University of Rhode Island

DigitalCommons@URI

Past Departments Faculty Publications (CELS) College of the Environment and Life Sciences

1998

Molecular Cloning and Sequencing of Three Granulocytic Ehrlichia
Genes Encoding High-Molecular-Weight Immunoreactive Proteins

James R. Storey

Linda A. Doros-Richert
Cindy Gingrich-Baker
Kenneth Munroe

Thomas N. Mather
University of Rhode Island, tmather@uri.edu

See next page for additional authors

Follow this and additional works at: https://digitalcommons.uri.edu/cels_past_depts_facpubs
Terms of Use
All rights reserved under copyright.

Citation/Publisher Attribution

Storey, J. R., Doros-Richert, L. A., Gingrich-Baker, C., Munroe, K., Mather, T. N., Coughlin, R. T,, Beltz, G. A, &
Murphy, C. 1. (1998). Molecular Cloning and Sequencing of Three Granulocytic Ehrlichia Genes Encoding
High-Molecular-Weight Immunoreactive Proteins. Infection and Immunity, 66(4), 1356-1363. Retrieved
from https://iai.asm.org/content/66/4/1356

Available at: https://iai.asm.org/content/66/4/1356

This Article is brought to you for free and open access by the College of the Environment and Life Sciences at
DigitalCommons@URI. It has been accepted for inclusion in Past Departments Faculty Publications (CELS) by an
authorized administrator of DigitalCommons@URI. For more information, please contact
digitalcommons@etal.uri.edu.


https://digitalcommons.uri.edu/
https://digitalcommons.uri.edu/cels_past_depts_facpubs
https://digitalcommons.uri.edu/cels
https://digitalcommons.uri.edu/cels_past_depts_facpubs?utm_source=digitalcommons.uri.edu%2Fcels_past_depts_facpubs%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages
https://iai.asm.org/content/66/4/1356
mailto:digitalcommons@etal.uri.edu

Authors

James R. Storey, Linda A. Doros-Richert, Cindy Gingrich-Baker, Kenneth Munroe, Thomas N. Mather,
Richard T. Coughlin, Gerald A. Beltz, and Cheryl I. Murphy

This article is available at DigitalCommons@URI: https://digitalcommons.uri.edu/cels_past_depts_facpubs/6


https://digitalcommons.uri.edu/cels_past_depts_facpubs/6

INFECTION AND IMMUNITY, Apr. 1998, p. 1356-1363
0019-9567/98/$04.00+0
Copyright © 1998, American Society for Microbiology

Vol. 66, No. 4

Molecular Cloning and Sequencing of Three Granulocytic
Ehrlichia Genes Encoding High-Molecular-Weight
Immunoreactive Proteins

JAMES R. STOREY,' LINDA A. DOROS-RICHERT,' CINDY GINGRICH-BAKER,'
KENNETH MUNROE,' THOMAS N. MATHER,> RICHARD T. COUGHLIN,'
GERALD A. BELTZ,' ano CHERYL I. MURPHY'*

Aquila Biopharmaceuticals, Inc., Worcester, Massachusetts 01605," and Center for Vector-Borne Disease,
University of Rhode Island, Kingston, Rhode Island 02881

Received 31 October 1997/Returned for modification 8 January 1998/Accepted 27 January 1998

Granulocytic Ehrlichia was isolated from canine blood obtained from animals challenged with field-collected
Ixodes scapularis and propagated in HL60 cells. PCR primers specific for the 16S ribosomal DNA (rDNA) of
the Ehrlichia genogroup comprising E. equi, E. phagocytophila, and the agent of human granulocytic ehrlichiosis
(HGE) amplified DNA from extracts of these cells. Sequence analysis of this amplified DNA revealed that it is
identical to the 16S rDNA sequence of the HGE agent. A genomic library was constructed with DNA from
granulocytic Ehrlichia and screened with pooled sera from tick-challenged, granulocytic Ehrlichia-infected
dogs. Several clones were isolated and sequenced. Three complete genes encoding proteins with apparent
molecular masses of 100, 130, and 160 kDa were found. The recombinant proteins reacted with convalescent-
phase sera from dogs and human patients recovering from HGE. This approach will be useful for identifying
candidate diagnostic and vaccine antigens for granulocytic ehrlichiosis and aid in the classification of geno-

group members.

Members of the genus Ehrlichia include species which have
a tropism for mononuclear phagocytes (E. canis, E. chaffeensis,
E. muris, E. sennetsu, and E. risticii) (33) and those which infect
granulocytes (E. ewingii [33], E. phagocytophila [10, 33], E. equi
[14, 26], and the recently discovered agent of human granulo-
cytic ehrlichiosis [HGE] [3, 7]). Disease caused by granulocytic
Ehrlichia (GE) is manifested by fever, lethargy, thrombocyto-
penia, and death, and many species from diverse geographical
locations have shown evidence of natural infection, including
horses (25, 27, 29, 38), dogs (24, 34, 35), small mammals (39,
40), and humans (4, 15).

The similar host range and near identity of the 16S rRNA
genes of E. phagocytophila, E. equi, and the HGE agent (7)
have raised the possibility that these organisms represent a
single species (2, 28). In addition, Dumler et al. (9) have shown
that they share significant antigenicity by immunofluorescence
and immunoblot assays. Objective methods for species classi-
fication, e.g., molecular genetic analysis, have not been readily
available, primarily because of an inability to culture these
ehrlichiae in vitro. However, we (reference 43 and unpublished
data) and others (13) have recently demonstrated successful
cultivation of GE isolates from dogs and humans, respectively.

In this paper, we describe the use of purified GE obtained
from in vitro culture of infected HL60 cells, a promyelocytic
human cell line, to generate a genomic DNA library for ex-
pression screening with sera obtained from dogs experimen-
tally infected with GE. The screening resulted in the isolation
of recombinant clones containing complete genes encoding
three putative proteins of GE, GE 160, GE 130, and GE 100
(named for apparent molecular mass in kilodaltons). One of
these proteins, the 100-kDa protein, is similar in both glutamic
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acid content and repeated amino acid structure to an immu-
nodominant 120-kDa E. chaffeensis protein (45). Both the 100-
and 130-kDa granulocytic Ehrlichia proteins share some amino
acid sequence homology to the 120-kDa E. chaffeensis protein.

MATERIALS AND METHODS

Isolation of GE in cell culture. The GE agent (strain USG3) was isolated as
described previously (43). Briefly, blood from a dog experimentally infected by
adult Ixodes scapularis ticks collected from both Westchester County, N.Y., and
Montgomery County, Pa., was inoculated into a suspension culture of the human
promyelocytic cell line HL60 (ATCC CCL 240). The cells were cultured in RPMI
1640 medium supplemented with 20% heat-inactivated fetal bovine serum, 2 mM
L-glutamine, 1 mM sodium pyruvate, and 0.1 mM nonessential amino acids and
maintained at 37°C and 6% CO, in a humidified chamber. The fetal bovine
serum was reduced to 10% once the culture was established. Ehrlichial infection
was indicated by lysis of the HL60 cells. Cultures of USG3 (passages 7 to 21)
were grown for 5 days prior to GE purification.

Purification of GE. USG3 cultures at approximately 80% cell lysis (monitored
microscopically) were centrifuged at 840 X g for 15 min at 4°C to remove host
HLG60 cell debris. The supernatant was filtered through a Poretics (Livermore,
Calif.) 5-pm-pore-diameter polycarbonate membrane, 47 mm in diameter, fol-
lowed by a Poretics 3-wm-pore-diameter filter under negative pressure. The
USGS3 filtrate was centrifuged at 9460 X g in a Sorvall centrifuge for 30 min at
4°C. Following centrifugation, the GE pellet was resuspended in 5 ml of 25 mM
Tris (pH 8.0)-10 mM MgCl,—-0.9% NaCl. DNase I (Life Technologies, Gaith-
ersburg, Md.) was added to a final concentration of 9 ug per ml, and the solution
was incubated for 15 min at 37°C. Following incubation, the DNase was inacti-
vated by the addition of 0.5 ml of 0.5 M EDTA, and the GE was pelleted at
14,000 X g in a Sorvall centrifuge for 30 min at 4°C.

PCR amplification and cloning of GE 16S ribosomal DNA. Universal eubac-
terial primers for the 16S rRNA gene (41) were modified to include restriction
enzyme recognition sites as follows: forward primer, 5" CTGCAGGTTTGATC
CTGG 3’ (PstI site); reverse primer, 5" GGATCCTACCTTGTTACGACTT 3’
(BamHI site). These primers (0.5 wM) were added to a 100-pl reaction mixture
containing 1X PCR buffer II (Perkin-Elmer Corp.); 1.5 mM MgCl, (Perkin-
Elmer Corp.); 200 uM (each) dATP, dGTP, dCTP, and dTTP; 2.5 U of Amplitaq
DNA polymerase; and 20 wl of USG3 DNA. Amplification was performed under
the following conditions: 35 cycles at 94°C for 1 min, 53°C for 1 min, and 72°C for
2 min, followed by a 72°C incubation for 10 min. The amplified 1,500-bp frag-
ment was digested with PstI and BamHI and ligated to pUC19 linearized with the
same enzymes. The resulting clone, pUCHGEI16S, was sequenced as described
below.
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FIG. 1. Expression of GE proteins by Western blotting. (A) Purified USG3
disrupted in SDS (lane GE). (B) Individual recombinant clones containing the
genes coding for GE 100, GE 160, GE 130, and a negative control (NEG [no
insert]) were grown and incubated with IPTG to induce protein expression as
described in Materials and Methods. Samples of each were electrophoresed on
SDS-PAGE gels and transferred to nitrocellulose for Western blotting. Blots
were probed with convalescent-phase dog sera. Molecular mass markers (M) (in
kilodaltons) are shown to the left of each panel.

Construction of a GE genomic library. Genomic DNA was isolated from
purified GE with the QIAamp Genomic DNA kit (Qiagen, Chatsworth, Calif.)
for library preparation (Stratagene, La Jolla, Calif.). The DNA was mechanically
sheared to a 4- to 10-kb size range and ligated to EcoRI linkers. Linkered
fragments were ligated into the EcoRI site of Lambda Zap II, and the library was
amplified in Escherichia coli XL1-Blue MRF’ to a titer of 10'° PFU/ml.

Expression screening of the g ic library. Bacteriophage were plated with
XL1-Blue MRF’" and induced to express protein with 10 mM isopropyl-B-p-
thiogalactopyranoside (IPTG) (Sigma, St. Louis, Mo.). Proteins were transferred
to nitrocellulose filters, and the filters were washed with Tris-buffered saline
(TBS; 25 mM Tris HCI [pH 7.5], 0.5 M NaCl). Washed filters were blocked in
TBS containing 0.1% polyoxyethylene 20 cetyl ether (Brij 58) and incubated with
a 1:50 dilution of pooled sera (depleted of anti-E. coli antibodies) taken from
four dogs experimentally infected by exposure to field-collected adult I. scapu-
laris ticks (8). The filters were washed and incubated with rabbit anti-dog horse-
radish peroxidase-conjugated immunoglobulin (Ig) antibody, rewashed, and de-
veloped with 4-chloronaphthol. Positive plaques were isolated, replated, and
screened again. Plasmid DNA containing the putative recombinant clones was
obtained by plasmid rescue (Stratagene).

DNA seq ing and e analysis. DNA sequencing of recombinant
clones was performed by the primer walking method and with an ABI 373A
DNA sequencer (ACGT, Northbrook, Ill.; Lark Technologies, Houston, Tex.;
and Sequegen, Shrewsbury, Mass.). Sequences were analyzed by the MacVector
(Oxford Molecular Group) sequence analysis program, version 6.0. The BLAST
algorithm, D version 1.4 (19, 20), was used to search for homologous nucleic acid
and protein sequences available on the National Center for Biotechnology In-
formation (NCBI) server.

PCR analysis of USG3 and HL60 DNA. PCR primer sets were designed based
on the sequences of each of the three GE clones and are as follows: S2 (forward,
5'-GCGTCTCCAGAACCAG-3'; reverse, 5'-CCTATATAGCTTACCG-3'), S7
(forward, 5'-GATGTTGCTTCGGGTATGC-3'; reverse, 5'-CAGAGATTACT
TCTTTTTGCGG-3'), and S22 (forward, 5'-CACGCCTTCTTCTAC-3'; reverse,
5'-CTCTGTTGCTATAGGGGC-3"). Each 50-pl reaction mixture contained 0.5
wM each primer, 1X PCR Supermix (Life Technologies, Gaithersburg, Md.) and
either 100 ng of USG3 DNA, 100 ng of HL60 DNA, or 200 ng of plasmid DNA.
PCR amplification was performed under the following conditions: 94°C for 30 s,
55°C for 30 s, and 72°C for 1 min. After 30 cycles, a single 10-min extension at
72°C was done. PCR products were analyzed on 4% Nusieve 3:1 agarose gels
(FMC Bioproducts, Rockland, Me.).

Western blot analysis. Individual recombinant plasmid-containing cultures
were induced to express protein with 5 mM IPTG. Bacterial cells were pelleted
by centrifugation and resuspended in 5X Laemmli buffer (12% glycerol, 0.2 M
Tris-HCI [pH 6.8], 5% sodium dodecyl sulfate [SDS], 5% B-mercaptoethanol) at
200 wl per optical density unit of culture. Samples were boiled for 5 min, and 10
wl of each was analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) (for
dog sera) or NuPage (Novex, San Diego, Calif.) electrophoresis (for human
sera). Proteins were transferred to nitrocellulose filters, the filters were blocked
in TBS-Brij 58, and the blots were probed with either the pooled dog sera
referenced above or 1:1,000 dilutions of human sera. The sera used in this study
were two convalescent-phase serum samples from patients (no. 2 and 3 from New
York, kindly provided by M. Aguero-Rosenfeld) and one sample from an indi-
vidual in Wisconsin who was part of a seroprevalence study (no. 1, kindly
provided by J. Bakken). Blots were washed and incubated with biotin-labeled
goat anti-dog I1gG (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, Md.)
followed by peroxidase-labeled streptavidin (Kirkegaard & Perry Laboratories,
Inc.) or horseradish peroxidase-conjugated antihuman IgG (Bio-Rad, Hercules,
Calif.). After several additional washes, the dog serum blots were developed with
4-chloronaphthol (Bio-Rad), and the human serum blots were detected by en-
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hanced chemiluminescence (Pierce, Rockford, Ill.) and viewed by autoradiogra-
phy.

Nucleotide sequence accession number. The nucleotide sequences of the GE
genes described here have been assigned the following GenBank accession num-
bers: ank (GE 160), AF020521; rea (GE 130), AF020522; and gra (GE 100),
AF020523.

RESULTS

Cloning and sequencing of the USG3 16S rRNA gene.
Sources of GE used to generate a cell culture isolate have
included blood from either infected humans (13) or dogs (32,
43). To assess the relatedness of the USG3 isolate to other GE
isolates, including the HGE agent, the 16S rRNA gene was
amplified by PCR with universal eubacterial primers (41). A
1,500-bp DNA fragment was isolated and cloned into pUCI19
(see Materials and Methods), and the insert DNA was se-
quenced. The USG3 16S rRNA gene sequence was found to be
identical to the GenBank sequence of the HGE agent (acces-
sion no. U02521). The sequences of other 16S ribosomal DNA
PCR fragments generated with USG3 DNA as the template
were also identical to the HGE agent sequence (reference 43
and data not shown).

Isolation of recombinant clones identified with GE-positive
dog sera. Using pooled sera from adult I scapularis-chal-
lenged, GE-infected dogs, positive clones were identified and
purified as single plaques. pBluescript plasmids were rescued
according to the Stratagene protocol, and DNA was purified
with Qiagen plasmid purification kits. A number of restriction
digests were performed with each clone to assess their relat-
edness (data not shown). Based on these digests, restriction
maps were generated which showed that all of the clones
represented just three different GE genes. One clone from
each of the three gene groups (clones S2, S7, and S22) was
chosen for further analysis.

Analysis of proteins encoded by GE clones. Because recom-
binant clones were selected based on immunoreactivity, bac-
terial lysates of each clone were analyzed by SDS-PAGE and
Western blotting to identify the immunoreactive proteins. The
blots were probed with the same pooled canine sera used to
screen the library. Figure 1A shows the reactivity of the anti-
sera against purified USG3. Several immunodominant proteins
with sizes of 36, 43, and 45 kDa were observed, and other
less-immunoreactive proteins of various molecular masses are

Human Sera
&S S8
(G} \@ § N‘? OSSP ~ O N O
& &
FEEEE S&Esy S§&&E
191 - - -
B ’ .
64- . . ‘ = :
51- L - .
- - | B
39- - e s
28- .. * .
19-. ‘*.‘.*i“. i . -
Sera #1 Sera #2 Sera #3
(WI) (NY) (NY)

FIG. 2. Expression of GE proteins by Western blotting. Three different hu-
man serum samples were used to probe Western blots containing SDS-disrupted
USG3 (GE lanes), GE 160, GE 100, and GE 130. A pBluescript library clone
containing no insert was used as a negative control (NEG). The origin of the sera
is indicated at the bottom of each panel (WI, Wis.; NY, N.Y.). Molecular mass
markers (in kilodaltons) are shown to the left of each panel.
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TGTACCATCCCCAGTGACAGGTGAARACGCTGCGGTAGCTGCGTATARAGGGGGCAACACT
GAGGATGTTAAGACTATGTTACGCTGTAATAGCATGGACGTAGATGCTCGGTCACATGAT
M L R CN S MD VD AR S HD
GGTAGAACTATAATACATTACGCAGCAAAGGATGGAAATTTAGAGATATTGCAGCAGGCT
¢ R T I I HY AAUZ KDGIUNTULTETITLGQTOQ A
CTITGGAAGGAAGAGTAGTTATTCTAAGTTTCCTGTAAAGGATGGTGTTCCTACTCCAGGT
L 6 R K S5 S Y S KF P V KD GV P TP G
GTATATGCGATTCGTGAAGCAAGTGGTGGAAAAGTATCGCTACAAGCACTTGACATGTTA
VYA I REASGG K V S L QA LIDMTIL
ATGAGATATGAGCCTCACCCGCAGCATGTTGCTGTCGAGGCAGTAAGAACAGGTGCAGTA
M R Y E P # P Q HV AV EA AVI RTGA V
GGTGTATTGGAGCACCTTATTACCACTGAAGTGATTAGTGTAAATGAAGAAATTACAACT
G VvV L EH L I TTETVI S VY NETETITT
CCTGAAGGAAARAAGACAACTTTGACCGCTGAAGCACTAACTAGTGGTAAATATGGTGTA
P E G K X T TTILTA ATEA ATLT S G K Y G V
GTGAAGGCGTTAATTAAARAACAGTGCTGATGTAAATGCGTCTCCAGAACCAGCTATTACT
V KA L I KN S ADV NASUPETZPA ATIT
TTGGGTATACAAGGAAGGTGCTTTCAGGGGAGTAAAGCTATAAAGCATTTAAAGCGTGTT
L 66 I ¢Q G R CF Q G S KA I KHTUILIKTR RV
GTAGAAGCTGGGGCACATATAAARTACTCCTACCGGATCTATGAGCCCTTTAGCTGCTGCA
VEAGAUHTINTU®PTGS M S P L A A A
GTTCAAGCGGCAAATGAGGCAAGTAACCTTAAAGAGGCTAATAAGATTGTARATTTCCTT
V@ AANEASNTULI KTEA ANIZKTIVNTF L
TTACATAGGGGTGCAGATCTTTCGTCTACGGAACACACTGGAACTCCAGCCTTGCATTTA
L # R GADTILS S$ TEU EBETSGTUPATLHL
GCAACAGCTGCTGGCAACCATAGGACTGCTATGTTGCTCTTGGATAAAGGGGCTCCAGCA
A T A A G NUHIRTA AMTILTULTLTUDEKGA A P A
ACGCAGAGAGATGCTAGGGGTAGGACGGCTTTACATATAGCAGCTGCTAATGGTGACGGT
T @ R D ARGRTATLUHTIA AAA ANTGTD G
AAGCTATATAGGATGATTGCGARRARATGCCCAGATAGCTGTCAACCACTCTGTTCTGAT
X L ¥ RMIAZ KU KT CZPDSTCOQZPTLTC S D
ATGGGAGATACAGCGTTACATGAGGCTTTATATTC TGATAATGTTACAGAARAATGCTTT
M 6 D T AL HE ALY S DNUVTTEZEKTCF
TTAAAGATGCTTAAAGAGTCTCGARAGCATTTGTCAAACTCATCTTTTTTCGGAGACTTG
L KM L KZE S R K HUL S5 N S5 5 F F G D L
CTTAATACTCCTCAAGAAGCAARATGGTGACACGTTACTGCATCTGGCTGCATCGCGTGGT
L N TP Q EANGDTTULLHUILAM A S R G
TTCGGTAAAGCATGTAAAATACTACTAAAGGCTGGGGCGTCAGTATCAGTCGTGAATGTA
F G K A CXK I LUL XK AGA A S V S V V NV
GAGGGAAAAACACCGGTAGATGTTGCGGATCCATCATTGAAAACTCGTCCGTGGTTTTTT
E G X T P VDV ADUPSLI KT RUPTWTF F F
GGAAAGTCCGTTGTCACAATGATGGCTGARCGTGTTCAAGTTCCTGAAGGGGGATTCCCA
G K 8 VVTMMATEIRVYVYQVPEGGF P
CCATATCTGCCGCCTGAAAGTCCARCTCCTTCTTTAGGATCTATTTCAAGTTTTGAGAGT
P Y L P PE S P TP S5 L G 5 I § S F E S
GTCTCTGCGCTATCATCCTTGGGTAGTGGCCTAGATACTGCAGGAGCTGAGGAGTC TATC
v s AL s s L 6 S G LD TA AGA ATETE S I
TACGAAGAAATTAAGGATACAGCAAAAGGTACAACGGAAGTTGAAAGCACATATACAACT
¥ EE I KD TAIKGTTEVYVE ST Y TT
GTAGGAGCTGAGGAGTCTATCTACGAAGAAATTAAGGATACAGCAAAAGGTACAACGGAA
VGAEE S I Y EETIZ KDTA ATZ KTGTTE
GTTGAAAGCACATATACAACTGTAGGAGCTGAAGGTCCGAGAACACCAGAAGGTGAAGAT
VESTYTTVGAZEGU?PI RTU®PEGE D
CTGTATGCTACTGTGGGAGCTGCAATTACTTCCGAGGCGCARGCATCAGATGCGGCGTCA
L ¥ ATV G6GAATITS S EAGQASTDA AR A S
TCTAAGGGAGAAAGGCCGGAATCCATTTATGCTGATCCATTTGATATAGTGAAACCTAGG
5 K 6 E R P E S I Y ADUPVFDTIV K P R
CAGGAAAGGCCTGAATCTATCTATGCTGACCCATTTGCTGCGGARCGAACATCTTCTGGA
Q E R P E 5 I Y ADUZPTFA AR ATER RT S § G
GTAACGACATTTGGCCCTAAGGARGAGCCGATTTATGCAACAGTGAAAAAGGGTCCTAAG
v T TV F G P KEEUPTI YA ATV KIKG P K
AAGAGTGATACTTCTCAAAARAGARGGAACAGCTTCTGAAAAAGTC TGCTCAACAATAACT
K s DTS5 Q X E G TASEZ KV CcCs T I T
GTGATTAAGAAGAAAGTGARACCTCAGGTTCCAGCTAGGACAAGTAGTTTGCCTACTAAA
vV I K K XKV K P QQV?PARTS S L P T K
GAAGGTATAGGTTCTGATAAAGACCTGAGTTCAGGAACTAGTAGCTCTTTTGCAGCTGAG
E G I G S D KDUL S5 S G T S S 5 F A A E
CTGCAAGCACAAAGGGGTARATTGCGTCCTGTGARAGGGAGGTGCTCCGGATTC TACCARA
L ¢ AQ R G KL RP V K GG A PUD S5 T K
GACAAAACAGCTACTTCTATATTCTCCAGTAAAGAGTTCAARAAGGAACTAACARAAGCT
D K TAT S5 I F S s KEVF KX KZETILT K A
GCCGAAGGATTACAGGGAGCAGTTGAAGAAGCTCAGAAGGGTGATGGAGGAGCTGCAAAG
A E G L G AV EEA Q K G D G G A A K
GCAAAGCAAGATCTTGGCATGGAATCTGGTGCCCCAGGATCTCAACCAGAAGCTCCTCAAR
A K QDL GME S G AP G S Q P E AP Q
AGTGAAGGCCCTAAGTCTGTAAAAGGAGGTCGCGGTAGGTAGAATTATACCGAAAAATCG
s E G P K $§ V K G G R G R
CTGAGGTACT

FIG. 3. Sequence of the 160-kDa protein gene. Nucleotide numbers are
indicated to the left. The ATG start codon and TAA stop codon are shown in
boldface type. The translated amino acid sequence for the open reading frame is
displayed underneath the DNA sequence according to the single-letter amino
acid code. Upstream regulatory sequences are underlined and represent the
—35, —10, and ribosome binding sites.

shown. Figure 1B shows the Western blot of the library clones,
S2, S7, and S22. A single high-molecular-mass protein (indi-
cated by arrows) was detected by the sera for each isolated
clone. These proteins were not expressed in the absence of

INFECT. IMMUN.

IPTG induction and were not detected with preimmune dog
sera (data not shown). The approximate molecular masses of
each protein are as follows: 160 (S2), 100 (S7), and 130 (S22)
kDa. These proteins are not the major immunodominant an-
tigens of the purified cell culture isolate USG3, two of which
migrate at about 43 to 45 kDa (Fig. 1A), but they could be
present among the higher-molecular-mass immunoreactive
proteins.

The three GE proteins were also analyzed by Western blot-
ting for their reactivity with human sera. Figure 2 shows three
different human serum samples tested against purified USG3
antigen and the three GE recombinant proteins. Each serum
sample reacted strongly with one of the three GE proteins: no.
1 with GE 160 and less strongly with GE 130, no. 2 with GE
100, and no. 3 with GE 130. All three serum samples reacted
with several proteins in the purified USG3 lanes (GE lanes). A
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ATCGTGTAGCACTTAAACAAATGCTGGTGAACGTAGAGGGATTAAAGGAGGATTTGCGTA
TATGTATGGTATAGATATAGAGCTAAGTGATTACAGAATTGGTAGTGAARACCATTTCCAG
M ¥ 6 I DI EUL S$SDJYURTIGSETTI S S
TGGAGATGATGGCTACTACGAAGGATGTGCTTGTGACAAAGATGCCAGCACTAATGCGTA
G b DG Y Y E G CAGCUDX KD AGSTN A Y
CTCGTATGACAAGTGTAGGGTAGTACGGGGAACGTGCAGACCGAGCCAACTGGTTTTATA
5 Y DK CRV VI RGTWRUP S E L V L Y
TGTTGGTGATGAGCATGTGGCATGTAGAGATGTTGCTTCGGGTATGCATCATGGTAATTT
VvV GDEHV A CRDV A S G MHUHEGN L
GCCAGGGAAGGTGTATTTTATAGAGGCAGAAGCGGGCAGAGCTGCTACTGCTGAAGGTGG
P G K VY F I EAEAGIRAATA ATEG G
TGTTTATACTACCGTTGTGGAGGCATTATCGCTGGTGCAAGAGGAAGAGGGTACAGGTAT
vy T TV VvV EAULSILV QEZEZEGT G M
GTACTTGATAAACGCACCAGAAAAAGCGGTCGTAAGGTTTTTCAAGATAGAAAAGAGTGC
Y L I N AP E KAV VRUFTFIKTIEZK S A
AGCAGAGGAACCTCARACAGTAGATCCTAGTGTAGTTGAGTCAGCAACAGGGTCGGGTGT
A EE P QT VDP SV VESATG S'G V
AGATACGCAAGAAGAACAAGAAATAGATCAAGAAGCACCAGCAATTGAAGAAGTTGAGAC
b T Q EE ¢ E I DQEAZPA ATIETEVET
AGAAGAGCAAGAAGTTATTCTGGAAGAAGGTACTTTGATAGATCTTGAGCAACCTGTAGC
E E ¢ E VI L EEGTTULTIDIL E Q P V A
GCAAGTACCTGTAGTAGCTGAAGCAGAATTACCTGGTGTTGAAGCTGCAGAAGCGATTGT
Q VP V VA EAZETLZPGV EA AW ATEATIV
ACCATCACTAGAAGAARATAAGCTTCAAGAAGTGGTAGTTGCTCCAGAAGCGCAACAACT
P S L EE N KL Q E V V V A P E A Q Q L
AGAATCAGCTCCTGAAGTTTCTGCGCCAGCACAACCTGAGTC TACAGTTCTTGGTGTTGC
E s AP EV S A PACQPE STV L G V A
TGAAGGTGATCTAAAGTCTGAAGTATCTGTAGAAGCTAATGCTGATGTACCGCAAAAAGA
E G DL K S E V S VEANA ATDV P Q K E
AGTAATCTCTGGTCAACAAGAGCAAGAAATTGCAGAAGCACTAGAGGGAACTGAAGCTCC
vI s G QQE Q EI AEA ATLTETGTE A P
TGTAGAAGTAAAAGAAGAAACAGAAGTTCTTCTAAAGGAAGATACTTTGATAGATCTTGA
VvV EV K EETE VL L KEUDTUL I D L E
GCAACCTGTAGCACAAGTACCTGTAGTAGCTGAAGCAGAATTACCTGGTGTTGAAGCTGC
Q P VA Q V P V V A EAZEULZP GV E A A
AGAAGCGATTGTACCATCACTAGARGAAAATAAGCTTCAAGAAGTGGTAGTTGCTCCAGA
EA I VP 5L EENZ KT LUOQEUV V V A P E
AGCGCAACAACTAGAATCAGCTCCTGAAGTTTCTGCGCCAGCACAACCTGAGTCTACAGT
A Q O L E S AP EV S AP AQ P E S T V
TCTTGGTGTTACTGAAGGTGATCTGAAGTCTGAAGTATCTGTAGAAGCTGATGCTGGTAT
L 6V T EGDTIL K S E V S V EADW AG M
GCAGCAAGAAGCAGGAATCTCTGATCAAGAGACACAAGCAACTGAAGAAGTTGARAAGGT
Q 0 E A G I S D QE T QA ATETEVE K V
TGAAGTATCTGTAGAAACAAAAACGGAAGAGCCAGAAGTTATTCTAGAAGAAGGTACTTT
E VvV s v ET K T EEVPEV I L EE G T L
GATAGATCTTGAGCAACCTGTAGCGCAAGTACCTGTAGTAGCTGAAGCAGAATTACCTGG
I b L E Q&P VACQV PV V AEATETLTUP G
TGTTGAAGCTGCAGAAGCGATTGTACCATCACTAGAAGAAAATAAGCTTCAAGAAGTGGT
VvV EA A EA I VP S LEENIZ KTLOQE V V
AGTTGCTCCAGAAGCGCAACAACTAGAATCAGCTCCTGAAGTTTICTGCGCCAGTACAACC
vV AP E A Q QL E S APEV S APV QP
TGAGTCTACAGTTCTTGGTGTTACTGAAGGTGATCTGAAGTCTGAAGTATCTGTAGAAGC
E s TV L GV TE G D LXK S E V s V E A
TGATGCTGGTATGCAGCAAGAAGCAGGAATCTCTGATCAAGAGACACAAGCAACTGAAGA
D AGMOQQEAG I s D QET QAT E E
AGTTGAGAAGGTTGAAGTATCTGTAGAAGCTGATGCTGGTATGCAGCAAGAGTTAGTAGA
VvV E K V E V s V EA DAGMOQ Q E L V D
TGTTCCGACTGCTTTGCCGTTAARGGATCCTGACGATGAAGATGTTCTAAGTTATTAGGA
v P T A L P L KD P DDETDV L S Y
TATCTTTCTCGTGAAAAGTATGGGGAAGGT

FIG. 4. Sequence of the 100-kDa protein gene. Nucleotide numbers are
indicated to the left. The ATG start codon and TAA stop codon are shown in
boldface type. The translated amino acid sequence for the open reading frame is
displayed underneath the DNA sequence according to the single-letter amino
acid code. A possible ribosome binding site is underlined.
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1 TCGACGCAGGCGGATTTTGTACTATGT TTCACTTAACAAGGTATTATAAATGTTTGAACA
M F E H
61 CAATATTCCTGATACATACACAGGAACAACTGCAGAAGGTTCTCCTGGCTTAGCAGGCGG
N I P DT YT G TTAZEG S P G L A G G
121 GGATTTTAGCTTAAGTTCTATTGACTTTACAAGGGACTTTACAATTGAATCACATAGAGG
D F s L 8 5 I D F TRUDU FTTIESHTRG
181 AAGCTCAGCTGATGACCCAGGTTACATCAGCTTTAGGGATCAAGACGGAAACGTCATGTC
S 5 A DDUPG Y I S F RD QDG NV M s
241 ACGTTTTCTTGATGTGTACGTAGCTAATTTCAGCTTGCGATGCAAGCATTCTCCCTATAA
R F L DV YV ANU FSULRUCI KU HSUP YN
301 CAACGACAGAATGGAAACAGCTGCGTTCTCTCTAACTCCCGACATAATAGAGCCTTCTGC
N DRMETAA ATF s L T©P DI I E P S A
361 TTTATTGCAAGAATCACATAGTACACAAAACAATGTAGAAGAGGCAGTACAAGTTACAGC
L L ¢ E S H S T Q N NV EE AV Q0 V T a
421 TCTTGAGTGCCCTCCATGTAATCCAGTCCCTGCCGAGGAAGTAGCTCCTCAACCGTCTTT
L ECP P CNUPVPAEEVAUZPIQZP S F
481 TCTAAGCAGAATAATTCAGGCGTTCTTGTGGTTATTCACGCCTTCTTCTACTACCGACAC
L s R I I QA F L WUILF TP S S TTDT
541 TGCTGAAGACAGCAAGTGTAATAGTAGCGATACTTCAAAATGTACCTCTGCTAGCAGTGA
A E D S K CN S 8 DT S K CT S & S S E
601 GTCATTAGAGCAGCAACAAGAATCAGTGGAAGTGCAACCATCTGTACTTATGTCTACTGC
s L E QO Q QE 5 VEV QP sSs V L M S T A
661 CCCTATAGCAACAGAGCCTCAAAATGCGGTTGTTAACCAAGTAAACACTACTGCAGTACA
P I A TEU?P QDN AV V N Q V NTT AV Q
721 AGTAGAATCATCCATTATTGTGCCAGAATCGCAACACACTGACGTTACCGTGCTCGAAGA
v ES s I 1 VP E S QHTDV TV L E D
781 TACTACTGAGACGATAACTGTTGATGGGGAATATGGACATTTTAGTGACATTGCTTCAGG
T T & T I T VvV D G E Y G HF s D I A § G
841 TGAACACAATAACGATCTGCCTGCCATGTTGTTAGATGAAGCAGACTTCACTATGTTATT
E HNND L P AM L L DEAUDV FTMTILL
901 AGCGAACGAGGAGTCAAAGACCCTGGAGTCTATGCCTTCTGATAGCCTAGAAGACAATGT
A N EE S K T L E S MP s D S L E D N V
961 TCAGGAACTAGGTACATTGCCTTTACAAGAAGGTGARACAGTTTCTGAGGGCAACACACG
Q EL 66T LPULOZEGETV S EGN T R
1021 AGAGTCACTACCCACTGACGTTTCACAAGACTCAGTTGGTGTAAGTACAGATCTTGAAGT
E S L P T DV S Q D s V 6V 8 T DL E A
1081 TCATTCTCAAGAAGT TGAAACAGTTTCTGAGGTCAGCACACAAGATTCACTATCCACTAA
H s ¢ E V ETV SsS EV S T QD $ L S T N
1141 CATTTCACAAGACTCAGTTGGTGTAAGTACAGATCTTGAAGCTCATTCTAAAGGAGTTGA
I s ¢ bs V ¢V 35 T DULEM AUH S K G V E
1201 AATAGTTTCTGAGGGCGGCACACAAGATTCACTATCCGCTGATTTTCCAATARACACAGT
I vs E G G T QD s L S A DV F &P I NT V
1261 TGAAAGTGAAAGTACAGATCTTGAAGCTCATTCTCAAGAAGT TGARACTGTTTCTGAATT
E S E S T DL EAUH S QEV ETV S5 E F
1321 CACACAAGATTCACTATCCACTAACATTTCACAAGACTCAGTTGGTGTAAGTACAGATCT
T ¢ D S$ L s T NI S Q D S V GV S T D L
1381 TGAAGITCATTCTCAAGAAGTTGAAATAGTTTCTGAGGGCGGCACACAAGATTCACTATC
E VH S Q EV EI VS EGGT QD sSs L s
1441 CACTAACATTTCACAAGACTCAGTTGGTGTAAGTACAGATCTTGAAGCTCATTCTCAAGA
T N I s Q b § V GV s T DL EAUH S QE
1501 AGTTGAAACTGTTTCTGAATTCACACAAGATTCACTATCCACTAACATTTCACAAGACTC
vV ET VvV s EF T QD S L 5 TNT S 0 D s
1561 AGTTGGTGTAAGTACAGATCTTGAAGTTCATTCTCAAGARGTTGARATAGTTTCTGAGGG
v ¢ VvV s T Db ULEV H S QE V E I V s E G
1621 CGGCACACAAGATTCACTATCCACTAACATTTCACAAGACTCAGTTGGTGTAAGTACAGA
¢ T ¢ Db s L s T NI s O D S V G V s T D
1681 TCTTGAAGCTCATTCTARAGGAGTTGAAATAGTTTCTGAGGGCGGCACACAAGATTCACT
L EA H S K GV E I V5 E G GG T O D s L
1741 ATCCGCTGATTTTCCAATAAACACAGTTGAAAGTGAAAGTACAGATCTTGAAGCTCATTC
s A pF P I NTVESESTD L E A H S
1801 CCCAGAAGGTGAAATAGTTTCTGAGGTCAGCACACAAGATGCGCCATCCACTGGAGTAGA
P E G E I VS EV 35 T 0D AP S T G V E
1861 GATCAGATTTATGGATCGTGATTCTGATGATGACGTGCTCGCGTTGTGAAGTGATCATGG

I R FMDURUDS D DDV L AL

1921 TAGGGGAAA

FIG. 5. Sequence of the 130-kDa protein gene. Nucleotide numbers are
indicated to the left. The ATG start codon and TAA stop codon are shown in
boldface type. The translated amino acid sequence for the open reading frame is
displayed underneath the DNA sequence according to the single-letter amino
acid code. A possible ribosome binding site is underlined.

serum sample from a Rhode Island HGE patient recognized
two of the three GE proteins, and other HGE patient sera
tested also recognized one or two of the proteins (data not
shown). None of the samples we have tested to date react
strongly with all three recombinant GE proteins. Negative con-
trol human sera did not react with the GE proteins on Western
blots (data not shown).

It is interesting to note that these human sera do not strongly
recognize proteins with sizes of 100, 130, and 160 kDa with
USG3 lysates as the antigen source. This may be due to un-
derrepresentation of these proteins in the purified cell culture
antigen, either because they are secreted or because they are
expressed only after infection of a host species.

GRANULOCYTIC EHRLICHIA PROTEINS 1359

DNA sequencing and database analysis of recombinant
clones. The inserts from each of the recombinant plasmids S2,
S7, and S22 were completely sequenced by the primer walking
method. Sequence analysis (MacVector 6.0; Oxford Molecular
Group) showed that each clone contained a single large open
reading frame encoded by the plus strand of the insert and that
each one appeared to be a complete gene. The portions of the
DNA sequence containing the open reading frame and corre-
sponding amino acid sequence of each of the clones are shown
as follows: Fig. 3, S2, GE 160; Fig. 4, S7, GE 100; and Fig. 5,
S22, GE 130. A possible ribosome binding site sequence up-
stream from the initiating ATG codon is underlined in each
figure.

The numbers of nucleotides sequenced upstream of each
reading frame were 1,500 bp for the S2 insert, 500 bp for the
S22 insert, and 200 bp for the S7 insert. These sequences were
examined for likely ehrlichial promoter sequences based on
homology to the E. coli —35 and —10 consensus sequences
(16). Of the three clones, S2 had the closest homology to the E.
coli promoter sequences, and these are underlined in Fig. 3. A
number of possible promoter sequences were found for the
S22 and S7 genes, but in the absence of direct experimental
evidence, it is difficult to determine which sequence elements
are necessary for promoter function. Protein expression in all
three clones was IPTG dependent, and thus it is likely that the
vector lacZ promoter is used for transcription of the Ehrlichia
RNA in E. coli.

Amino acid sequence analysis of the proteins encoded by the
three gene clones showed that all contain regions of repeated
amino acids. A schematic version of these repeat structures is
shown in Fig. 6 and 7. The 160-kDa protein (Fig. 6) has three
groups of repeats. The first set consists of a number of ankyrin-
like repeat units of 33 amino acids, the second consists of
repeat units of 27 amino acids, and the third consists of repeat
units of 11 amino acids. The ankyrin repeats were revealed by
a BLAST database search for protein homologies. Ankyrin
repeats occur in at least four consecutive copies and are
present in yeast, plants, bacteria, and mammals (5, 6). Figure 6
shows a multiple alignment of the 160-kDa protein ankyrin
repeats under a consensus sequence derived from the analysis

160 kDa Protein

W e ez 00

Amino acid 100 200 300 400 500 600 700

Il Ankyrin-like repeat units (1-8)
) 27 amino acid repeats

O 11 amino acid repeats

160 kDa protein ankyrin repeats

Consensus: t S/TPLH Ah tt thht LL¢t t t

Repeat 1 DGRTIIHYAAKDGNLEILQQALGREKSSYSKFPV
2 KKTTLTAEALTSGKYGVVKALIKNSADVNASTPE
3 AVQAANEASNLKEANKIVNFLLHRGADLSSTEH
4 TGTPALHLATAAGNHRTAMLLLDEKGAPATOQRDA
5 RGRTALHIAAANGDGEKELYRMIAKKCPDSCQPLC
6 MGDTALHEALYSDNVTEKCFLEKMLEKESRKRLS SN
7 NGDTLLHLAASRGFGKACKILLKAGASVSVVNY
8 EGKTPVDVADPSLEKTRPWFFGKSVVTMMAERVQ

FIG. 6. Schematic diagram of the GE 160-kDa protein. Repeat regions are
indicated by the boxes. Sequences of proposed ankyrin repeats, numbered 1 to 8,
are aligned according to the consensus sequence at the top (6). h, hydrophobic;
t, turn-like or polar; S/T, serine or threonine; capital letters, conserved amino
acids.
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Amino acid 100 200 300 400 500 600 p
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_— —_— _‘ — [
E. chaffeensis 120 . — T ! — I —
Amino acid 100 200 300 400 500 Repeats
— -_— A — = EZ —-—
B-1 C1 B2 Ct B3 Cl1 B3 Cl1 B3
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GE 100 I
Repeats
Amino acid 100 200 300 400 500

FIG. 7. Amino acid sequence alignments of selected regions of GE 130-kDa and E. chaffeensis 120-kDa proteins (A) and GE 100-kDa and E. chaffeensis 120-kDa
proteins (B). Each protein is shown as a linear amino acid sequence, and amino acids are numbered in hundreds. Boxed regions on the linear sequence represent
repeated amino acids. (A) Amino acid alignments of a sequence which occurs four times in the E. chaffeensis protein (45) (top line of alignment, A-1) and eight times
in the GE 130-kDa protein (a-1 to a-4). Sequence a-1 is repeated three times, related sequences a-2 and a-3 are each repeated twice, and related sequence a-4 is found
once. The positions of these sequences in the proteins are indicated by the small bold lines. (B) Alignments of two different sequence motifs which occur in the E.
chaffeensis 120-kDa protein (B-1 to B-3 and C-1) and the GE 100-kDa protein (b-1 and c-1). Bold and cross-hatched boxes indicate the positions of these sequences
in the proteins. Identical amino acids are surrounded by boxes, and conserved amino acids are in capital letters.

of several hundred similar ankyrin-like motifs (6). The eighth
repeat sequence holds to the consensus only through the first
half of the repeat unit and may not represent a full ankyrin-like
repeat.

The 130-kDa protein (Fig. 7) has a repeat unit of 26 to 34
amino acids which occurs eight times in the carboxy-terminal
half of the protein. The sequence varies somewhat from repeat
to repeat. A database homology search with the NCBI BLAST
algorithm revealed that the 130-kDa protein has limited ho-
mology to the E. chaffeensis 120-kDa protein (45). An amino
acid sequence alignment of a motif common to both proteins is
shown in Fig. 7A. This motif is represented by a bold line and
occurs four times in an identical fashion in the E. chaffeensis
protein (designated A-1) and eight times with four variations
in the GE 130-kDa protein (a-1, a-2, a-3, and a-4).

The 100-kDa protein (Fig. 7) has three large repeat units,
which differ somewhat in length. A database search revealed
that it is similar to the 120-kDa E. chaffeensis protein, which
contains four repeats of 80 amino acids each (45). Both pro-
teins contain large amounts of glutamic acid: 18% for the
100-kDa protein and 17% for the 120-kDa protein. When the
two protein sequences are aligned, most of the homology oc-
curs in the repeat regions. Figure 7B shows alignments for two
homologous groups of amino acid motifs from the two proteins

(designated B/b and C/c) found with the BLAST algorithm.
These are not the only possible alignments of the two proteins
but do provide an example of their similarities. The locations
of the homologous sequences are indicated by bold or hatched
lines above (GE 100) or below (E. chaffeensis 120) the respec-
tive proteins. The B sequence represented by the bold line
varies slightly in the E. chaffeensis protein (shown as B-1, B-2,
and B-3) and occurs a total of five times. The GE 100 protein
equivalent, b-1, is invariant and occurs three times. The se-
quence represented by the hatched line occurs four times in E.
chaffeensis 120 (C-1) and two times in GE 100 (c-1).

All of the GE proteins migrated at higher apparent molec-
ular masses under reducing conditions than calculations would
predict. The GE 160 protein consists of 748 amino acids with
a calculated molecular mass of 78.8 kDa. The GE 100 protein
has 578 amino acids, and its calculated molecular mass is 61.4
kDa. The GE 130 protein contains 619 amino acids and has a
calculated molecular mass of 66.1 kDa.

Verification that clones are GE derived with PCR analysis.
Based on the DNA sequences of each clone, PCR primers
were designed to amplify specific regions of each open reading
frame (see Materials and Methods). Primer pairs specific for
S22, S2, and S7 were used in separate PCRs to amplify three
different templates: GE DNA (from USG3), HL60 DNA, or
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FIG. 8. PCR analysis of GE genes. PCRs were performed as described in
Materials and Methods, and the products were analyzed with 4% Nusieve gels.
S2 primers were used to amplify a 395-bp region of S2 DNA with HL60 DNA
(lane 2), S2 plasmid DNA (lane 3), and USG3 DNA (lane 4) used as templates.
S7 primers were used to amplify a 643-bp region of S7 DNA with HL60 DNA
(lane 5), S7 plasmid DNA (lane 6), and USG3 DNA (lane 7) used as templates.
S22 primers were used to amplify a 159-bp region of S22 DNA with HL60 DNA
(lane 8), S22 plasmid DNA (lane 9), and USG3 DNA (lane 10) used as tem-
plates. DNA molecular size markers (M) (50 to 1,000 bp [FMC, Rockland,
Maine]) are present in lane 1.

the purified plasmid DNA of each clone. Figure 8 shows the
results obtained for primers of S2 (lanes 2 to 4), S7 (lanes 5 to
7), and S22 (lanes 8 to 10). All three clones were specific to GE
and were not present in HL60 DNA (lanes 2, 5, and 8). In each
case, the size of the PCR product determined with genomic
DNA as the template was the same as that generated by the
purified plasmid DNA.

DISCUSSION

Ehrlichiae which have a tropism for peripheral blood gran-
ulocytes and are closely related based on the sequence of the
16S rRNA gene have been classified as either E. phagocyto-
phila, E. equi, or the agent of HGE, depending on the species
and geographical location of the infected host. E. phagocyto-
phila is responsible for a tick-borne fever of cattle, sheep, and
goats and occurs primarily in Europe (10, 33), and E. equi is
found in horses in North and South America (14, 26). The
agent of HGE has been identified as the organism responsible
for disease in patients in the upper midwestern and northeast-
ern United States (3, 7). However, classification of GE has
been difficult because of a lack of genetic information.

The GE isolate we describe here is indistinguishable from
the HGE agent based on the sequence of the 16S rRNA gene.
We also describe three previously unidentified proteins of GE,
the 160-, 130-, and 100-kDa proteins. Aside from the 16S
rRNA gene and the relatively conserved groEL homolog (22),
the genes coding for these proteins are the first sequenced
genes reported for this organism. Using PCR primers based on
the sequences of the three genes, we have confirmed that the
genes are specific for GE and that they are not derived from
the HL60 cell line used to culture the organism. Preliminary
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results also show that these genes are present in other mem-
bers of the GE genogroup, including E. phagocytophila (31a).

The three GE proteins described in this study exhibit several
interesting features. All three of the proteins contain repeated
regions of amino acids. In the 100-kDa protein, the repeats
comprise the majority of the protein, with the exception of the
amino terminus. The direct repeats in both the 160- and 130-
kDa proteins occur in the carboxyl half of the molecules. Var-
ious biological functions have been demonstrated or impli-
cated for repeat regions found in other proteins. These include
antigenic variation (17, 31) and ligand interaction (11, 42),
both of which are thought to occur in several species of patho-
genic bacteria (42). In several proteins of the malaria parasite
Plasmodium falciparum, repeated regions are often the major
targets for the host antibody response (21). Proteins with sev-
eral repeated domains are also often found associated with the
cell surface (12, 42). In addition to the direct repeats, the
160-kDa protein contains seven to eight ankyrin-like repeats.
These domains have been found in over 90 different proteins
from nearly all phyla, including both E. coli and humans (6).
They are present in functionally diverse proteins, such as en-
zymes, toxins, and transcription factors, and are thought to
play a role in protein-protein interactions (5). Human eryth-
rocyte ankyrin contains 22 repeats, some of which may be
involved in binding tubulin, spectrin, or vimentin. The repeats
could thus enable the protein to act like a bridge between
cytoskeleton and membrane components (23). The myriad
functions ascribed to proteins containing repeated regions may
imply that the GE proteins described here will be found to
have roles in host cell binding, antigenic variation, or some
other cell surface function.

The presence of repeated regions in the 100-, 130-, and
160-kDa proteins may in part explain the differences between
the expected molecular masses and the observed molecular
masses on SDS-PAGE, which are much higher. This phenom-
enon has been reported for other proteins containing repeated
regions, including rickettsial proteins (1, 36), malaria antigens
(21), the fibronectin-binding protein from Staphylococcus au-
reus (18, 37), and the E. chaffeensis 120-kDa protein (45). The
difference between calculated and observed molecular mass
varies from 10 to 30% for the malaria antigens to almost 100%
for the S. aureus and E. chaffeensis proteins. Investigators have
speculated that high percentages of certain amino acids in
these proteins or posttranslational modifications may contrib-
ute to the aberrant migration in an SDS-polyacrylamide gel
system (18, 37, 45).

A search of the major protein and nucleotide databases with
the NCBI BLAST algorithm did not reveal any significant
similarities of the GE proteins to any known proteins, other
than the ankyrin repeats of the 160-kDa protein and the ho-
mology between the 100-kDa protein or 130-kDa protein and
the 120-kDa protein of E. chaffeensis. The function of the E.
chaffeensis 120-kDa protein is not known, but the hydrophilic
nature of its repeat domain suggests that it may be located on
the surface of E. chaffeensis (45). The GE 100-kDa protein is
also hydrophilic in the repeat region (data not shown) and may
also be surface associated. Although both the 100- and 130-
kDa proteins have some homology to the E. chaffeensis 120-
kDa protein, they are not homologous to one another. It is
possible that whatever the function(s) of the 120-kDa protein
is for E. chaffeensis, similar functions may be carried out in GE
through the proteins GE 100 and GE 130.

It is unclear whether the three GE proteins described in this
report may be useful as potential diagnostic reagents or vac-
cine candidates. Although they are not well represented in the
purified-culture-grown organism, either because they are se-
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creted into the culture medium or their expression is tied more
closely to natural infection, they are clearly important immu-
nologically. All three react with convalescent-phase sera from
dogs, sheep (data not shown), and humans diagnosed with
HGE. The E. chaffeensis 120-kDa protein, the counterpart of
the 100-kDa GE protein, has shown sensitivity and specificity
as a diagnostic reagent with a panel of E. chaffeensis patient
sera (44). However, Western blots with convalescent-phase
sera from HGE patients do not show a consistent response to
the GE 100-kDa protein. It is not known whether there is any
immunologic cross-reactivity between the GE 100-kDa protein
and the E. chaffeensis 120-kDa protein or whether the two
could be used to distinguish monocytic from granulocytic ehr-
lichiosis. Some human antisera have been reported to react
with both E. chaffeensis and HGE antigens, but it is not known
whether this represents cross-reactive epitopes or separate ex-
posures to the two ehrlichial agents (30, 32).

In summary, the expression library approach for the isola-
tion and characterization of GE proteins has resulted in the
discovery of three previously unidentified genes which express
high-molecular-weight, immunoreactive proteins. Further
study of these proteins will aid in the classification of the
members of the GE genogroup as corresponding genes are
sequenced and compared and will be important in elucidating
the role of these proteins in immunity and pathogenesis.
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