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Several immunodominant major proteins ranging from 23 to 30 kDa were identified in the outer membrane
fractions of Ehrlichia chaffeensis and Ehrlichia canis. The N-terminal amino acid sequence of a 28-kDa protein
of E. chaffeensis (one of the major proteins) was determined. The gene (p28), almost full length, encoding the
28-kDa protein was cloned by PCR with primers designed based on the N-terminal sequence of the E. chaffeensis
28-kDa protein and the consensus sequence between the C termini of the Cowdria ruminantium MAP-1 and
Anaplasma marginale MSP-4 proteins. The p28 gene was overexpressed, and antibody to the recombinant
protein was raised in a rabbit. The antibody and serum from a patient infected with E. chaffeensis reacted with
the recombinant protein, three proteins (29, 28, and 25 kDa) of E. chaffeensis, and a 30-kDa protein of E. canis.
Immunoelectron microscopy with the rabbit antibody revealed that the antigenic epitope of the 28-kDa protein
was exposed on the surface of E. chaffeensis. Southern blot analysis with a **P-labeled p28 gene probe revealed
multiple copies of genes homologous to p28 in the E. chaffeensis genome. Six copies of the p28 gene were cloned
and sequenced from the genomic DNA by using the same probe. The open reading frames of these gene copies
were tandemly arranged with intergenic spaces. They were nonidentical genes and contained a semivariable
region and three hypervariable regions in the predicted protein molecules. One of the gene copies encoded a
protein with an internal amino acid sequence identical to the chemically determined N-terminal amino acid
sequence of a 23-kDa protein of E. chaffeensis. Inmunization with the recombinant P28 protein protected mice
from infection with E. chaffeensis. These findings suggest that the 30-kDa-range proteins of E. chaffeensis

represent a family of antigenically related homologous proteins encoded by a single gene family.

Ehrlichia chaffeensis, which causes human monocytic ehrli-
chiosis, is an obligate intracellular bacterium of monocytes and
macrophages and belongs to the family Rickettsiaceae. Human
ehrlichiosis is a tick-borne illness and was first reported in 1987
in the United States (21). Most patients have fever, chills,
headache, arthralgia, myalgia, and hematologic abnormalities,
including thrombocytopenia and leukopenia. Elevation of liver
enzymes occurs in most patients. Since 1987, over 400 cases of
human ehrlichiosis, detected primarily by serological means,
have been reported in 30 states (3, 14, 16).

Recently, several protein antigens of E. chaffeensis were
identified by Western blot analysis with naturally infected hu-
man sera, experimentally inoculated dog sera, or monoclonal
antibodies (7-10, 13, 30, 35, 40-42). Two of these antigens,
namely, a heat shock protein (HSP) 60 homolog (35) and a
120-kDa protein (41, 42), have been cloned, sequenced, and
expressed. Two E. chaffeensis proteins ranging from 28 to 30
kDa were shown to be dominant antigens and were cross-
reactive between two Ehrlichia spp.: E. chaffeensis and E. canis
(7, 30). Studies with monoclonal antibodies (MAbs) against E.
chaffeensis showed that two or three proteins of from 22 to 30
kDa react with three MAbs by Western blotting and that these
antigens are exposed on the surface of the organism as deter-
mined by immunogold labeling of negatively staining ehrli-
chiae (8-10, 40). However, why multiple proteins of different
molecular sizes react with the MAbs has not been answered.
These E. chaffeensis antigens in the 30-kDa range have not
been examined at the molecular level.
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In this study, we demonstrated that a potentially immuno-
protective 28-kDa protein (designated P28) located on the E.
chaffeensis surface and antigenically cross-reactive proteins in
the 30-kDa range are encoded by a multigene family.

MATERIALS AND METHODS

Organisms and purification. The E. chaffeensis Arkansas strain and E. canis
Oklahoma strain were cultivated in the DH82 dog macrophage cell line (30) and
purified by Percoll density gradient centrifugation as described elsewhere (32,
38).

Preparation of the ehrlichial outer membrane fraction. The procedure for
Orientia tsutsugamushi was followed, with modifications (25). Briefly, purified
chrlichiae (100 pg) were suspended with 10 mM sodium phosphate buffer (pH
7.4) containing 0.1% sodium N-lauroyl sarcosine (Sarkosyl) (Sigma, St. Louis,
Mo.), 50 pg (each) of DNase I (Sigma) and RNase A (Sigma) per ml, and 2.5
mM MgCl,. After incubation at 37°C for 30 min, the sample was separated by
centrifugation at 10,000 X g for 1 h into the soluble supernatant and the insoluble
precipitate. The insoluble pellet was resuspended two or three times with 0.1%
Sarkosyl and centrifuged. The final pellet was analyzed by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) as described elsewhere
(31) and by electron microscopy. The pellet was used as the ehrlichial outer
membrane fraction. To investigate contamination by the ehrlichial inner mem-
brane, succinic dehydrogenase activity was examined as described elsewhere
(11).

Analysis of the N-terminal amino acid sequences of outer membrane proteins
in the 30-kDa range. Proteins in the Sarkosyl-insoluble pellet prepared from 400
ug of purified E. chaffeensis were separated by reversed discontinuous SDS-
PAGE (RASDS-PAGE) (a 2.5-cm-long 17% gel on top of an 11-cm-long 12%
gel) and electrophoretically transferred to a ProBlot membrane (Applied Bio-
systems, Foster City, Calif.) as described elsewhere (44). The portion of the
membrane containing bound proteins was excised and analyzed with an Applied
Biosystems protein sequencer (model 470).

Primer design for amplification of a gene (p28) encoding a 28-kDa major protein
(P28) of E. chaffeensis. The N-terminal amino acid sequence of P28 (one of the major
proteins separated by RASDS-PAGE as described above) was determined as
DPAGSGINGNFYSGKYMP. We designed a forward primer, FECHI, based
on amino acids 6 to 12 of this sequence: 5'-CGGGATCCGAATTCGG(A/T/G/
C)AT(A/T/C)AA(T/C)GG(A/T/G/C)AA(T/C)TT(T/C)TA-3". Amino acids at posi-
tions 1 to 5 of the N terminus of P28 were not included in this primer design to
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increase annealing efficiency, since Ser with six codons was present at position 5. For
insertion into an expression vector, a 14-bp sequence (underlined) was added at the
5" end of the primer to create an EcoRI site and a BamHI site.

A reverse primer was designed from two proteins which we found to be related
to P28 based on N-terminal amino acid sequence comparison. One of the pro-
teins was Cowdria ruminantium major antigen protein 1 (MAP-1). The C-termi-
nal sequence of MAP-1 is as follows: (N terminus) . .. GGRFVF* (C terminus)
(* is the termination codon) (36). The other protein was the Anaplasma margi-
nale major surface protein 4 (MSP-4) (23), the entire amino acid sequence of
which is homologous to that of C. ruminantium MAP-1 (36). The C-terminal
sequence of MSP-4 is as follows: (N terminus) . . . GARFLFS* (C terminus). An
oligonucleotide primer, RECH2, complementary to a DNA sequence corre-
sponding to the amino acid sequence conserved between the C termini of MAP-1
and MSP-4, (N terminus) G(G/A)RF(V/L)F* (C terminus), was prepared, with
the addition of a 9-bp sequence (underlined) including a NotI site at the 5" end
for ligation into an expression vector: 5'-AGCGGCCGCTTA(A/G)AA(T/C)A
(C/G)(A/G)AA(C/T)CTT(C/G)CTCC-3'.

Cloning, sequencing, and expression of the p28 gene. Genomic DNA of E.
chaffeensis was isolated from purified organisms as described elsewhere (24).
PCR amplification with FECH1 and RECH2 primers was performed with a
Perkin-Elmer Cetus DNA Thermal Cycler (model 480). A 0.8-kb amplified
product was cloned in the pCRII vector of a TA cloning kit, as described by the
manufacturer (Invitrogen Co., San Diego, Calif.). The clone obtained was des-
ignated pCRIIp28. Both strands of the inserted DNA were sequenced by a
dideoxy termination method with an Applied Biosystems 373A DNA sequencer.

The 0.8-kb p28 gene was excised from the clone pCRIIp28 by EcoRI-Notl
double digestion, ligated into EcoRI-Notl sites of a pET 29a expression vector,
and amplified in Escherichia coli BL21(DE3)pLysS (Novagen, Inc., Madison,
Wis.). The clone (designated pET29p28) produced a fusion protein with a 35-
amino-acid sequence carried from the vector at the N terminus.

Antisera and Western blot analysis. Convalescent-phase serum from a patient
with clinical signs of human ehrlichiosis was used as described previously (30).
For preparation of the rabbit anti-recombinant P28 (anti-rP28) antibody, the gel
band corresponding to rP28 in SDS-PAGE was excised without staining, minced
in phosphate-buffered saline (PBS) (pH 7.4), and mixed with an equal volume of
Freund’s incomplete adjuvant (Sigma). The mixture (1 mg of protein each time)
was subcutaneously injected into a rabbit every 2 weeks for four times. Antibody
titers of the patient serum and the rabbit anti-rP28 antibody against E. chaffeensis
antigen were determined to be 1:2,560 and 1:1,280, respectively, by indirect
immunofluorescence assay as described elsewhere (29).

Western blot analyses were performed with 1:1,000 dilutions of these sera by
a procedure described elsewhere (31). The rabbit anti-rP28 antibody was preab-
sorbed twice with pET29a-transformed E. coli at 37°C for 1 h each at a 1:300
dilution prior to use. Alkaline phosphatase-conjugated affinity-purified anti-hu-
man or anti-rabbit immunoglobulin G (Kirkegaard & Perry Laboratories, Inc.,
Gaithersburg, Md.) was used at a 1:1,000 or 1:2,000 dilution as a secondary
antibody.

Immunoelectron microscopy. E. chaffeensis-infected DHS82 cells were soni-
cated and centrifuged at 400 X g for 10 min. The supernatant was then centri-
fuged at 10,000 X g for 10 min to obtain an ehrlichia-enriched pellet. The pellet
was resuspended and incubated with rabbit anti-rP28 antibody or normal rabbit
serum (1:100 dilution) at 37°C for 1 h in PBS containing 1% bovine serum
albumin. After being washed, the ehrlichiae were incubated with gold-conjugated
protein G (20 nm; Sigma) at a 1:30 dilution for 1 h at room temperature in PBS
containing 1% bovine serum albumin. After being washed again, the specimen
was fixed with 1.25% formaldehyde, 2.5% glutaraldehyde, and 0.03% trinitro-
phenol in 0.1 M cacodylate buffer (pH 7.4) for 24 h and postfixed in 1%
osmium-1.5% potassium ferricyanide for 1 h (34). The section was then embed-
ded in PolyBed 812 (Polysciences, Warrington, Pa.). The specimen was ultrathin
sectioned at 60 nm, stained with uranyl acetate and lead citrate, and observed
with a Philips 300 transmission electron microscope at 60 kV.

Southern blot analysis. Genomic DNA extracted from the purified E.
chaffeensis (200 ng) was digested with restriction endonucleases, electropho-
resed, and transferred to a Hybond-N" nylon membrane (Amersham, Arlington
Heights, I11.) by a standard method (33). The 0.8-kb p28 gene fragment from the
clone pCRIIp28 was labeled with [a->?P]dATP by the random primer method by
using a kit (Boehringer Mannheim, Indianapolis, Ind.), and the labeled fragment
was used as a DNA probe. Hybridization was performed at 60°C in rapid-
hybridization buffer (Amersham) for 20 h. The nylon sheet was washed in 0.1X
SSC (1x SSC is 0.15 M sodium chloride and 0.015 M sodium citrate) with 1%
SDS at 55°C, and the hybridized probes were exposed to Hyperfilm (Amersham)
at —80°C.

Cloning and sequencing of genomic copies of the E. chaffeensis p28 gene. The
EcoRI and PstI fragments of DNA, detected by genomic Southern blot analysis
as described above, were inserted into pBluescript II KS(+) vectors, and the
recombinant plasmids were introduced into E. coli DH5a. By using the colony
hybridization method (33) with the 3?P-labeled p28 gene probe, four positive
clones were isolated from the transformant. The positive clones were designated
pEC2.6, pEC3.6, pPS2.6, and pPS3.6. These contained the ehrlichial DNA frag-
ments of 2.6 (EcoRI), 3.6 (EcoRI), 2.6 (PstI), and 3.6 (PstI) kb, respectively. The
inserts of the clones pEC3.6 and pPS2.6 overlapped as shown in Fig. 6. The
overlapping area was further confirmed by PCR of E. chaffeensis genomic DNA
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with two pairs of primer sets interposing the junctions of the four clones (see Fig.
6). The 1.1- to 1.6-kb HindIII-HindIll, HindIII-EcoRI, or Xhol-EcoRI DNA
fragments in pEC2.6 and pEC3.6 were subcloned for sequencing. DNA sequenc-
ing was performed with suitable synthetic primers by the dideoxy termination
method as described above.

Immunization of mice and E. chaffeensis challenge. The rP28 band in SDS-
PAGE was excised, minced, and mixed with an equal volume of Freund’s in-
complete or complete adjuvant. Nine male BALB/c mice (6 weeks old) were
divided into two groups. Five mice were intraperitoneally immunized a total of
four times at 10-day intervals: twice with a mixture of the minced gel with rP28
(30 to 40 p.g of protein per mouse each time) and incomplete adjuvant and twice
with a mixture of the recombinant protein (the same amount as before) and
complete adjuvant. Four mice were intraperitoneally injected with a mixture of
the minced gel without protein and the respective adjuvants. For ehrlichia chal-
lenge, approximately 107 DHS82 cells heavily infected with E. chaffeensis were
disrupted by sonication in serum-free Dulbecco modified Eagle medium
(GIBCO-BRL) and centrifuged at 200 X g for 5 min. The supernatant was
diluted to a final volume of 5 ml, and 0.3 ml was inoculated intraperitoneally into
each mouse 10 days after the last immunization.

Detection of E. chaffeensis 16S rDNA in Ehrlichia-challenged mice. At day 5
postchallenge, approximately 1 ml of blood from each mouse was collected in an
EDTA tube. Total DNA was prepared from 0.2 ml of the buffy coat from the
blood with a QIAamp blood kit (Qiagen, Inc., Chatsworth, Calif.) and was used
as the template for PCR detection of E. chaffeensis 16S ribosomal DNA (rDNA).
PCR detection with primers HE1 (5'-CAATTGCTTATAACCTTTTGGTTAT
AAAT-3") and HE3 (5'-TATAGGTACCGTCATTATCTTCCCTAT-3"), which
yield a 389-bp fragment specific to E. chaffeensis 16S rDNA (4), was performed
as described previously (39). The procedure allows detection from =10 pg of
genomic DNA from purified E. chaffeensis.

Sequence analysis. Nucleotide sequences were analyzed with the DNASIS
program (Hitachi Software Engineering Co., Ltd., Yokohama, Japan). A homol-
ogy search was carried out with the GenBank, Swiss Plot, PDB, and PIR data-
bases by using the software basic local alignment search tool (2) in the BLAST
network service (National Center for Biotechnology Information, Bethesda,
Md.). Phylogenetic analysis was performed by using the PHYLIP software pack-
age (version 3.5) (17). An evolutionary distance matrix, generated by using the
Kimura formula (17) in the PROTDIST, was used for construction of a phylo-
genetic tree by using unweighted pair-group method analysis (17). The data were
also examined by using parsimony analysis (PROTPARS in PHYLIP). A boot-
strap analysis was carried out to investigate the stability of randomly generated
trees by using SEQBOOT and CONSENSE in the same package.

Nucleotide seq; e accessi bers. The nucleotide sequences of the p28
gene and its gene copies have been assigned GenBank accession numbers
U72291 and AF021338, respectively.

RESULTS

Identification of major outer membrane proteins of E.
chaffeensis. The ehrlichial outer membrane fraction was pre-
pared from Percoll-purified E. chaffeensis by Sarkosyl treat-
ment. Transmission electron microscopy revealed that the
purified ehrlichial fraction consists of a mixture of small
electron-dense and large light forms with slight disintegra-
tion of the inner membrane (Fig. 1A). The host inclusion
membrane was not found with the purified ehrlichiae. Var-
ious sizes of membrane vesicles (<1 pm) without significant
ribosomes or nuclear materials were observed in the Sarko-
syl-insoluble fraction prepared from the purified organism
(Fig. 1B). Succinic dehydrogenase (an inner membrane
marker enzyme of gram-negative bacteria) activity was less
than the detection limit (1 nmol/min/mg of protein) in the
Sarkosyl-insoluble fraction, compared to approximately 10
nmol/min/mg of protein in the Percoll-purified organisms,
suggesting that the insoluble fraction consisted primarily of
the outer membrane of E. chaffeensis.

Analysis of the Sarkosyl-soluble and insoluble fractions of E.
chaffeensis by SDS-PAGE suggested that proteins in the 30-
kDa range in the insoluble fraction represent the major outer
membrane proteins of this organism (Fig. 2A). E. canis was
antigenically cross-reactive with E. chaffeensis (7, 30). A similar
result was obtained with E. canis by the same procedure (Fig.
2B). These findings indicate that the 30-kDa-range proteins
represent the major outer membrane proteins of these two
Ehrlichia spp. Since it was impossible to resolve overlapping
protein bands in the 30-kDa range by conventional SDS-
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FIG. 1. Transmission electron microscopy of Percoll-purified E. chaffeensis
(A) and of the insoluble precipitate after 0.1% Sarkosyl treatment of the organ-
ism (B). Note outer membrane vesicles of various sizes in panel B. Bars, 1 um.

PAGE, RdSDS-PAGE was performed, and at least five pro-
teins (P23, P25, P27, P28, and P29, designated based on the
molecular sizes in Fig. 2C) of the outer membrane fraction of
E. chaffeensis were resolved. The N-terminal amino acid se-
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quences of all these proteins were chemically determined, and
that of P28 was found to be homologous to that of C. rumi-
nantium MAP-1 (36) by a BLAST search.

Cloning, sequencing, and expression of a gene (p28) encod-
ing E. chaffeensis P28. A 0.8-kb p28 gene, amplified by PCR,
was cloned and sequenced as described in Materials and Meth-
ods. The 0.8-kb DNA fragment, cloned in pCRIIp28, had an
open reading frame (ORF) of 756 bp encoding a 251-amino-
acid protein (including both PCR primer regions) with a mo-
lecular mass of 27,685 Da. E. coli transformed with pET29p28
expressed a 31-kDa rP28 (Fig. 3A), which was larger than the
native P28 because of the fusion protein. rP28 has an addi-
tional 35-amino-acid sequence including the S.Tag peptide
(20) derived from a pET expression vector at the N terminus.
The serum from a patient with clinical signs of human ehrli-
chiosis reacted strongly to rP28 (31 kDa) in E. coli, to P28 and
P29 in E. chaffeensis, and also to P30 in E. canis (Fig. 3B). The
rabbit anti-rP28 antibody recognized not only rP28 (31 kDa)
and P28 but also P29 and P25 of E. chaffeensis and P30 of E.
canis (Fig. 3C), indicating that P28 shares antigenic epitopes
with these proteins.

Immunoelectron microscopy. Transmission immunoelectron
microscopy with colloidal gold-conjugated protein G and rab-
bit anti-rP28 antibody revealed gold particles bound to the E.
chaffeensis surface (Fig. 4). The distribution of the particles was
random and close to the surface, and they appeared as if
almost embedded in the membrane, suggesting that the anti-
genic epitope only slightly protrudes on the surface. Nonethe-
less, the antigenic epitope was surface exposed and thus could
be recognized by rabbit anti-rP28 antibody. No gold particles
were observed on the host cytoplasmic membrane or E.
chaffeensis incubated with normal rabbit serum.

Identification and characterization of genomic copies of the
E. chaffeensis p28 gene. Genomic Southern blot analysis with
several restriction enzymes resulted in one or more DNA frag-
ments of E. chaffeensis which could hybridize to the **P-labeled

FIG. 2. SDS-PAGE patterns of the insoluble precipitate and the soluble supernatant fraction after 0.1% Sarkosyl treatment of purified E. chaffeensis (A) and E.
canis (B) and RASDS-PAGE of major proteins in the 30-kDa range resolved from the Sarkosyl-insoluble pellet of E. chaffeensis (C). (A) Lanes: 1, Sarkosyl-soluble
supernatant; 2, Sarkosyl-insoluble precipitate enriched with outer membrane; 3, Percoll gradient-purified E. chaffeensis. (B) Lanes: 1, Sarkosyl-soluble supernatant; 2,
Sarkosyl-insoluble precipitate; 3, purified E. canis. Both gels were stained with Coomassie blue. Brackets indicate a 30-kDa cluster of major outer membrane proteins.
(C) The separation gel consisted of a 17% gel on top of a 12% gel. The Sarkosyl-insoluble precipitate prepared from purified E. chaffeensis was blotted onto a ProBlot
membrane and stained with amido black. The protein bands present in six lanes of the membrane were excised, and the N-terminal amino acid sequence of each protein
was analyzed. Numbers on the right or left of panels indicate molecular masses in kilodaltons.
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FIG. 3. Overexpression of the E. chaffeensis p28 gene (A) and Western blot
analysis with convalescent-phase serum from a human ehrlichiosis patient (B)
and with a rabbit anti-rP28 antibody (C). Lanes: M, molecular size markers; C,
pET29a-transformed E. coli (negative control); R, pET29p28-transformed E. coli
(recombinant) (arrowhead, rP28); Eca, purified E. canis; Ech, purified E.
chaffeensis. Dominant protein antigens with the molecular masses of P25 to P30,
and rP28 (31 kDa), are schematically shown. Numbers indicate molecular masses
in kilodaltons.

p28 gene probe (Fig. 5). The restriction enzymes used do not
cut within the p28 gene portion of the pCRIIp2§ insert, and
therefore, this result indicates that multiple genes homologous
to the p28 gene are present in the ehrlichial genome. Xbal,
Bglll, and Kpnl produced two bands, Spel generated three
bands, and EcoRV and PstI produced multiple bands with
different densities. EcoRI generated a broad band of 2.5 to 4
kb. These p28-homologous genes are designated the omp-I
(for outer membrane protein 1) family.

Four DNA fragments from 2.6 to 3.6 kb were cloned from
the EcoRI- and Pstl-digested genomic DNA of E. chaffeensis
by colony hybridization with the radiolabeled p28 gene probe.
The DNA inserts of the two recombinant clones pEC3.6 and
pPS2.6 overlapped as shown in Fig. 6. Sequencing revealed one
5'-truncated ORF of 243 bp (designated omp-14) and five
complete ORFs of 836 to 861 bp (designated omp-1B to omp-
1F) that were tandemly arranged and homologous to the p28
gene, but not identical, in the ehrlichial genomic DNA of 6,292
bp. The intergenic spaces were 581 bp between omp-1A4 and
omp-1B and 260 to 308 bp among the others. Putative pro-
moter regions and ribosome-binding sites were identified in
the noncoding regions upstream from the start codon of each
gene.
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FIG. 4. Transmission electron microscopy of E. chaffeensis immunogold la-
beled with a rabbit anti-rP28 antibody. Protein G-gold particles (20 nm) are
localized on the surface of the organism. Bar, 0.1 pm.

Structures of proteins encoded by the genes of the E.
chaffeensis omp-1 family. Five complete omp-1 gene copies
(omp-1B to omp-1F) encode 279- to 287-amino-acid proteins
with molecular masses of 30,320 to 31,508 Da. omp-1A4 encodes
an 82-amino-acid partial protein (9,243 Da) which lacks the
N-terminal region. The 25-amino-acid sequence at the N ter-
mini of OMP-1B to OMP-1F (encoded by omp-1B to omp-1F,
respectively) is predicted to be a signal peptide, because three
carboxyl-terminal amino acids of the signal peptides (Ser-X-
Ala in OMP-1B, Leu-X-Ser in OMP-C, and Ser-X-Ser in
OMP-1D and OMP-1F) are among the preferred amino acid
sequences of the signal peptidase at its processing site (26).
The molecular masses of the mature OMP-1B to OMP-1F
calculated based on the predicted amino acid sequences are
28,181 Da for OMP-1B, 27,581 Da for OMP-1C, 28,747 Da for
OMP-1D, 27,776 Da for OMP-1E, and 27,933 Da for OMP-1F.
The estimated isoelectric points of these proteins are 4.76 to
5.76.

- Xbal

-Bglll

-Xhol

| - EcoRl

-Kpnl

- Pstl

-Clal

- Sstl
Spel

FIG. 5. Genomic Southern blot analysis of E. chaffeensis with a >?P-labeled
0.8-kb p28 gene probe of the pCRIIp28 insert. Numbers indicate molecular sizes
in kilobases.
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FIG. 6. Restriction map of 6.3 kb of E. chaffeensis genomic DNA including the omp-1 gene copies. The four DNA fragments pPS2.6, pPS3.6, pEC2.6, and pEC3.6
were cloned from the genomic DNA. Recombinant plasmid pPS2.6 has a sequence overlapping that of pEC3.6. The black boxes at the bottom show PCR-amplified
fragments from the genomic DNA for confirmation of the overlapping area. Open boxes at the top indicate ORFs of omp-1 gene copies, with directions indicated by
arrows. Open boxes at the bottom show DNA fragments subcloned for DNA sequencing.

Alignment of predicted amino acid sequences of the E.
chaffeensis OMP-1 proteins, along with that of C. ruminantium
MAP-1 (36), which is related to the OMP-1 family, revealed
substitutions or deletions of one or several contiguous amino
acid residues throughout the molecules. The significant differ-
ences in sequences among the aligned proteins are seen in the
regions designated semivariable (SV) and hypervariable (HV)
in Fig. 7. Computer analysis for hydropathy revealed that pro-
tein molecules predicted for all omp-1 gene copies contain

alternative hydrophilic and hydrophobic motifs which are char-
acteristic of transmembrane proteins. HV1 and HV2 were
found to be located in the hydrophilic regions (data not
shown).

An amino acid sequence in HV1 (underlined within
OMP-1F in Fig. 7) was identical to the chemically determined
N-terminal amino acid sequence (NSPENTFNVPNYSFK) of
the E. chaffeensis native P23 protein, suggesting that P23 is
derived from the omp-1F gene. Amino acid sequences identical

SV HV1
OMP-1F  MNCKKFFITT TLVSLMSFLP GISFSDAVQN DNVG-GN--- -FYISGKYVP SVSHFGVFSA KQ----- ERN TTTGVFGLKQ DWDGSTISKN SPENTFNVEN 90
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OMP-1B NDT.INDSRE G....V..N. .I...RK... EEAPINGNTS I.KK..... K .-----~ GDI AQSAN..RTD 94
P28 SGIN-..-== ~....... M. LAl e Ve N....A..NS ..NDV.T.S. 64
MAP-1 E.NPV.S--- -V...A..M. TA....KM.I -DSR D.KA..... K ....VKTPSG NINSI.TEKD 91
OMP- LA — - oo oo oo oo o e e e
HV2
OMP-1F SYETFDVKNQ GNNYKNDAH- ~KYYALTH-- NSGGKLSNAG DKFVFLKNEG LLDISLMLNA CYDVISEGIP 186
OMP-1E .~ @vvennr wunenn I..5 .G...V.F.V ...oiiiin i - -R.C..GQ-- -QDNSGIPKT S.Y.L..S.. ..... F. ...I.N.S.. 184
OMP-1D  ........ L. S..... I..S .Deuo.... 2 E..- -R....5.LL GTETQIDG.. SAS...I... ...K.F.... .......... 188
OMP-1C .\t cenn. I..8 .G..... F.V o.oooo.... G, - -R.C..DR-~ -KASSTNATA SHY.L..... .......... Ve 184
OMP-1B  PALEFQ..LI S..S.SI..A .D....... A AYQK..A..P D..DT.SGDY Y..FG.SR-- ---- EDAI.D K.Y.V..... ITFM...V.T ITA..V. 188
P28 i e I..S .D.e..... Vo e E..- -R.C..SH-- ..AADM.S.S NN........ ..... F. .VG. . 160
MAP-1 ittt e S .. F.V ..o.... R.P .G....... - -M.C.----L DTASSSTAGA TTS.MV...N .T........ IMLD.M. 185
OMP-1A —-mm oo o oo o e e e e e
HV3

OMP-1F AMIPSTSTLT GN-HF----T IVTLSVCHFG VELGGRFNF 280
OMP-1E TLKAFVTSS- ~ATPDL---A .......... Tooonn.. 278
OMP-1D T....E.A.A .KGNYP---A ....D.FY.. I........ QL 286
OMP-1C TLKAFATPSS AATPDL--~A T......... ......... 280
OMP-1B . VIT.VVLEGA PQTTS----A L..IDTGY.. G.V.V..T. 283
P28 TI..TG...A .KGNYP---A ..I.D..... I...... V. 256
MAP-1 TSKVF..SGN ASSAVSPGFA SAI.D..... I.I....V. 284
OMP-1A VNHVY .LKES PKVTS----A VA..DIAY.. G.V.I..T 81

FIG. 7. Amino acid sequence alignment of seven E. chaffeensis OMP-1 proteins and C. ruminantium MAP-1.

Aligned positions of amino acids identical to those

in OMP-1F are shown with dots. The sequence of C. ruminantium MAP-1 is from the report of Van Vliet et al. (36). Gaps (indicated by dashes) were introduced for

optimal alignment of all proteins. Bars indicate a semivariable region (SV) and

three hypervariable regions (HV1, HV2, and HV3). The chemically determined

N-terminal amino acid sequence of E. chaffeensis P23, which was identical to the amino acid sequence of OMP-1F, is underlined. The arrowhead shows the putative

cleavage site of the signal peptide.
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FIG. 8. Phylogenetic relationship among six members of the E. chaffeensis
OMP-1 family and C. ruminantium MAP-1. The evolutionary distance values
were determined by the method of Kimura (17), and the tree was constructed by
unweighted pair-group method analysis. The scale bar shows 5% divergence in
the amino acid sequences. The numbers at nodes are the proportions of 100
bootstrap resamplings that support the topology shown.

to the N-terminal sequences of P25, P27, and P29 were not
found among those from omp-1 gene copies cloned in this
study (data not shown).

Similarities among amino acid sequences of the E. chaffeen-
sis OMP-1 proteins. The amino acid sequences of five mature
proteins without signal peptides (OMP-1C to OMP-1F and
P28) were similar to one another (71 to 83%), but the se-
quence of OMP-1B was dissimilar to those of the five proteins
(45 to 48%). The amino acid sequences of the five proteins
showed an intermediate degree of similarity to that of C. ru-
minantium MAP-1 (59 to 63%), but the similarity between
those of OMP-1B and C. ruminantium MAP-1 was low (45%).
In Fig. §, these relations are shown in a phylogenetic tree based
on the amino acid sequence alignment. Three proteins (P28,
OMP-1D, and OMP-1F) and two proteins (OMP-1C and
OMP-1E) formed two separate clusters. OMP-1B was located
distantly from these two clusters. C. ruminantium MAP-1 was
positioned between OMP-1B and other members of the
OMP-1 family.

Protection against E. chaffeensis challenge in rP28-immu-
nized mice. To investigate whether immunization with rP28
induces protection against E. chaffeensis infection, five mice
were immunized with rP28 and four mice were inoculated with
acrylamide gel without the recombinant protein (control). Be-
fore challenge, all five immunized mice had a titer of 1:160
against E. chaffeensis antigen by indirect immunofluorescence
assay and all four nonimmunized mice were negative. Protec-
tion was assessed by PCR detection of E. chaffeensis 16S TDNA
in the bufy coat of blood collected from the mice at 5 days
postchallenge. E. chaffeensis can transiently establish infection
in BALB/c mice. The infection is spontaneously cleared, as E.
chaffeensis cannot be reisolated in cell culture at day 10 postin-
fection (28). Day 5 is the optimum time at which establishment
of ehrlichial infection can be examined by PCR without the
influence of residual DNA from the ehrlichiae used as the
challenge before the spontaneous clearance of organisms takes
place. The E. chaffeensis-specific DNA fragment was observed
in all nonimmunized mice but not in any immunized mice,
indicating that immunization with rP28 apparently protects
mice from ehrlichial infection (Fig. 9) and suggesting that the
P28 is a potential protective antigen.

DISCUSSION

The outer membrane is the site where the host-ehrlichia
interaction takes place. So far, the outer membrane fraction
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FIG. 9. PCR detection of E. chaffeensis 16S tDNA fragment in the blood of
E. chaffeensis-challenged mice previously immunized with rP28 or nonimmu-
nized. Template DNAs were prepared from blood buffy coats (0.2 ml) of all
challenged mice. The arrow shows the E. chaffeensis-specific 16S r DNA fragment
(389 bp) obtained by PCR amplification. Lanes: 1, positive control (with a total
DNA from DHS?2 cells infected with E. chaffeensis as the template); 2, negative
control (PCR without template); 3 to 6, nonimmunized mice; 7 to 11, immunized
mice; 12, 1-kb DNA ladder marker (GIBCO).

has not been prepared from any Ehrlichia spp.; consequently,
the protein composition of the outer membrane is unknown.
Using a Sarkosyl method, we identified five major proteins
(P23 to P29) in the insoluble fraction of E. chaffeensis. Three of
the five (P25, P28, and P29) were found to be antigenically
cross-reactive by using anti-rP28 antibody, and the antigenic
epitopes were surface located in E. chaffeensis as demonstrated
by transmission immunoelectron microscopy. These observa-
tions, in addition to results of analysis by transmission electron
microscopy and examination of succinic dehydrogenase activity
in the Sarkosyl-insoluble fraction, support the usefulness of the
Sarkosyl procedure for preparation of a fraction enriched in
the outer membrane of E. chaffeensis. Like for O. tsutsuga-
mushi (25), the concentration of Sarkosyl required for E.
chaffeensis was lower than those required for other facultative
intracellular bacteria (6, 18, 37).

This is the first report in which the major outer membrane
proteins of E. chaffeensis in the 30-kDa range are identified and
characterized at the molecular genetic and protein sequence
levels. We and other investigators previously reported protein
antigens of E. chaffeensis ranging from 22 to 30 kDa (7-10, 13,
30, 40). The two dominant antigens, P28 and P29 in the current
study, seem to correspond, respectively, to two proteins of 28
and 30 kDa reported by Rikihisa et al. (30) and to two proteins
of 28 and 29 kDa reported by Chen et al. (7). In both previous
studies, the antigens were recognized predominantly by con-
valescent-phase sera from human ehrlichiosis patients. P28 and
P29 may also correspond, respectively, to proteins of 29 and 30
kDa reported by Chen et al. (8), both of which were recognized
by the 7C1-B and 3C7 MAbs. The current study, using the
anti-rP28 antibody, and the study of Chen et al. (8), using the
MADbs, indicated that P28 (the current study) and the 29-kDa
protein (8) share antigenic epitopes with P29 (the current
study) and the 30-kDa protein (8), respectively. In the current
study, P25, P28, and P29 were recognized by the anti-rP28
antibody. It is unknown whether E. chaffeensis P23, P25, and
P27 (the current study) are identical to the three antigens of
22, 26, and 28 kDa recognized by MAb 1A9 (8). The E. canis
30-kDa protein was recognized by the antibody to rP28 of E.
chaffeensis (the current study) and by the 7C1-B MAD to E.
chaffeensis (8, 10). The 32-kDa MAP-1 of C. ruminantium (36)
showed amino acid sequence similarity to all members of the
E. chaffeensis OMP-1 family. C. ruminantium MAP-1 also was
cross-reactive to a 27-kDa protein of E. canis (22), although it
is unknown whether the 27-kDa protein is identical to P30 of
E. canis in the current study. By 16S rDNA sequence compar-
ison, E. chaffeensis, E. canis, and C. ruminantium are closely
related (12). Consequently, the 30-kDa-range proteins in the
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OMP-1 family may be common antigens among the three spe-
cies in the tribe Ehrlichieae.

By using the PCR-amplified p28 gene as a probe, six similar
genes were identified in the E. chaffeensis genome. Genomic
Southern blotting results suggest the presence of additional
omp-1 gene copies. However, the precise number of copies
cannot be determined, since restriction site polymorphism in
the gene copies may result in the production of several bands
from a single copy.

We think that P23 is generated from the OMP-1F by a
specific processing, rather than by nonspecific degradation dur-
ing the preparation of the outer membrane fraction, since
there was no difference in protein profiles determined by SDS-
PAGE among several batches of purified organisms or outer
membrane fractions prepared in the presence or absence of
proteinase inhibitors.

Recently, in A. marginale, which is related to E. chaffeensis as
determined by 16S rDNA sequencing (12), two multigene fam-
ilies were found (1, 27). A family of msp-2 genes that encode a
36-kDa major surface protein constitute a minimum of 1% of
the genome and are distributed widely throughout the chro-
mosome. In addition, strain variations of the msp-2 copies were
demonstrated (27). A family of msp-3 gene copies that encode
a 63-kDa major surface protein are also distributed widely
throughout the chromosome. msp-3-12 has a DNA sequence
area homologous to that of msp-2 within the ORF of msp-3-12.
msp-3-11 and msp-3-19 have a DNA sequence area homolo-
gous to that of msp-2 outside ORFs (1). The omp-1 gene family
of E. chaffeensis is different from these gene families of A.
marginale. First, the ORFs of omp-1 gene copies were tan-
demly arranged in the genome. Second, amino acid sequences
among the omp-1 copies have a greater variation than the
reported variations of msp-2 copies of Anaplasma. The simi-
larities were 45 to 83% among six omp-1 copies, whereas the
similarity is 95% between two msp-2 copies (15). Strain vari-
ability may also exist in E. chaffeensis, since the reactivities of
protein antigens to MAb 7C1-B are different among three
strains (8, 10).

In phylogenetic analysis, three proteins (P28, OMP-1D, and
OMP-1F) belong to the same cluster. P23 (most likely derived
from the omp-1F gene), which was identified in the E. chaffeen-
sis outer membrane fraction, also belongs to this cluster. It is
unknown whether omp-1D and other gene copies in different
clusters are silent genes. These genes at least are not actively
expressed in the population of E. chaffeensis from which our
specimen was prepared, since the products from the omp-I
gene family, except for P23, P25, P28, and P29, were not
recognized in the Sarkosyl-insoluble outer membrane fraction.

We demonstrated that rP28 protected mice from E.
chaffeensis infection or accelerated the spontaneous clearance
of E. chaffeensis, suggesting that this or other omp-I-related
proteins may be a protective antigen. Further molecular ge-
netic studies are required to elucidate the mechanisms of the
antigenic polymorphism or possible antigenic variation, i.e.,
whether selective expression of the omp-1 gene copies is reg-
ulated at the transcriptional level or by recombination events
(gene conversions) among the unique gene repertoire, such as
in the cases of the pili of Neisseria gonorrhoeae (19), vimp of
Borrelia hermsii (5), and vis of Borrelia burgdorferi (43).
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