately intracellular bacteria that reside and replicate in phagocytes by circumventing host cell
defenses and modulating cellular processes, including host cell gene transcription. However, the mechanisms by
which ehrlichiae influence host gene transcription have largely remained undetermined. Numerous ankyrin and
tandem repeat-containing proteins associated with host-pathogen interactions have been identified in Ehrlichia
species, but their roles in pathobiology are unknown. In this study, we determined by confocal immunofluorescence
microscopy and by immunodetection in purified nuclear extracts that the ankyrin repeat-containing protein p200
is translocated to the nuclei of Ehrlichia-infected monocytes. Chromatin immunoprecipitation (ChIP) with DNA
sequencing revealed an Ehrlichia chaffeensis p200 interaction located within host promoter and intronic Alu-Sx
elements, the most abundant repetitive elements in the human genome. A specific adenine-rich (mid-A-stretch)
motif within Alu-Sx elements was identified using electrophoretic mobility shift and NoShift assays. Whole-genome
analysis with ChIP and DNA microarray analysis (ChIP-chip) determined that genes (n = 456) with promoter Alu
elements primarily related to transcription, apoptosis, ATPase activity, and structural proteins associated with the
nucleus and membrane-bound organelles were the primary targets of p200. Several p200 target genes (encoding
tumor necrosis factor alpha, Statl, and CD48) associated with ehrlichial pathobiology were strongly upregulated
during infection, as determined by quantitative PCR. This is the first study to identify a nuclear translocation of
bacterially encoded protein by E. chaffeensis and to identify a specific binding motif and genes that are primary
targets of a novel molecular strategy to reprogram host cell gene expression to promote survival of the pathogen.

Ehrlichia chaffeensis and Ehrlichia canis are obligately intra-
cellular bacteria that reside and replicate within cytoplasmic
vacuoles in mononuclear phagocytes. Ehrlichiae are main-
tained in nature by persistent infection of vertebrate hosts and
are transmitted by arthropods (ticks), and thus, their existence
requires adaptation to host-specific environments and evasion
of both innate and adaptive immune mechanisms (48, 49, 53).
The ability of ehrlichiae to evade the vertebrate innate immune
response is multifactorial and includes the absence of genes for
synthesis of conserved major microbial patterns, including pep-
tidoglycan and lipopolysaccharide, that can elicit destructive
antimicrobial responses prior to cell entry (14, 22, 35, 40). E.
chaffeensis-infected monocytes are less responsive in mobiliz-
ing antimicrobial defenses, indicating that ehrlichiae have
evolved strategies to downregulate these cellular responses.
During E. chaffeensis infection, transcription levels of many
host cell genes are altered, including those involved in early
innate and cell-mediated immune responses, apoptosis regula-
tion, membrane trafficking, signal transduction, and cell differ-
entiation (68). Furthermore, ehrlichiae actively block signaling
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pathways, inhibit lysosomal fusion and superoxide generation,
and downregulate innate immune receptors and transcription
factors (29, 30, 36, 37) while activating other host cell signaling
pathways (38). Some of the cellular processes affected by the
bacterium appear to be mediated through host-pathogen pro-
tein-protein interactions or protein kinase activities (3, 30, 36,
38). However, the mechanism(s) by which E. chaffeensis di-
rectly modulates host cell gene transcription is relatively
undefined.

Recently numerous tandem repeat- and ankyrin repeat-con-
taining immunoreactive proteins associated with host-patho-
gen interactions have been identified and characterized for
Ehrlichia species (15, 39, 41, 67). Ankyrin repeat-containing
proteins have recently been documented for obligately intra-
cellular bacteria, including Ehrlichia spp. and related rickettsial
organisms from the genera Anaplasma, Wolbachia, and Orien-
tia (10, 11, 22, 40, 64). In eukaryotes, the primary function of
ankyrin repeats appears to be mediation of protein-protein
interactions, and they are present in a wide variety of proteins,
including transcriptional regulators, cytoskeletal organizers,
developmental regulators, and toxins (54).

Large (200-kDa) ankyrin repeat protein orthologs (p200)
have been characterized for E. chaffeensis and E. canis (41) and
are major immunoreactive proteins recognized strongly by the
host immune response (41-43, 46). E. canis p200 has five
species-specific antibody epitopes located primarily in terminal
acidic domains of the protein (46). p200 also has a central
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region containing 21 eukaryote-like ankyrin repeats. Notably,
an ankyrin repeat-containing protein (AnkA) has been found
in Anaplasma phagocytophilum that is translocated to the nu-
cleus of infected neutrophils, where it appears to form DNA-
protein complexes (51). Recently binding of AnkA to regula-
tory regions of the CYBB gene and interaction with gene
regulatory regions containing high AT content have been re-
ported (19). In this study, we determined that the E. chaffeensis
ankyrin repeat protein p200 interacts with an adenine-rich
motif within Au-Sx elements, and we used whole-genome
analysis to identify a subset of genes associated with metabolic
and molecular processes and cell structure that are primary
p200 targets.

MATERIALS AND METHODS

Cultivation of E. chaffeensis and E. canis. E. chaffeensis (Arkansas strain) was
cultivated in a human monocyte (THP-1) or canine macrophage (DHS82) cell
line, and E. canis (Jake strain) was cultivated in DHS82 cells only. Uninfected and
Ehrlichia-infected THP-1 cells were cultured in Dulbecco’s modified Eagle me-
dium (Gibco-BRL, Grand Island, NY) supplemented with 10% fetal bovine
serum (HyClone, Logan, UT), 4 mM L-glutamine, and 1% sodium pyruvate at
37°C in a humidified 5%-CO, atmosphere. DHS82 cells were cultured in minimal
essential medium (GIBCO-BRL) supplemented with 5% fetal bovine serum
(HyClone), nonessential amino acids (Sigma-Aldrich, St. Louis, MO), HEPES
buffer (Sigma-Aldrich), and 1% sodium pyruvate (Sigma-Aldrich) at 37°C in a
humidified 5%-CO, atmosphere. Ehrlichial growth was monitored by assessing
the presence of morulae using general cytology staining methods.

Antibodies. Anti-E. canis antibody specific for the amino terminus of recom-
binant E. canis p200 (p43) and anti-E. chaffeensis Dsb were produced in rabbits
as described previously (42, 44). Anti-E. chaffeensis p200 was produced in rabbits
after immunization with the recombinant N-terminal region of p200 as described
previously (42).

Nuclear extraction. Cytoplasmic and nuclear fractions were extracted (3 days
postinfection) from E. chaffeensis- or E. canis-infected and uninfected DHS82 cells
using a nuclear extraction kit (Panomics, Fremont, CA). The extractions were
performed according to the manufacturer’s protocol, except that cells were lysed
by 10 passages through a 26-gauge needle prior to incubation.

Immunofluorescence confocal microscopy. E. chaffeensis-infected (3 days
postinfection) and uninfected THP-1 cells were cytocentrifuged onto glass slides
and treated for 5 min at room temperature with digitonin (40 wg/ml in phos-
phate-buffered saline [PBS]; Sigma). The cells were fixed in 4% paraformalde-
hyde in PBS for 20 min and permeabilized with 1% Triton X-100 and 5% bovine
serum albumin in PBS for 1 h. Cells were incubated with polyclonal rabbit sera,
anti-E. chaffeensis p200 (1:1,000) and anti-Dsb (1:100), for 1 h and washed thrice
with PBS. Cells were then incubated with goat antirabbit Alexa Fluor 488 (1:100)
(Invitrogen, Carlsbad, CA) for 1 h and washed three times in PBS. Slides were
mounted with medium containing 4',6’-diamidino-2-phenylindole (Invitrogen),
and fluorescent images were obtained at the Optical Imaging Laboratory at the
University of Texas Medical Branch using a Zeiss LSM 510 Meta laser-scanning
confocal microscope. The confocal images were further analyzed by use of
fluorescence intensity profiles (63). A fluorescence intensity profile represents
the pixel values in a digitized section along a user-defined area, displayed in a
diagram. The electrical signal from the detector was digitized to a numerical
value between 0 and 250 arbitrary units. The fluorescent intensity of nuclei was
determined from a random selection of 20 nuclei from infected and uninfected
cells stained with p200 or Dsb antibody.

Western immunoblotting. The recombinant E. chaffeensis p200 N-terminal and
Dsb proteins were prepared as previously described (46). Cytoplasmic and nu-
clear extracts were separated by sodium dodecyl-sulfate polyacrylamide gel elec-
trophoresis and transferred to a nitrocellulose membrane using a semidry trans-
fer apparatus (42, 43). Western immunoblotting was performed using one of
three polyclonal rabbit sera: anti-E. chaffeensis p200 (1:500; N-terminal), anti-E.
canis p200 (1:500; N-terminal; p43), or anti-E. chaffeensis Dsb (1:100). Bound
antibodies were detected by incubation with phosphatase-labeled goat anti-rab-
bit immunoglobulin G (IgG) (H+L) (1:10,000) (Kirkegaard & Perry Laborato-
ries, Gaithersburg, MD) and visualized after incubation with 5-bromo-4-chloro-
3-indolyl-phosphate and nitroblue tetrazolium substrate (Kirkegaard & Perry
Laboratories).

INFECT. IMMUN.

ChIP. Chromatin immunoprecipitation (ChIP) was performed on highly in-
fected (95%) THP-1 cells 7 days after infection using the ChIP-IT Express kit
(Active Motif, Carlsbad, CA) with anti-E. chaffeensis p200 antibody and normal
human IgG according to the manufacturer’s instructions. Amplicons were pre-
pared by adapting the standard protocol for whole-genome amplification using
the GenomePlex WGA kit (Sigma-Aldrich) as previously described (47), except
the initial random fragmentation step was performed by sonication.

ChIP with DNA sequencing (ChIP-Seq). The immunoprecipitated DNA was
amplified by using a whole-genome amplification kit (Sigma-Aldrich), and the
amplified DNA was purified by using a GeneElute PCR cleanup kit (Sigma-
Aldrich). The purified DNA was cloned into the pCR4-TOPO vector for se-
quencing according to the manufacturer’s protocol (Invitrogen, Carlsbad, CA)
and sequenced at the Protein Chemistry Laboratory at the University of Texas
Medical Branch. Each sequence was verified and mapped by BLAST using the
University of California, Santa Cruz, genome browser.

ChIP-chip. A two-array set representing whole-genome promoter (5 kb) tiling,
containing 385,000 probes (50- to 75-mer) from ~60,000 human transcripts, was
obtained from Nimblegen Systems. Labeling and hybridization of E. chaffeensis
ChIP samples were performed by Nimblegen Systems. For each spot on the
array, the log, ratio of Cy5-labeled p200 immunoprecipitation sample versus the
Cy3-labeled input DNA sample (not taken through immunoprecipitation steps)
was calculated. The intensity ratio of p200 immunoprecipitation to that of input
DNA was plotted versus the genomic position to identify regions where increased
signal (i.e., DNA fragment enrichment) was observed relative to the control
sample. Positions identified as p200 binding sites on the human 5-kb promoter
array were identified by using NimbleScan, and peaks were detected by searching
for four or more probes above the specified cutoff values, ranging from 90% to
15% using a 500-bp sliding window. The cutoff value is a percentage of a
hypothetical maximum (mean * standard deviation), and the ratio data were
randomized 20 times to determine the probability of false positives. Each peak
was then assigned a false discovery rate (FDR) score based on the randomiza-
tion.

EMSA and NoShift assays. Oligonucleotides probes (biotinylated and unla-
beled) (P1 to P4 [see Fig. SA] and M1 to M4 in [see Fig. 5C]) were resuspended
in TE (10 mM Tris-HCI, 1 mM EDTA, pH 8.0), and 10 pg each of sense and
antisense probe were added to 100 wl 0.5X SSC (75 mM NaCl, 7.5 mM sodium
citrate, pH 7.0); the probes were denatured at 100°C for 10 min and annealed by
slowly cooling to room temperature. Nuclear extracts were prepared from unin-
fected and E. chaffeensis-infected THP-1 cells using a ChIP-IT Express kit (Ac-
tive Motif). The extractions were performed according to the manufacturer’s
protocol except that cells were not fixed and were homogenized with 100 strokes
of a Dounce homogenizer. The extracts from E. chaffeensis-infected THP-1 cells
were incubated with biotinylated DNA probes (0.2 pmol each) for 30 min at 4°C
in 20 pl of binding buffer [10 mM Tris-HCI (pH 7.5), 50 mM KCl, 5 mM MgCl,,
1 mM dithiothreitol, 2.5% glycerol, 0.1% NP-40, 50 ng/pl of poly(dI-dC) or
salmon sperm DNA]. As a control, extracts from uninfected THP-1 cells were
incubated with biotinylated DNA probes. The electrophoretic mobility shift
assay (EMSA) competition experiment was performed with a 50-fold molar
excess of an unlabeled double-stranded oligonucleotide. The supershift assay was
performed by incubating anti-p200 antibody for 30 min at 4°C. The probe-extract
mixture was separated on a 6% DNA retardation gel at 100 V for 1.5 h at 4°C.
The DNA was transferred to a precut modified nylon membrane (Biodyne B;
Pierce, Rockford, IL) at 20 V for 1 h and cross-linked with UV light for 10 min.
Biotin-labeled DNA was detected with a LightShift chemiluminescence EMSA
kit (Pierce). The enzyme-linked immunosorbent assay-based EMSA was carried
out using a NoShift transcription factor assay kit (EMD Biosciences, San Diego,
CA) according to the manufacturer’s protocol. Reactions in the absence of
extract or using normal rabbit serum were included as controls.

DNA enrichment. Quantitative real-time PCR (qPCR) was performed on p200
ChIP-enriched DNA and compared to ChIP DNA obtained with normal IgG and
input DNA to normalize the enrichment levels of p200 ChIP. Primer pairs were
designed to amplify regions (~150 to 200 bp) within the binding site (FDR peak)
identified by ChIP-chip analysis. Amplification of all genes was performed using
an initial denaturing step at 94°C for 2 min, followed by 40 cycles of 94°C for 30's,
59°C for 30 s, and 72°C for 30 s in triplicate with iQ SYBR green supermix
(Bio-Rad Laboratories, Hercules, CA) in a Mastercycler ep realplex® S instru-
ment (Eppendorf, Hamburg, Germany). A dissociation curve analysis was per-
formed to verify amplicon identity. Relative enrichment for each gene was
determined by the comparative C+ method.

Host gene expression levels. Total RNA was extracted from E. chaffeensis-
infected and uninfected THP-1 cells (10° cells per flask) using Tri reagent
(Applied Biosystems/Ambion, Austin, TX) according to the manufacturer’s in-
structions and treated with DNase I (Applied Biosystems/Ambion) to remove
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contaminating DNA. cDNA was synthesized from 1 pg of total RNA using an
iScript cDNA synthesis kit with oligo(dT) and random primers (Bio-Rad Labo-
ratories), and cDNA for randomly chosen host genes was quantitated by qPCR
using iQ SYBR green supermix (Bio-Rad Laboratories) with gene-specific prim-
ers (see Table S3 in the supplemental material). The thermal cycling protocol
consisted of an initial denaturation step of 95°C for 2 min and 40 cycles of 95° for
10 s, 55°C for 30 s, and 65°C for 30 s. Gene expression values were calculated
based on the 27227 method and normalized with glyceraldehyde-3-phosphate
dehydrogenase.

Cytokine detection. The level of tumor necrosis factor alpha (TNF-«) (human)
in the supernatant of cultured THP-1 cells infected with E. chaffeensis was
determined using an immunoassay according to the manufacturer’s protocol
(Quantikine; R&D Systems, Minneapolis, MN).

Microarry data accession number. ChIP-chip microarray data reported here
were deposited in the Gene Expression Omnibus at the National Center for
Biotechnology Information and assigned the accession number GSE13464 (in
accordance with “Minimum Information about a Microarray Experiment” guide-
lines).

RESULTS

Ehrlichia p200 is translocated to the nuclei of infected
monocytes. To demonstrate antibody specificity, recombinant
E. chaffeensis p200 N-terminal, recombinant Dsb and thiore-
doxin fusion proteins were separated by gel electrophoresis
and probed with anti-E. chaffeensis p200 by Western immuno-
blotting. Anti-p200 antibody reacted with the recombinant E.
chaffeensis p200 N-terminal protein but not with recombinant
Dsb or thioredoxin (Fig. 1A). In addition, p200 was detected in
both the cytoplasm and nuclear extracts from E. chaffeensis-
infected cells but not in the nuclear extracts from uninfected
THP-1 cells (Fig. 1B, left panel). As a control to exclude the
possibility of contamination of nuclear extracts with ehrlichiae,
both nuclear and cytoplasmic extracts were probed with anti-
Dsb (ehrlichial periplasmic protein) and Dsb was detected only
in cytoplasmic fractions (Fig. 1B and C, right panel), confirm-
ing the nuclear extract preparation was not contaminated with
chrlichiae. Since E. canis is not cultivated in THP-1 cells, we
also examined cytoplasmic and nuclear fractions obtained from
DHS2 cells infected with either E. chaffeensis or E. canis and
detected p200 but not Dsb in the nuclear extracts (Fig. 1C). We
consistently detected p200 in cytoplasmic and nuclear fractions
after 3 days of infection; however, p200 was not detected at
earlier time points (data not shown).

Immunoblot data indicated that E. chaffeensis p200 was
present in the nucleus of the E. chaffeensis-infected cells, and
this was further investigated by immunofluorescence confocal
microscopy with anti-p200 and anti-Dsb antibodies. A low-
intensity fluorescent signal representing p200 within the nu-
cleus of E. chaffeensis-infected cells was consistently detected
by immunofluorescence microscopy (Fig. 2A and B) and quan-
tified in the corresponding fluorescent-intensity profile (Fig.
2C). Conversely, p200 was not detected in the nuclei of unin-
fected THP-1 cells (Fig. 2D, E, and F). To further confirm the
specificity of the nuclear signal, we examined the nuclear flu-
orescence associated with Dsb, an ehrlichial periplasmic pro-
tein that is not translocated to the nucleus. Dsb was not de-
tected in the nuclei of E. chaffeensis-infected host cells (Fig.
2G, H, and I). The mean level of fluorescent intensity from
nuclei represented in these panels is depicted graphically in
Fig. 2J.

p200 immunoprecipitation and identification of DNA bind-
ing motif. The p200 protein was detected by Western immu-

E. CHAFFEENSIS INTERACTION WITH Alu 4245

A M 1 2 3 M 1 2 3
75_; 75—
25— 25—
B cNu Nu Cy Nu Cy
250— ; 37—
150— 25— e
Ech p200 Ech dsb
C cNu N cy Nu Cy
250— 37—
150— 25— =
Ech p200 Ech dsb
cNu Nu Cy Nu Cy
250— 37—
150— 25— ——
Eca p200 Eca dsb

FIG. 1. E. chaffeensis p200 antibody specificity and p200 detection
in nuclear extracts from E. chaffeensis-infected cells. (A) Coomassie
blue staining of recombinant p200 N-terminal protein, recombinant
Dsb, and thioredoxin fusion protein, respectively (left panel, lanes 1 to
3). Corresponding Western immunoblot detection using specific anti-
E. chaffeensis p200 (right panel, lanes 1 to 3). (B) Western immunoblot
detection of p200 and E. chaffeensis periplasmic protein Dsb (not se-
creted) using nuclear extracts from E. chaffeensis-infected and unin-
fected THP-1 cells (3 days postinfection). Control nuclear extract from
uninfected cells, cNu; nuclear extract from infected monocytes, Nu;
cytoplasmic fraction from infected cells, Cy. (C) Western immunoblot
detection of p200 and E. chaffeensis and E. canis periplasmic protein
Dsb in Nu and Cy fractions of infected and uninfected DH82 cells.
Control nuclear extract from uninfected cells, cNu; nuclear extract
from infected monocytes, Nu; cytoplasmic fraction from infected cells,
Cy. Molecular masses are shown (in kilodaltons).

noblotting in ChIP protein/DNA complexes from E. chaffeen-
sis-infected host cells (Fig. 3A). To map p200 binding
positions, E. chaffeensis p200 target sequences were deter-
mined by DNA sequencing (ChIP-Seq) of randomly selected
cloned (n = 100) DNA fragments of ChIP host cell DNA. The
cloned p200 immunoprecipitated DNA (range, 200 to 800 bp;
>75% were ~300 bp) was amplified by PCR and directly
sequenced. First-round sequence data were obtained from 58
clones and analyzed using the University of California, Santa
Cruz, genome browser to map p200 binding locations. Four-
teen clones (24%) had small inserts (~200 to 600 bp) homol-
ogous to Alu-Sx elements (Fig. 3B). Six clones contained DNA
sequences that were homologous to Alu-Sx elements and were
mapped to 5’ upstream promoter regions of annotated genes
(Table 1). Eight clones had sequences containing Alu-Sx ele-
ments but were mapped to introns of the corresponding anno-
tated genes (Table 1). Alignment of the cloned DNA se-
quences from eight clones identified a 200-bp homologous
region containing an adenine-rich motif (5'-AAAATACAAA
A-3") with highest identity to the mid -A-stretch motif (a spe-
cific adenine-rich motif) of A/u-Sx elements (Fig. 3C). Com-
mon sequence motifs were not identified among the remaining
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FIG. 2. Translocation of Ehrlichia p200 ankryin protein to host cell nucleus. E. chaffeensis-infected (A, B, G, and H) or uninfected (D and
E) THP-1 cells were prepared using a cytospin, and cells were fixed with paraformaldehyde, permeabilized with Triton X-100, and incubated
with anti-E. chaffeensis p200 and anti-Dsb. Host cell nuclei (blue) were counterstained with 4’,6’-diamidino-2-phenylindole. The nuclei
(white arrows) of infected cells (A) and E. chaffeensis morulae (yellow arrow) are identified (A). Serial confocal scan of the nucleus from
an E. chaffeensis-infected cell (B, C, H, and I) or uninfected cells (E and F) is shown. A red arrow indicates the direction of the serial scan
of the nucleus. The fluorescence intensity of protein nuclear translocation was quantified from infected and uninfected cells reacted with
p200 or Dsb antibodies (J).
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FIG. 3. E. chaffeensis p200 targets repetitive Alu mobile elements. (A) Western immunoblot detection of p200 from ChIP samples prepared
from E. chaffeensis-infected cells using specific Antibody. Lanes 1 through 4 contain increasing amounts of antibody (1:1600, 1:400, 1:160, and 1:80).
(B) Schematic of the Alu element architecture and the distribution of 14 E. chaffeensis p200 ChIP-Seq clones respective to an Alu element. Alu
repeat left and right arms are separated by an A-rich region (Mid A-stretch) and short poly(A) tail (Terminal A-stretch). (C) Nucleic acid
alignments of the cloned DNA sequences. Nucleotides identical to the consensus sequence are highlighted.

ChIP-Seq clones (n = 44), and they were not investigated
further. Clones were not recovered from the negative control
(water treated).

Identification of p200 host gene promoter targets by ChIP-
chip. In order to determine p200 target genes using a whole-
genome approach, a 5-kb whole-genome promoter microarray
(chip) was used to hybridize ChIP p200 DNA (ChIP-chip). A
range of FDR (0.05, 0.04, 0.03, 0.02, and 0.01) was applied to
identify p200 target genes (Fig. 4, left panel). With the highest
FDR (0.05), 1,323 interactions were identified, compared to
456 identified with the lowest FDR (0.01) (Fig. 4, left panel;
see also Tables S1 and S2 in the supplemental material), and
the target genes were distributed in all chromosomes (except

chromosome 18), with the majority located in chromosome 1
(Fig. 4, right panel). For further analysis of specific gene in-
teractions in this study, the lowest FDR (0.01) was applied to
minimize the number of false discoveries. Analysis of the 5-kb
promoter regions of 200 genes within this subset of identified
p200 gene targets revealed that 80% contained at least one
promoter Alu-Sx element (Table 2).

In order to reveal general biological processes that may be
affected by p200, a gene functional analysis was performed on
the 456 ChIP-chip-identified p200 target genes using Babelo-
mics FatiGO+ software (1, 2). We used this powerful ap-
proach to extract gene ontology terms of enriched genes de-
termined by the ChIP-chip whole-genome promoter assay. The
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TABLE 1. BLAST analysis of p200 ChIP complexes
Identity . o No. of Alu-Sx '
Gene CHR“ (%) Location Description elements in 5_—kb Accession no.
promoter region
SEMAG6D 15 99.0 5’ upstream Sema domain, transmembrane domain, and Promoter > 5 kb NM_153619
cytoplasmic domain, (semaphorin) 6D
ODZ3 X 99.3 5’ upstream Odd Oz/ten-m homolog 3 2 NM_001080477
DOTIL 19 99.7 Intron 23 DOT1-like, histone methyltransferaseH3 7 NM_032482
USPS 15 99.3 5’ upstream Ubiquitin-specific peptidase 8 6 NM_005154
CHRNA7 15 99.0 5’ upstream Cholinergic receptor, nicotinic, alpha 7 1 NM_000746
RYR3 15 98.8 5’ upstream Ryanodine receptor 3 1 NM_001036
CDYL 6 100 5’ upstream Chromodomain Y-like protein 2 NM_004824
AMDI1 6 97.0 Intron 1 Adenosylmethionine decarboxylase 1 2 NM_001634
USP5 12 99.2 Intron 19 Ubiquitin-specific peptidase 5 1 NM_003481
WARS 14 98.0 Intron 5 Tryptophanyl-tRNA synthetase 6 NM_004184
DISPI 1 100.0 Intron 3 Dispatched A Intron only NM_032890
WDRS9 14 100.0 Intron 2 WD repeat domain 89 3 NM_080666
DOCK7 1 100.0 Intron 18 Dedicator of cytokinesis 7 1 NM_033407
MMACHC 1 97.4 Intron 1 Methylmalonic aciduria and 1 NM_015506

homocystinuria-type C protein

“ CHR, chromosome.

cell function for these p200 putative target genes was classified
by general function and increasing specificity using hierarchy-
based functional annotations. The p200 target genes were
identified in three gene ontology databases (biological pro-
cesses, molecular function, and cell structure) (see Fig. S1 in
the supplemental material). At the highest levels of annotation
hierarchy within the gene ontology databases, consistent en-
richment of genes associated with specific molecular functions,
biological processes, and cellular structure identified them as
p200 targets (see Fig. S1 in the supplemental material). These
included genes associated with transcriptional regulation
(DNA and RNA), apoptosis, ATPase activity, and structural
associations with the nucleus.

Enrichment of p200 target genes. Signal enrichment maps
are suggestive of binding regions, but in order to further assess
the array performance, validation of the targets identified by
ChIP-chip experiments was performed. qPCR analysis of ran-
domly selected genes identified as p200 targets by ChIP-chip
analysis was performed, and enrichment of these genes by
immunoprecipitation relative to the input and the IgG ampli-

FDR: 0.05
1323 Interactions

FDR: 0.04
1153 Interactions

cons was determined. Of the 21 genes selected, 19 were en-
riched (>1-fold) compared to input and negative IgG controls
as determined by qPCR (Table 3). At least one Alu-Sx element
was identified in the 5-kb promoter region of all enriched
genes; however, the two genes (LY6E and MAPKAPK?) that
were not enriched lacked Alu-Sx repeats in the promoter re-
gion (Table 3).

Interaction of p200 with Alu-Sx mid-A-stretch motif. The
ChIP-chip assay and analysis of cloned ChIP DNA revealed
p200 target genes and identified a possible binding site asso-
ciated with Alu-Sx elements. In order to identify a specific p200
binding motif, four oligonucleotide probes were designed
within a 200-bp region of the Alu-Sx element that was identi-
fied by alignment of ChIP DNA sequences (Fig. 3B and C). To
investigate p200 binding to the Alu-Sx element, we utilized the
promoter region of the TNF-a gene (identified as a target by
ChIP-chip analysis), which contained a single Alu-Sx element
in the upstream 5-kb promoter region (Fig. 5SA). An EMSA
was performed using labeled (biotinylated) and unlabeled oligo-
nucleotides representing the adenine-rich binding motif (P1)

FIG. 4. Summary of p200 URR interactions, displayed as a function of various FDR value thresholds applied to human whole-genome
promoter array and total p200 human genome 5-kb promoter gene targets as determined by ChIP-chip analysis and frequency of gene targets in

each chromosome (FDR, 0.01).
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TABLE 2. p200 binding sites present within the promoter regions (5 kb) of selected ChIP-chip-identified target genes

Location(s) of Alu-Sx

element(s) with

GenBank

Gene binding motif in 5-kb Chromosome accession no. Description
promoter region (kb)

EFHCI 2.0,29 6 NM_018100 EF-hand domain (C-terminal) containing 1
RHOA 33,23 3 NM_001664 ras homolog gene family, member A
TNF-o 4.3 6 NM_000594 Tumor necrosis factor a
USF1 48,45 1 NM_007122 Upstream transcription factor 1
NDORI 2.8,22,35 9 NM_014434 NADPH-dependent diflavin oxidoreductase 1
PSMB9 4.6 6 NM_002800 Proteasome (prosome, macropain) subunit, beta type, 9
MAEA 21,31 4 NM_005882 Macrophage erythroblast attacher
PRCC 2.8,4.1,1.9,48,38 1 NM_199416 Papillary renal cell carcinoma (translocation associated)
LY6E 8 NM_002346 Lymphocyte antigen 6 complex, locus E
REXOILI 4.7 8 NM_172239 REX1, RNA exonuclease 1 homolog (S. cerevisiae®)-like 1
clorf2 4.6,2.7,3.8, 3.1 1 NM_006589 Chromosome 1 open reading frame 2
C4B 4.1, 45 6 NM_001002029 Complement component 4B
MAPKAPK2 1 NM_004759 Mitogen-activated protein kinase-activated protein kinase 2
SMAPIL 2.0 1 NM_022733 Stromal membrane-associated GTPase-activating protein 2
LTB 1.0,2.2,19, 15 6 NM_002341 Lymphotoxin beta (TNF superfamily, member 3)
JAK2 4.2 9 NM_004972 Janus kinase 2
ZNF565 4.0,2.7,2.1, 3.6 19 NM_152477 Zinc finger protein 565
STATI 3.6 2 NM_139266 Signal transducer and activator of transcription 1
PTK2B 5.0 8 NM_004103 Protein tyrosine kinase 2 beta
PPP2R5D 1.0,2.2,1.8,35,14 6 NM_180976 Protein phosphatase 2, regulatory subunit B’, delta isoform
CD48 0.9 1 NM_001778 CD48 molecule

“ Saccharomyces cerevisiae.

and two oligonucleotides probes (P2 and P3) corresponding to
regions ~20 bp and 90 bp, respectively, upstream of the ade-
nine-rich motif located in the left arm of the Alu-Sx element
and one probe (P4) ~70 bp downstream of the mid-A-stretch
motif in the right arm of the Alu-Sx repeat (Fig. 3B and 5A).
Binding and a significant shift in migration of the P1 probe and
weaker binding but a similar shift with the P2 probe were
observed after incubation with E. chaffeensis-infected nuclear

TABLE 3. ChIP enrichment of randomly selected ChIP-chip-
identified p200 target genes by quantitative PCR?

Gene F(OJS ii};iﬂ%e F(zlvi igén)ge Gene description

EFHCI 43+0.1 31+0.1 Cell homeostasis

RHOA 34=*0.1 3.2*+0.1 Transport

TNF-a 3.0x0.1 33 +03 Immune system process

USF1 3.6x02 24 0.1 Regulation of transcription

NDORI 24 +0.1 23+ 0.1  Cellular metabolic process

PSMB9 22=*0.1 22 *0.1 Immune system process

MAEA 22+02 27*02 Cell division

PRCC 28+ 0.1 21 x0.1 Translocation

LY6E 1.0£0.04 1.0=x0.1 Cell communication

REXOILI 25+0.05 14=*=0.1 Hydrolase activity

clorf2 2502 1.3+ 0.1 Intrinsic to membrane

C4B 1.8 +0.02 2.0=0.1 Immune system process

MAPKAPK2 12 *+0.03 1.0=*=0.1 Regulation of cellular
metabolic process

SMAPIL 22+0.06 1.6 *0.1 GTPase regulator activity

LTB 28*+03 14 +0.1 Immune system process

JAK2 29+0.3 2.0 0.3 Immune system process

ZNF565 25*0.1 22 *0.1 Regulation of transcription

STATI 23+0.1 1.5+ 0.1 Signal transduction

PTK2B 3.1+0.1 2.0 0.1  Phosphorylation

PPP2R5D 29+0.1 1.6 = 0.1  Signal transduction

CD48 26*+0.1 1.3 £0.1 Defense response

“ Mean n-fold gene enrichment * standard error was calculated and p200
compared with starting input and IgG control amplicon levels.

lysates (Fig. 5B, left panel). Probes P3 and P4 did not exhibit
binding with infected nuclear lysates, and there was no binding
observed for any probes after incubation of nuclear lysates
from uninfected cells (Fig. 5B, left panel).

The specificity of the binding motif was further examined
using competition experiments with excess unlabeled double-
stranded P1 probe, which resulted in a marked reduction in
labeled probe-protein complex formation (Fig. 5B, center
panel). To examine whether the DNA-protein complex pro-
duced in the EMSA assay corresponds to p200, a supershift
was performed using p200-specific antibody by EMSA. This
experiment demonstrated that the migration of the p200 com-
plex observed with the P1 probe was not retarded by p200-
specific antibody (Fig. 5B, center panel). However, due to the
limitations in resolution of gel shift assays with proteins of
>130 kDa (28), an alternative NoShift assay was used to in-
vestigate p200 interaction with the P1 probe (9). Compared
with the conventional EMSA, the NoShift assay has the capa-
bility of demonstrating the interaction of a specific protein with
a specific DNA probe. Sequence-specific binding of the probe
P1 with p200 was demonstrated by competition between bio-
tinylated and unlabeled P1 probes (Fig. 5B, right panel). The
interaction between p200 and its biotinylated probe in the
presence of increased concentrations of unlabeled P1 probe
was demonstrated using rabbit anti-E. chaffeensis p200 serum
and compared to results with normal rabbit serum. The signal-
to-noise (negative control) ratio in the absence of the compet-
ing unlabeled capture probe was 3.85:1:0.5, but the signal in-
tensity decreased as the concentration of the unlabeled P1
probe increased (10 pmol to 900 pmol). The addition of a
different molar ratio of unlabeled P1 probe to labeled P1 probe
resulted in a reduction in labeled-probe binding to the back-
ground level, demonstrating specific p200 binding to the P1
probe. To further characterize specific nucleotides within P1
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FIG. 5. Alu mid-A-stretch motif is E. chaffeensis p200 DNA binding motif. (A) Schematic of nucleotides 4214 to 4502 within the 5’ region
upstream of the TNF-a gene compared to the human Alu-Sx subfamily consensus sequence (asterisk denotes base identity). Sequences of the
double-stranded oligonucleotide probes (P1, P2, P3, and P4) used for EMSAs corresponding to the conserved putative p200 motif of the TNF-a
gene are underlined and bold. (B) Left panel: EMSA using biotinylated probes (P1 to P4) and nuclear extracts from infected monocytes (iNE) and
uninfected monocytes (NE). Center panel: EMSA using biotinylated P1 and nuclear extracts in the presence of a 50-fold molar excess of unlabeled
double-stranded competitor (P1) in the presence of E. chaffeensis p200-specific antibody (Ab). Right panel: NoShift assay performed with iNE and
biotinylated P1 probe with detection by anti-E. chaffeensis p200 antibody (1:400). Increasing concentrations of unlabeled P1 probe (x axis) were
added, and absorbance (450 nm) was determined. The blank consisted of all assay components without iNE, and the negative control reaction was
carried out with normal rabbit serum. (C) EMSA using biotinylated P1 and mutated probes (M1, M2, M3, and M4) and nuclear extract from E.
chaffeensis-infected THP-1 monocytes. The putative p200 binding sites are underlined in the P1 probe. The mutated nucleotides in each probe are

boxed.
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FIG. 6. Expression of p200 target genes in E. chaffeensis-infected monocytes. (A) Expression levels of p200 target genes in E. chaffeensis-
infected THP-1 cells 7 days postinfection. Data shown are the means (* standard errors) for triplicate experiments. (B) Time course expression
analysis of p200 target genes (encoding TNF-a, Statl, Jak2, and CD48) in E. chaffeensis-infected THP-1 cells. Data shown are the means (*

standard errors) for triplicate experiments.

that were important for binding, binding affinity experiments
with the mutant probes M1, M2, M3, and M4 were performed
(Fig. 5C). DNA-protein complexes were observed with the
wild-type probe (P1), the adenine-rich mutant probe (M1), and
the paired TAAT mutant probe, M2, but binding was not
observed with probes (M3 and M4) containing both paired
TAAT and AAATACAAA mutations, demonstrating that
both motifs contribute to p200 binding (Fig. 5C).

Expression levels of p200 target genes. Fifteen genes iden-
tified by ChIP-chip analysis as p200 target genes were selected
for analysis of gene expression levels in E. chaffeensis-infected
cells. Some of these genes (encoding TNF-«, Statl, and Jak2)
are linked to ehrlichial disease pathogenesis, while CD48 is a
known receptor for bacterial entry through caveolae (56, 57).
The majority of the genes (n = 11) examined exhibited a small
decrease (=1-fold) in expression levels at day 7 postinfection
(Fig. 6A). However, three genes (encoding TNF-a, Statl, and
CD48) were strongly upregulated (~13- to 37-fold) beginning
at day 3 and increasing through day 7 postinfection (Fig. 6B).
Levels of TNF-a were also determined in cell culture super-
natant, and consistent with gene expression, the level of TNF-a
was detectable 48 h postinfection (8.6 pg/ml) and increased to
a peak of 246 pg/ml (~30-fold increase) by day 5 postinfection.
TNF-a was not detected in supernatants from uninfected
THP-1 cell (data not shown).

DISCUSSION

Genomic sequencing of multiple Ehrlichia sp. genomes has
identified a small subset of proteins containing eukaryote-like
ankyrin repeats, suggesting a potential role in host-pathogen
interactions. Ankyrin repeats are one of the most common
protein sequence motifs in eukaryotes and have recently been
identified in human bacterial pathogens from the genera Ehrli-
chia, Anaplasma, Orientia, Coxiella, Legionella, and Pseudomo-
nas (10, 11, 14, 22, 23, 40, 50, 55). We previously identified and
molecularly characterized the p200 orthologs of E. canis and E.
chaffeensis and determined that they were primary targets of
the humoral immune response (41, 43, 46). The ankyrin re-
peats of the p200s are found in a centralized region that in-
volves most of the protein, and this region is flanked by two
terminal acidic domains that contain major antibody epitopes
(46). In this study, we demonstrate that the p200 protein of E.

chaffeensis is translocated to the host cell nucleus, ultimately
interacting with Alu-Sx element motifs located in promoters
and introns of various host cell genes. The translocation of
pathogen proteins to the host cell nucleus has been recently
linked with other bacterial pathogens, including AnkA of A.
phagocytophilum, YopM of Yersinia pestis, and the Osp and
IpaH proteins of Shigella flexneri (51, 58, 62, 69, 70).

The E. chaffeensis p200 protein lacks a classical monopartite
or bipartite nuclear localization signal (NLS) according to the
predictNLS (13) and PSORT software programs (45); thus, its
method of entry into the nucleus is not clear. Similarly, the
Shigella flexneri nuclear translocated protein, OspB, lacks a
classic NLS, suggesting that it has a nonclassical NLS or is
transported by a host protein that targets the nucleus (70).
There are several known nucleocytoplasmic transport path-
ways, including the classical nuclear import pathway involving
short monopartite and bipartite stretches of basic amino acids
(lysine and arginine) (13), which is used by approximately 57%
of nuclear transported proteins. The large molecular mass of
p200 and the fact that a classical monopartite or bipartite NLS
was not present suggest that the mechanism by which it gains
access to the monocyte nucleus is nonclassical. Nevertheless, it
is possible that p200 has a classical NLS sequence that utilizes
importin-a mediated import but is not recognized by standard
algorithms. However, other nuclear import pathways exist, in-
cluding a glycan-dependent nuclear import pathway that has
also been described and characterized in vitro (16, 17) and
vesicular transport, such as that utilized by Stat3 (7). In addi-
tion, recent examples of newly identified nonclassical NLSs
suggest that many uncharacterized nonclassical NLSs exist.
Two such examples in bacteria are the nuclear translocation of
Yersinia Yop M and that of Shigella IpaH, which appear to be
mediated by leucine-rich repeats (5, 58, 62).

In this study, a specific motif associated with p200-chromatin
interaction was identified using the ChIP-Seq technique, which
is now routinely used to investigate transcription factor binding
motifs and is a complementary approach to genome-wide as-
says such as ChIP-chip (18, 25). p200 does not have a known
DNA binding domain, but our data suggest that p200 is closely
associated with chromatin through a direct interaction with
chromatin or indirectly through a protein-protein interaction.
ChIP-Seq analysis identified a p200-DNA interaction in a sub-
stantial proportion of clones (24%) involving an adenine-rich
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motif within A/u-Sx elements known as the mid-A-stretch motif
(59). Notably, in a related study involving the nuclear translo-
cated protein AnkA of A. phagocytophilum, a consistent DNA
binding motif was not identified; such a motif may be related to
the choice of cross-linker (cis-DDP) (51). However, in a more
recent study, AnkA binding to DNA was examined using form-
aldehyde as a cross-linker, and of the 10 sequenced clones,
ATC-rich sequences were identified in 8. Similarly, we used
formaldehyde as a cross-linker to investigate the p200-chroma-
tin interaction because it cross-links amines in proteins and
DNA that are in very close proximity (=2 1&) Using this
approach, a specific adenine-rich (mid-A-stretch) motif
flanked by AT-rich regions within 4/u-Sx elements in the pro-
moter regions of host genes was identified in this study. This
finding is somewhat consistent with regard to location (gene
regulatory regions) and AT-rich binding sites recently reported
for AnkA (19). However, a specific DNA motif, such as Alu,
was not identified for AnkA, and it was concluded that the
AnkA binding feature was not directly related to primary se-
quence (19). It is possible that p200 interaction with the chro-
matin occurs via another protein (via Ank repeats), such as
host transcription factors or regulatory proteins. Supporting
this conclusion is a previous finding demonstrating the inter-
action of A. phagocytophilum AnkA with proteins present in
host cell nuclei (51). With respect to p200, such proteins may
include transcription factors known to interact with the mid-
A-stretch motif of Alu elements, such as all MEF2 family
members, HNF1.03, OC.2, BARX2, and PAX4 (52).

There are numerous characterized Alu elements classified
into 12 major subfamilies according to their relative ages (27),
with Alu-Sx being intermediate in age. Interestingly, among
Alu elements, the mid-A-stretch motif has many insertions and
deletions and is considered to be variable (27). Alu elements
are highly represented in the genome, particularly in 5’ up-
stream regulatory regions (URRSs) (52); thus, we employed a
now commonly used genome-wide technique, ChIP-chip, to
study genome-wide protein-DNA interactions. A relatively
small number of 5" URRs (n = 456) compared to possible
genes (~59,000) were identified as p200 targets (FDR, 0.01).
Interestingly, the genes identified by ChIP-Seq were not iden-
tified by ChIP-chip. However, recent comparisons of targets
identified by ChIP-Seq and ChIP-chip indicate that targets
exclusive to each technique are common and are attributed to
scoring methods and neighboring repetitive sequences (18).
Consequently, p200 targets identified by ChIP-Seq may not
overlap with targets identified by ChIP-chip, but the systematic
approach of ChIP-chip has been shown to reliably identify
gene targets and enrichment levels (26). Although 456 5" URR
targets were identified by ChIP-chip, only 80% of these con-
tained Alu-Sx elements, suggesting that some of these identi-
fied targets may constitute false positives or p200 could be
involved in other interactions. This is also supported by en-
richment data that found 80% of randomly selected genes were
enriched and the unenriched genes did not contain Alu-Sx
elements in the promoter region. Furthermore, about half of
the ChIP-Seq clones identified were mapped to intronic sites,
which were not represented (5-kb promoter only) on the mi-
croarrays. Therefore, a potentially large number of additional
binding sites, primarily those within intronic regions, are not
represented in the ChIP-chip analysis performed in this study.
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This is also supported by the CHIP data that AnkA was found
to bind to multiple sites over a 20-kb upstream region of the
target gene (19).

The p200 protein has numerous binding sites in both pro-
moter and intronic locations, and whether some or all of these
interactions have functional effects is a question that remains
to be answered. Recent studies of Drosophila embryos suggest
that in general, transcription factors bind thousands of active
and inactive regions of the chromosome, but functional inter-
actions in vivo are ultimately governed by higher-order rules
(33). Others have also suggested that only a small subset of
predicted transcription factor binding sequences are functional
in vivo (6). Therefore, further investigation will be needed to
understand the effect of p200 on transcription of individual
genes and to distinguish functional and nonfunctional p200
binding sites.

The association of the p200 with Alu-Sx elements, which are
the most abundant repetitive elements in the human genome,
suggests that p200 could affect gene transcription globally
through numerous mechanisms associated with Alu element
transcriptional and posttranscriptional gene expression regu-
lation. Numerous functions have been linked to Alu elements
depending on whether the elements were free or embedded in
the genome (20). Although Alu elements are dispersed
throughout the genome, a higher proportion are present in the
5-kb regions upstream of gene transcription start sites. The
distribution of Alu elements varies between functional gene
families, but they are most commonly found in genes related to
metabolism, transport, and signaling (52). Two potential func-
tions are associated with A/u elements in 5' URRs. Alu ele-
ments embedded in the 5’ URRs influence gene translation
through numerous mechanisms, including mRNA stability, lo-
calization, and translation efficiency (21). Translation inhibi-
tion has been associated with Alu elements embedded in 5’
URRSs. Therefore, p200 binding to these URR Alu elements
may play a role in influencing the translational efficiency of
these genes. Second, Alu elements may be effectors of tran-
scription by providing binding sites for transcription factors
(61). Expression levels of some genes of interest and other
randomly selected p200 target genes (n = 15) revealed that
most were downregulated while some (encoding TNF-q, Statl,
and CD48) exhibited more than 10-fold upregulation, indicat-
ing that p200 may be involved in transcriptional repression and
activation. Infection of cells by E. chaffeensis has been shown to
alter (up- and downregulate) the transcription levels of host
cell genes involved in a variety of functions (68), but it is
unlikely that p200 interaction with host cell genes accounts for
all the pathogen-orchestrated transcriptional changes that are
observed during infection.

The role of p200 in modulation of specific host cell gene
transcriptional changes to enhance the survival of E. chaffeensis
will require further investigation to demonstrate a direct effect.
Gene ontological analysis performed in this study using
FatiGO+ software indicates that p200 has a specific role in
regulation of numerous biological and molecular processes
and structurally related protein genes; particularly prominent
were genes related to regulation of transcription ATPase ac-
tivity and apoptosis. The modulation of apoptosis has previ-
ously been reported to occur in Ehrlichia and closely related
Anaplasma spp. Apoptosis is delayed in cells infected with
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Anaplasma phagocytophilum, and recently Ehrlichia ewingii
infection has been shown to delay spontaneous neutrophil
apoptosis (12, 65, 66). However, the mechanism by which
Anaplasma and Ehrlichia spp. modulate cellular apoptosis is
not fully understood. Transcriptional modulation of a number
of genes associated with apoptosis inhibition and induction is
altered to favor cell survival (68). p200 also appears to bind
genes associated with transcription, and there is evidence that
a large number of genes associated with transcription are mod-
ulated during E. chaffeensis infection (68). ATPase activity is
present in ehrlichial inclusions (4), and genes associated with
ATPase activity also appear to be targets of E. chaffeensis p200
and A. phagocytophilum AnkA (51).

Because of its potentially important role in disease patho-
genesis, we used the TNF-a gene to examine binding of p200
to the Alu-Sx motif. In addition, we investigated the temporal
expression of this gene and found dramatically increased levels
in E. chaffeensis-infected monocytes beginning 3 days postin-
fection. In agreement with these findings are results in previous
studies in which an absence of TNF-a mRNA expression in E.
chaffeensis-infected THP-1 cells within 18 h (31, 32) or 24 h
(68) postinfection was reported. Hence, the upregulation of
TNF-« later in the infection indicates that this response is not
mediated by innate immune receptors and suggests that other
mechanisms directly related to the pathogen may be responsi-
ble. A contribution of cytokine (TNF-a)-associated immuno-
pathology by CD8* and NK T cells is thought to contribute to
fatal ehrlichiosis (8, 24, 60). The new findings in this study
suggest that monocytes/macrophages may also contribute sub-
stantially to the production of TNF-a and the induction of this
gene may be modulated, in part, by p200 interaction with the
Alu element.

Numerous genes with known associations with ehrlichial
pathobiology and pathogenesis were identified as p200 targets.
We found several genes of interest related to IFN-vy regulation
and receptor-mediated bacterial uptake that were investigated
further. E. chaffeensis blocks phosphorylation of Statl and Jak2
during infection (30), and the corresponding genes were also
identified as p200 targets, suggesting that E. chaffeensis uses
multiple strategies to alter the Jak/Stat pathway. Interestingly,
Statl was strongly upregulated (>10-fold) 3 days after infec-
tion, while expression levels of Jak2 were modestly upregulated
(~4-fold) 5 days postinfection. It is not clear if p200 modulates
the expression of these genes, but the fact that these genes are
associated with ehrlichial survival and are p200 targets suggests
that Ehrlichia modulates these innate immune response effec-
tors by multiple mechanisms. The process of ehrlichia entry
into the host cell involves caveolae and glycosylphosphatidyli-
nositol-anchored proteins (34), but the identity of the receptor
remains unclear. Thus, the upregulation of CD48, a glyco-
sylphosphatidylinositol-anchored protein associated with
caveolae and a receptor for bacterial uptake, was an interesting
finding, suggesting that ehrlichial binding and endocytosis may
be associated with this protein and modulated by p200 (56, 57).

We have for the first time demonstrated that E. chaffeensis
and E. canis p200 proteins are translocated to the nuclei of
Ehrlichia-infected monocytes. These results provide strong ev-
idence of specific gene targets of E. chaffeensis p200 and pro-
vide new insight into the potential role of p200 in modulation
of specific host cell gene expression and related processes. A
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more comprehensive understanding of the interactions by
which p200 affects the host cell and transport in the host cell
will provide insight into how obligately intracellular bacteria
control their environment and ultimately will provide novel
targets for therapeutic intervention.
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