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Anaplasma phagocytophilum is the etiologic agent of human granulocytic anaplasmosis (HGA), one of the
major tick-borne zoonoses in the United States. The surface of 4. phagocytophilum plays a crucial role in
subverting the hostile host cell environment. However, except for the P44/Msp2 outer membrane protein
family, the surface components of A. phagocytophilum are largely unknown. To identify the major surface
proteins of A. phagocytophilum, a membrane-impermeable, cleavable biotin reagent, sulfosuccinimidyl-2-
[biotinamido]ethyl-1,3-dithiopropionate (Sulfo-NHS-SS-Biotin), was used to label intact bacteria. The
biotinylated bacterial surface proteins were isolated by streptavidin agarose affinity purification and then
separated by electrophoresis, followed by capillary liquid chromatography-nanospray tandem mass spec-
trometry analysis. Among the major proteins captured by affinity purification were five 4. phagocytophilum
proteins, Omp85, hypothetical proteins APH_0404 (designated Asp62) and APH_0405 (designated Asp55),
P44 family proteins, and Omp-1A. The surface exposure of Asp62 and Asp55 was verified by immunoflu-
orescence microscopy. Recombinant Asp62 and Asp55 proteins were recognized by an HGA patient serum.
Anti-Asp62 and anti-Asp55 peptide sera partially neutralized A. phagocytophilum infection of HL-60 cells
in vitro. We found that the Asp62 and AspS55 genes were cotranscribed and conserved among members of
the family Anaplasmataceae. With the exception of P44-18, all of the proteins were newly revealed major
surface-exposed proteins whose study should facilitate understanding the interaction between 4. phago-
cytophilum and the host. These proteins may serve as targets for development of chemotherapy, diagnos-

tics, and vaccines.

Human granulocytic anaplasmosis (HGA) (formerly human
granulocytic ehrlichiosis) has been recognized as a zoonotic
disease of public health importance and has become one of the
most common tick-borne zoonoses in the United States and
Europe (1, 13, 47). HGA is an acutely febrile systemic illness
accompanied by hematologic and liver enzyme abnormalities.
It can cause severe and potentially fatal illness, especially in
immunocompromised and elderly people (15). The etiologic
agent of HGA, Anaplasma phagocytophilum, is a gram-nega-
tive, obligate intracellular bacterium, which initially was known
as an organism having tropism for granulocytes (9, 22); it more
recently has been shown to infect endothelial cells as well (39).

The surface of A. phagocytophilum provides an important
interface for A. phagocytophilum-host interactions, including
adherence to and internalization of host cells (45, 58), inhibi-
tion of neutrophil apoptosis (6, 18, 20, 60), inhibition of reac-
tive oxygen species production (38), scavenging of exogenous
superoxide (M. Herron and J. Goodman, Abstr. Am. Soc.
Rickettsiol.-Bartonella Emerg. Pathog. Group 2001 Joint
Conf., abstr. 50, 2001) (8), exhibition of antigenic variation to
avoid the host immune response (32, 36, 59, 62), mediation of
neutralization of infection (27, 58), sensing of the bacterial
environment, and exchange of nutrients and metabolites with
the host cytoplasm (24). A. phagocytophilum has lost all genes
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required for the biosynthesis of lipopolysaccharide and most
genes required for the biosynthesis of peptidoglycan (30, 48).
What’s more, there is no pilus or capsule on the surface of
organisms in the family Anaplasmataceae (49), suggesting that
outer membrane proteins play a crucial role in bacterial inter-
actions with host cells. A. phagocytophilum outer membrane
proteins have become the central focus as potential drug tar-
gets and as candidates for differential diagnostic antigens and
novel vaccines. A series of A. phagocytophilum proteins have
been shown to be immunoreactive by Western blotting, such as
AnkA, MspS, GroEL, and approximately 44-, 55-, 72-, 100-,
130-, and 160-kDa proteins (2, 12, 28, 54-56). However, sur-
face exposure of these proteins and their identities have not
been well elucidated.

The outer membrane proteins of A. phagocytophilum have
not been characterized systematically. The Omp-1/P44/Msp2
superfamily is the most-studied outer membrane protein fam-
ily of A. phagocytophilum. The A. phagocytophilum genome has
three omp-1, one msp2, two msp2 homolog, one msp4, and 113
p44 loci encoding proteins belonging to this superfamily (23).
Each A. phagocytophilum P44 consists of a central hypervari-
able region and conserved flanking sequences (34, 36, 61).
Expression of p44 paralog genes occurs via a unique gene
conversion mechanism involving the RecF pathway (35, 62).
Compared to the well-studied p44 mRNA expression pattern,
the P44 paralog proteins are less defined, and only the P44-18
protein has been shown to be surface exposed (27). Recent A4.
phagocytophilum genome sequencing data have provided a
wealth of new genetic information (23). However, there is no
experimental evidence demonstrating A. phagocytophilum sur-
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face-exposed proteins in addition to P44-18. Furthermore, al-
most one-half of the predicted open reading frames of A.
phagocytophilum encode conserved or novel hypothetical pro-
teins that have never been characterized in any bacterium (23),
some of which may be surface proteins. Therefore, it is imper-
ative to use new approaches, including proteomics, to generate
a more complete picture of the expression and function of A.
phagocytophilum surface proteins.

Cell surface biotinylation has emerged as an important tool
for studying cell surface proteins (52). Sulfosuccinimidyl-2-
[biotinamido]ethyl-1,3-dithiopropionate  (Sulfo-NHS-SS-Biotin)
is a thiol-cleavable amine-reactive biotinylation reagent. The
N-hydroxysulfosuccinimide (NHS) ester group on this reagent
reacts with primary amines on a protein and forms a stable
conjugate. It is hydrophilic, making it membrane impermeable
and thus appropriate for surface protein labeling. The utility of
sulfo-NHS biotin reagents for intracellular bacterial surface
labeling has recently been demonstrated by identification of
Ehrlichia chaffeensis surface proteins (19).

In this study, to isolate the surface proteins of A. phagocy-
tophilum, bacteria were surface labeled by sulfo-NHS-SS-bi-
otin reagents, and the biotinylated proteins were captured by
streptavidin affinity purification. The purified proteins were
analyzed using proteomics. The data revealed novel surface
proteins of A. phagocytophilum, such as hypothetical proteins
APH_0404 (designated Asp62 [62-kDa Anaplasma surface
protein]) and APH_0405 (designated Asp55 [55-kDa Ana-
plasma surface protein]). Not only could recombinant Asp62
and Asp55 be recognized by an HGA patient serum, but anti-
Asp62 and anti-Asp55 peptide sera also partially neutralized A.
phagocytophilum infection in vitro.

MATERIALS AND METHODS

A. phagocytophilum and cell culture. The A. phagocytophilum HZ strain (50)
was propagated in HL-60 cells in RPMI 1640 medium (Invitrogen, Carlsbad,
CA) supplemented with 5% fetal bovine serum (US Bio-Technologies, Parker-
ford, PA) and 2 mM L-glutamine (Invitrogen). Cells were incubated in a humid-
ified 5% CO,-95% air atmosphere at 37°C. No antibiotic was used in the culture.
The degree of bacterial infection in host cells was assessed by Diff-Quik (Baxter
Scientific Products, Obetz, OH) staining of cytocentrifuged preparations. When
over 90% of the cells were infected, cells were collected and centrifuged at 500 X
g for 10 min. The cell pellets were resuspended in RPMI 1640 medium at a
concentration of 2 X 10° cells/ml and homogenized using a 40-ml type B Dounce
grinder (Kontes Glass, Vineland, NJ). Each homogenized suspension was sub-
jected to centrifugation at 500 X g for 5 min, and the supernatant was collected
and further purified with a 2.7-pm-pore-size, 25-mm, GD/X glass microfiber
syringe filter (Whatman, Florham Park, NJ). The filtrate was centrifuged at
10,000 X g for 10 min. The pellets containing the freshly isolated host cell-free
A. phagocytophilum were used immediately for biotinylation. The number of
purified organisms was estimated as previously described (60).

Bacterial surface biotinylation and affinity purification. Biotinylation of A.
phagocytophilum with Sulfo-NHS-SS-Biotin (Pierce, Rockford, IL) and strepta-
vidin affinity purification of Sulfo-NHS-SS-Biotin-labeled bacterial proteins were
performed as described previously (19). Briefly, freshly purified host cell-free
bacteria were incubated with Sulfo-NHS-SS-Biotin at a concentration of 1 mg/ml
in phosphate-buffered saline (PBS) (pH 8.0) containing 1 mM MgCl, (PBS?*) at
4°C for 30 min. Free biotin was quenched by washing preparations in PBS
containing 500 mM glycine. Biotinylated bacteria were lysed on ice in radioim-
munoprecipitation (RIPA) buffer (25 mM Tris-HCI [pH 7.6], 150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS]) containing
a 1:100 dilution of protease inhibitor cocktail set II (Calbiochem, San Diego,
CA) for 30 min with brief sonication and vortexing. Additional oxidized gluta-
thione (100 pM) was added to the RIPA buffer to protect the disulfide bonds in
Sulfo-NHS-SS-Biotin (52). The biotinylated bacterial lysates were cleared by
centrifugation at 16,000 X g for 10 min at 4°C. To purify biotinylated proteins,
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the Sulfo-NHS-SS-Biotin-labeled bacterial lysates were incubated with a strepta-
vidin agarose gel (Pierce) on ice for 2 h. Then the mixture was centrifuged at
500 X g for 1 min, and the supernatant was discarded. The gel slurry was
transferred to an Ultrafree-MC centrifugal filter device (Durapore polyvinyli-
dene difluoride; 5.0 wm; Millipore). Unbound proteins were washed away with
buffer B-1 (25 mM Tris-HCI [pH 7.6], 0.65 M NaCl, 0.1% NP-40), followed by
buffer B-2 (25 mM Tris-HCI [pH 7.6], 1.15 M NaCl, 0.1% NP-40) and 25 mM
Tris-HCI buffer (pH 7.6) containing 0.15 M NaCl. The captured bacterial pro-
teins were eluted with 5% 2-mercaptoethanol in PBS. Proteins were precipitated
in 10% trichloroacetic acid on ice, followed by washing in cold acetone. The
pellets were finally dissolved in SDS-polyacrylamide gel electrophoresis (PAGE)
sample buffer (50 mM Tris-HCI [pH 6.8], 5% 2-mercaptoethanol, 2% SDS, 0.1%
bromophenol blue, 10% glycerol) and boiled for 5 min.

Proteomic analysis. The streptavidin agarose affinity-purified proteins were
separated by 10% SDS-PAGE. Seven bands of relatively abundant proteins were
submitted to the Mass Spectrometry & Proteomics Facility (Campus Chemical
Instrument Center, The Ohio State University). The proteins were identified by
capillary liquid chromatography-nanospray tandem mass spectrometry (Nano-
LC/MS/MS), and the tandem mass spectrometry data were processed using
Mascot Distiller to form a peaklist (.mgf file) and analyzed using the MASCOT
tandem mass spectrometry search engine and Turbo SEQUEST algorithm in the
BioWorks 3.1 software as described previously (19).

In silico analysis of proteins Asp62 and Asp55. Amino acid sequences were
analyzed using Protean from DNASTAR software (DNASTAR Inc., Madison,
WI). Transmembrane ( strands and their topology with respect to the outer
membrane lipid bilayer were predicted using the web server PRED-TMBB
(http://bioinformatics.biol.uoa.gr/PRED-TMBB) (3). A BLAST search for
amino acid sequence homology was performed at the web server of the National
Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov) us-
ing the nonredundant database. The gene annotations of A. phagocytophilum HZ
and E. chaffeensis Arkansas were obtained from the genome sequencing data
(23).

RNA isolation and reverse transcription (RT)-PCR. Total RNA was extracted
from 5 X 10° A. phagocytophilum-infected HL-60 cells using an RNeasy mini
RNA extraction kit (QIAGEN, Valencia, CA) according to the manufacturer’s
instructions. The concentration and purity of the RNA were determined by
measuring the A,¢, and determining the A,4/4,5, ratio with a GeneQuant II
RNA and DNA calculator (Pharmacia Biotech Inc., Piscataway, NJ). Five mi-
crograms of the extracted RNA was treated with 1 U of DNase I (amplification
grade; Invitrogen) at 25°C for 10 min. DNase I then was inactivated by addition
of 1 pl of 25 mM EDTA and subsequent heating at 65°C for 10 min. The DNase
I-treated RNA was added to a 30-pl reaction mixture containing 1X reaction
buffer (50 mM Tris-HCI [pH 8.3], 75 mM KCI, 3 mM MgCl,), 10 mM dithio-
threitol, 375 ng random primers (Invitrogen), 60 U of RNaseOUT (Invitrogen),
and 0.5 mM of each deoxynucleoside triphosphate (ANTP). After addition of 300
U of SuperScript ITI reverse transcriptase (Invitrogen), the reaction mixture was
incubated for 5 min at 25°C, followed by RT at 50°C for 50 min, and the reaction
was terminated by incubation at 70°C for 15 min.

To examine the transcription of the asp62 and asp55 genes and the intergenic
region in A. phagocytophilum, 1 pl of cDNA was amplified in a 25-pl reaction
mixture containing 1X reaction buffer (20 mM Tris-HCI [pH 8.3], 50 mM KCl,
1.5 mM MgCl,), 0.2 mM of each dNTP, 0.4 pM forward primer, 0.4 .M reverse
primer, and 1 U of Tag DNA polymerase (Invitrogen) in a DNA thermal cycler
(GeneAmp PCR system 9700; Perkin-Elmer, Foster City, CA). After the mixture
was heated at 94°C for 5 min, each PCR cycle consisted of denaturation at 94°C
for 60 s, annealing at 55°C for 60 s, and extension at 72°C for 90 s. PCRs were
performed for 29 cycles. A final extension was carried out at 72°C for 10 min.
PCR products (10 pl) were electrophoresed in a 1.2% agarose gel containing 0.5
pg/ml of ethidium bromide. DNA size markers (1Kb Plus DNA ladder; Invitro-
gen) were run in parallel. Based on genome sequencing data (23), primers
asp62-F1 (nucleotides [nt] 1336 to 1356; 5'CGCAATGATGCTAGGAACGTT
3’), asp62-R1 (nt 1532 to 1512; 5’AGCACGCAGCGCATACTCTCC3'),
asp55-F1 (nt 67 to 87; 5'GGAGAGCGTGCGTCGGTAACG3'), and asp55-R1
(nt 407 to 387; 5’ ATACCAGGCGCACCATGAAAC3') were designed for this
study. The primer pairs used were asp62-F1 and asp62-R1 for asp62, asp55-F1
and asp55-R1 for asp55, and asp62-F1 and asp55-R1 for amplifying the cotrans-
cribed mRNA of asp62 and asp55.

Surface localization of Asp62 and Asp55 by immunofluorescence microscopy.
To design peptides for developing antibodies against extracellular epitopes, two
relatively highly antigenic and hydrophilic peptide fragments, located within one
of the extracellular loops in the two-dimensional structures predicted by PRED-
TMBB as mentioned above, were chosen from the Asp62 and Asp55 amino acid
sequences based on Protean analysis (DNASTAR Inc.). A 19-mer peptide,
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CRYNTRDVYHRDVGYKDHG, corresponding to the sequence from the
Asp62 C terminus (amino acids 534 to 552), was synthesized and conjugated to
keyhole limpet hemocyanin, and rabbit antibody was developed by Proteintech
Group, Inc. (Chicago, IL). A 15-mer peptide, CHEYKSTESSGFVLK (the un-
derlined sequence corresponds to the 14 amino acids from the Asp55 C terminus
[amino acids 501 to 514]), was synthesized and conjugated to keyhole limpet
hemocyanin, and rabbit antibody was made by Sigma Genosys (St. Louis, MO).
According to a BLAST search for short, nearly exactly matching sequences in the
NCBI nonredundant database, these two peptide sequences had little or no
homology to any other known proteins (E > 25) and thus were unique to the
Asp62 and AspS5 proteins.

For immunofluorescence microscopic analysis of A. phagocytophilum Asp62
and Asp55 localization, paraformaldehyde-fixed bacteria were used as described
previously (19). Briefly, host cell-free A. phagocytophilum was pelleted and
washed in PBS (137 mM NaCl, 2.68 mM KCl, 10 mM Na,HPO,, 1.76 mM
KH,PO,; pH 7.4). All subsequent steps were performed at room temperature.
Bacteria were fixed in 2% paraformaldehyde for 45 min, followed by quenching
in PBS containing 0.1 M glycine. After they were washed in PBS, bacteria were
incubated with 1:100-diluted rabbit antisera against Asp62, Asp55 peptide, rabbit
preimmune sera, or rabbit anti-irrelevant peptide serum in PG buffer (0.2%
gelatin in PBS) for 1 h. After they were washed in PG buffer, the bacteria were
then labeled with Alexa Fluor 488 goat anti-rabbit immunoglobulin G (IgG)
(Invitrogen) at a dilution of 1:100 in PG buffer for 1 h. The bacteria were washed
in PG buffer, resuspended in PBS, and observed using a Nikon Eclipse E400
fluorescence microscope with a xenon-mercury light source (Nikon Instruments,
Melville, NY). For protease treatment, bacteria were incubated with pronase E
(Sigma) at a concentration of 2 mg/ml in PBS*>* for 5 min at 37°C (60); the
pronase was inactivated by adding 10% fetal bovine serum, followed by washing
in PBS™ twice.

Expression of rAsp62 and rAsp55 and Western blot analysis. A. phagocyto-
philum genomic DNA was extracted from infected HL-60 cells using a QIAamp
DNA blood mini kit (QIAGEN). Primers rAsp62-F (5'CACCATGGCAGGGT
ATGCGGACGATT3'; Neol restriction enzyme site underlined) and rAsp62-R
(5'GTGAGCTCAAAGCCATCAAGCCAAAG3’; Sacl restriction enzyme site
underlined) were designed to amplify the Asp62 DNA sequence encoding a
305-amino-acid polypeptide (amino acids 264 to 568). Two microliters of DNA
was amplified in a 50-pl reaction mixture containing 1X Phusion HF buffer, 0.2
mM of each dNTP, 0.4 uM forward primer, 0.4 wM reverse primer, and 1 U of
Phusion high-fidelity DNA polymerase (New England BioLabs, Espoo, Finland)
in the DNA thermal cycler. After initial denaturation at 98°C for 30 s, each PCR
cycle consisted of denaturation at 98°C for 10 s, annealing at 65°C for 30 s, and
extension at 72°C for 30 s. PCRs were performed for 29 cycles. A final extension
was carried out at 72°C for 5 min. The PCR fragment of asp62 was cloned into
the pET33b vector (Novagen, Inc., Madison, WI) between Ncol and SacI sites.
The full-length gene of Asp55 was cloned into pET33b between the EcoRI and
Xhol sites (M. Lin and Y. Rikihisa, unpublished data). The recombinant Asp62
(rAsp62) and recombinant Asp55 (rAsp55) plasmids or the empty pET33b vec-
tor was expressed in Escherichia coli BL21(DE3) cells.

The protein samples were subjected to 12% SDS-PAGE and transferred to
Trans-Blot nitrocellulose membranes (Bio-Rad, Hercules, CA). The membranes
were incubated with serum from an HGA patient (DM981027) or an uninfected
human at a dilution of 1:500 or with rabbit anti-Asp62 peptide serum, rabbit
anti-Asp55 peptide serum, or rabbit preimmune sera for Asp62 and Asp55 at a
dilution of 1:1,000 at 4°C overnight. After four washes in TBST (15 mM NaCl,
5 mM Tris-HCI [pH 7.4], 0.02% Tween 20) (10 min each), the membranes were
incubated with 1:3,000-diluted horseradish peroxidase-conjugated goat anti-hu-
man IgA, IgM, and IgG or 1:1,000-diluted horseradish peroxidase-conjugated
goat anti-rabbit IgG (heavy plus light chains) (KPL, Gaithersburg, MD) at room
temperature for 1 h, followed by fours washes in TBST (10 min each). The blots
were developed by using an enhanced chemiluminescence kit (Pierce).

Neutralization with Asp62 and Asp55 peptide antisera of A. phagocytophilum
infection. Asp62 and Asp55 rabbit peptide antisera and preimmune rabbit sera
were heat inactivated and filtered through a 0.2-pm HT Tuffryn membrane filter
(Pall Corporation, Ann Arbor, MI). Approximately 1 X 107 freshly isolated host
cell-free A. phagocytophilum cells were preincubated with sera at a 1:50 dilution
in triplicate wells in a 48-well plate (BD, Franklin Lakes, NJ) at room temper-
ature for 30 min with gentle shaking. Then HL-60 cells were added at a final
concentration of 5 X 10° cells/ml. After gentle shaking for 10 min at room
temperature, the plate was incubated in a humidified 5% CO,-95% air atmo-
sphere at 37°C. After 12 h of incubation, the plate was centrifuged at 500 X g for
5 min, and the supernatant was replaced with fresh medium. The cells were
cultured for 2 to 3 days, and the infectivity was determined as previously de-
scribed (31).
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FIG. 1. Streptavidin affinity purification of Sulfo-NHS-SS-Biotin-
labeled A. phagocytophilum surface proteins. In lane 1, Sulfo-NHS-SS-
Biotin-labeled A. phagocytophilum surface proteins were separated by
10% SDS-PAGE and stained with GelCode blue. Bands 1 to 7 were
subjected to Nano-LC/MS/MS analysis. The marker lane contained
Precision Plus prestained protein standards (Bio-Rad).

RESULTS

Streptavidin affinity purification of biotinylated A. phagocy-
tophilum surface proteins. To identify biotinylated A. phagocy-
tophilum surface proteins, Sulfo-NHS-SS-Biotin-labeled host
cell-free bacteria were solubilized in RIPA buffer. The biotin-
ylated proteins were purified by streptavidin affinity gel chro-
matography. The disulfide bonds in Sulfo-NHS-SS-Biotin
were cleaved with the reducing agent to elute the strepta-
vidin affinity-captured proteins. The eluted proteins were
separated by SDS-PAGE. As shown in Fig. 1, with GelCode
blue protein staining in the SDS-PAGE gel, there were
seven bands of relatively abundant proteins corresponding
to molecular masses of approximately 28, 42, 44 to 48, 55,
65, 80, and 105 kDa.

Nano-LC/MS/MS. The seven bands of relatively abundant
proteins (Fig. 1, bands 1 to 7) were subjected to proteomic
analysis. Table 1 summarizes a total of 16 A. phagocytophilum
proteins identified by Nano-LC/MS/MS. One-half of these pro-
teins were integral membrane proteins with a cleavable signal
peptide and multipass transmembrane 3 strands as analyzed by
PRED-TMBB (the number of B strands is not shown in Table
1). The remaining proteins were either single-pass transmem-
brane proteins or possible peripheral membrane proteins.
Band 1 contained hypothetical protein APH_0441 (accession
no. YP_505044). Band 2 contained mainly outer membrane
protein Omp85 (YP_505741). Bands 3 and 4 contained mainly
hypothetical proteins APH_0404 (YP_505009) (Asp62) and
APH_0405 (YP_505010) (Asp55), respectively. Band 5 con-
sisted of several P44 family proteins, including P44-18ES (YP_
505752), P44-2 (P44-2a [YP_505715] or P44-2b [YP_505759];
the paralog-specific sequences shared by P44-2a and P44-2b
were detected), and P44-59 (AAQ16676). Band 6 contained
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TABLE 1. Surface-exposed proteins of A. phagocytophilum analyzed by Nano-LC/MS/MS*

Nano-LC/

Presence
Annotation or Predicted Slg’(lli/é\;lfe . . . . S of signal
Band molecular Accession no. Predicted protein function Pfam family(ies) peptide
gene locus tag coverage
mass (Da) by amino sequence
acids (%) (position)
1 Hypothetical protein 65,911 4 YP_505044 Unknown; putative NA? Yes (35)°
APH_0441 lipoprotein
2 Outer membrane 85,709 30 YP_505741 Cell envelope biogenesis PF07244, PF01103 Yes (22)°4
protein, Omp85
family
Translation elongation 76,234 32 YP_505591 GTPase, power translation ~ PF00009, PF03144, No
factor G PF03764, PF00679
Chaperone protein 70,019 16 YP_504953 Chaperone PF00012 No
DnaK
ppiC/parvulin rotamase 67,535 15 YP_505198 Accelerate the folding of NA No
family protein proteins
3 Hypothetical protein 63,987 42 YP_505009 Unknown NA Yes (19)°
APH_0404 (Asp62)
60-kDa chaperonin 57,282 35 YP_504857 Chaperone PF00118 No
(GroEL)
Pentapeptide repeat 61,870 5 YP_505709 Uncharacterized secreted PF00805 No
family protein protein (YP_198411)
containing pentapeptide
repeats (Wolbachia
endosymbiont strain
TRS from B. malayi)
4 Hypothetical protein 57,595 13 YP_505010 Unknown NA Yes (22)¢
APH_0405 (Asp55)
5 P44-18ES, P44 outer 45,827 38 YP_505752 Porin PF01617 Yes (20)¢
membrane protein
expression locus with
P44-18
P44-2a and P44-2b 38,478 and 39 YP_505715 and P44 paralog PF01617
44,912 YP_505759
P44-59 NA 10 AAQ16676 P44 paralog NA
7 Major outer membrane 31,845 41 YP_505858 Unknown PF01617 Yes (19)¢
protein Omp-1A
Type 1V secretion 27,582 16 YP_505898 Transportation of PF04335 No
protein VirB8-1 macromolecules across
bacterial inner and
outer membranes
Thiol:disulfide 27,842 8 YP_504749 Protein folding and PF01323 Yes (21)¢
oxidoreductase stabilization
Cochaperone GrpE 22,761 8 YP_504670 Chaperone PF01025 No

“ The program SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP) was used to predict the presence of N-terminal signal peptides (5). The putative lipoprotein was

predicted by LipoP 1.0.
? NA, not available.
¢ Predicted by SignalP-NN.
“ Predicted by SignalP-HMM.

human B-actin (not shown in Table 1). Band 7 contained
mainly Omp-1A, a protein predicted to belong to the Omp-1/
P28 outer membrane protein family of Ehrlichia species
(23, 42).

In silico analysis of the Asp62 and Asp55 proteins. As pre-
dicted by the posterior decoding method using the dynamic
programming algorithm in PRED-TMBB, there were 22 trans-
membrane 3 strands in both the Asp62 (Fig. 2A) and Asp55
(Fig. 2B) proteins; these B strands were connected by 11 long
loops on the external side of the bacterium with 10 short turns
along the periplasmic space. The discrimination scores of

Asp62 and Asp55 for B-barrel proteins were 2.956 and 2.905,
respectively. Scores lower than the threshold value of 2.965
were considered significant (3), suggesting that these proteins
are B-barrel outer membrane proteins.

A physical map of the Asp62 and Asp55 ortholog genes is
shown in Fig. 3. Asp62 and Asp55 were paralogs with an E
value of 3¢ 2% The gene encoding one more A. phagocytophi-
lum paralog, hypothetical protein APH_0406, was found down-
stream of the Asp55 gene, and another gene, aph_0407, was
predicted to code for a short 65-amino-acid protein, which was
almost identical to a stretch of amino acids within Asp62.
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FIG. 2. Two-dimensional structure of A. phagocytophilum Asp62 and Asp55 with respect to the outer membrane lipid bilayer predicted using
the Posterior Decoding method available in PRED-TMBB: graphical representations of the predicted topology with respect to the outer

membrane lipid bilayers of Asp62 (A) and Asp55 (B).

Using a BLAST search in the NCBI database, proteins homol-
ogous to A. phagocytophilum Asp62 and Asp55 were found in
Anaplasma marginale strain St. Maries, E. chaffeensis Arkansas,
E. chaffeensis Sapulpa (not shown), Ehrlichia canis Jake, Ehr-
lichia ruminantium Gardel (not shown), and E. ruminantium
Welgevonden. There are three tandem orthologs in A. margi-
nale strain St. Maries, E. chaffeensis Arkansas, and E. canis
Jake, whereas in E. ruminantium Welgevonden there are two
orthologs. In addition, Wolbachia endosymbiont strain TRS
from Brugia malayi has one ortholog, hypothetical protein
Wbm0010 with an E value as low as le”2° with Asp55; a
Wolbachia endosymbiont of Drosophila melanogaster has one

ortholog, hypothetical protein WD0745 with an E value of
2¢~ %% and Rickettsia bellii OSU 85-389 has one ortholog, hy-
pothetical protein RbelO 01000075 with an E value of 8¢ !
(not shown in Fig. 3). All of these organisms are obligate
intracellular bacteria that belong to the a-proteobacterial or-
der Rickettsiales.

Cotranscription of asp62 and asp55. The stop codon of
asp62 and the start codon of asp55 are separated by only a
65-nt intergenic region (23), leading to the hypothesis that the
genes are cotranscribed. To test whether they are cotrans-
cribed experimentally, an RT-PCR analysis of A. phagocytophi-
lum asp62, asp55, and the common transcript of asp62 and
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asp55 was performed with and without reverse transcriptase as
a negative control. As shown in Fig. 4, asp62, asp55 and the
common transcript of asp62 and asp55 including the 65-nt
intergenic region were transcribed by 4. phagocytophilum cul-
tured in HL-60 cells at 37°C. The transcripts for the control
without reverse transcriptase were undetectable. These results

FIG. 4. Cotranscriptional analysis of asp62 and asp55 by RT-PCR.
Total RNA was isolated from A. phagocytophilum-infected HL-60 cells.
Lane M, marker (1Kb Plus DNA ladder; Invitrogen); lane 1, cotrans-
cript of asp62 and asp55, including the 65-nt intergenic region; lane 3,
asp62; lane 5, asp55; lane 2, asp62 and asp55 control reaction without
reverse transcriptase; lane 4, asp62 control reaction without reverse
transcriptase; lane 6, asp55 control reaction without reverse transcrip-
tase. The amplicon sizes were in agreement with predicted amplicon
lengths (i.e., 197 bp for asp62, 340 bp for asp55, and 795 bp for the
cotranscript of asp62 and asp55).

indicate that the asp62 and asp55 paralog genes are organized
in one operon.

Surface localization of Asp62 and Asp55. To verify the lo-
calization of Asp62 and AspS55 on the A. phagocytophilum
surface, host cell-free A. phagocytophilum was first paraformal-
dehyde fixed to prevent antibody permeabilization (19) and
then incubated with rabbit antiserum against Asp62 or Asp55
C-terminal peptide. As shown in Fig. 5a and b, both the anti-
sera against Asp62 and Asp55 labeled the surface of individual
bacteria of various sizes with a mottled ring-like staining pat-
tern. When bacteria were treated with pronase E, the surface
immunofluorescence staining of Asp62 (Fig. 5¢) and Asp55
(Fig. 5d) was abolished. Antiserum from a rabbit immunized
with an irrelevant peptide (Fig. 5¢) or Asp62 or Asp55 preim-
mune rabbit sera (data not shown) did not recognize 4. phago-
cytophilum. The results confirmed not only the identification of
Asp62 and AspSS5 by surface biotinylation but also the surface
exposure of C-terminal peptides as determined by the in silico
analysis.

Immunogenicity of Asp62 and Asp55 in an HGA patient and
neutralization of A. phagocytophilum infection by anti-Asp62
and anti-Asp55 peptide monospecific sera. rAsp62 and rAsp55
were expressed in E. coli BL21(DE23) cells and migrated on the
SDS-PAGE gel to approximate predicted molecular mass po-
sitions (i.e., 35.9 and 63 kDa, respectively) (Fig. 6A). As shown
in Fig. 6B, rAsp62 strongly reacted with the rabbit anti-Asp62
peptide serum but not with preimmune rabbit serum. Similarly,
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FIG. 5. Surface localization of A. phagocytophilum Asp62 and Asp55 as determined by an immunofluorescence assay. Host cell-free A.
phagocytophilum bacteria were fixed in paraformaldehyde, incubated with rabbit serum against the Asp62 C-terminal peptide (amino acids 534 to
552) or the Asp55 C-terminal peptide (amino acids 501 to 514), stained with Alexa Fluor 488 goat anti-rabbit IgG, and visualized by fluorescence
microscopy. (a) Mottled ring-like bacterial surface staining of Asp62. (b) Mottled ring-like bacterial surface staining of Asp55. (¢ and d) Bacteria
treated with pronase E and then incubated with rabbit anti-Asp62 peptide serum (c) or anti-Asp55 peptide serum (d). (e) Bacteria incubated with
rabbit anti-irrelevant peptide serum. Scale bar, 1 wm.
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FIG. 6. (A) Expression of rAsp62 and rAsp55 in E. coli BL21(DE3)
cells. Proteins were separated by 12% SDS-PAGE and stained with
GelCode blue. Lane 1, rAsp62 expressed in E. coli BL21(DE3) with a
predicted molecular mass of 35.9 kDa; lane 2, rAsp55 expressed in E.
coli BL21(DE3) with a predicted molecular mass of 63 kDa; lane 3,
pET33b vector expressed in E. coli BL21(DE3). Lane M contained
markers (Precision Plus prestained protein standards; Bio-Rad).
(B) Western immunoblot analysis of immunogenicity of rAsp62 and
rAsp55 in an HGA patient. rAsp62, rAsp55, and the pET33b empty
vector expressed in E. coli BL21(DE3) cells were used. The sera used
in this study included rabbit preimmune sera for rAsp62 (Pre) and
rAsp55 (Pre’), rabbit anti-Asp62 peptide serum (anti-Asp62), rabbit
anti-Asp55 peptide serum (anti-Asp55), and HGA patient (HGA) and
uninfected human (uninfect) sera.

rAsp55 strongly reacted with the rabbit anti-Asp55 peptide
serum but not with preimmune rabbit serum. High-titer (1:
2,560, as determined by immunofluorescence assay) HGA pa-
tient serum recognized both the rAsp62 and rAspS5 proteins.
In contrast, uninfected human serum did not react with rAsp62
or rAsp55. These data revealed that both Asp62 and Asp55
were immunogenic in the HGA patient.

Asp62 and Asp55 are two of the major A. phagocytophilum
immunogenic surface proteins, suggesting that they are neu-
tralizing targets. Therefore, we tested in vitro neutralization of
A. phagocytophilum infection of HL-60 cells by adding host
cell-free A. phagocytophilum pretreated with Asp62 or Asp55
peptide monospecific antiserum at a 1:50 dilution. Rabbit se-
rum collected prior to immunization with Asp62 or Asp55
peptide was used as the negative control. As shown in Fig. 7,
the infectivity of A. phagocytophilum pretreated with anti-
Asp62 peptide serum was significantly lower than the infectiv-
ity of bacteria pretreated with preimmune serum, as was the
infectivity of A. phagocytophilum pretreated with anti-Asp55
peptide serum. These results indicated that A. phagocytophilum

O pre-immune serum

1800 - anti-peptide serum

1600 -
1400 -
S 1200 |
£ 1000 -
800 |
600 | .
400 1
200 |

host cells

10

A. phagocytophilu

Asp62 Aspb5

FIG. 7. Neutralization of A. phagocytophilum infection of HL-60
cells by Asp62 and Asp55 rabbit peptide antisera. After A. phagocyto-
philum pretreated with Asp62 or Asp55 rabbit peptide antiserum or
preimmune sera was added, HL-60 cells were cultured for 2 to 3 days.
The numbers of A. phagocytophilum bacteria were counted after Diff-
Quik staining, using 100 cells per well and triplicate wells. The values
are the means and standard deviations (n = 3). An asterisk indicates
that there is a significant difference between the peptide antiserum and
the preimmune serum (P < 0.05). The data are representative of three
independent experiments.
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anti-Asp62 and anti-Asp55 monospecific sera could partially
neutralize A. phagocytophilum infection in vitro.

DISCUSSION

The present work revealed several novel surface-exposed
proteins of A. phagocytophilum using surface biotinylation and
proteomics methods. In addition to P44 proteins, the hypothet-
ical proteins APH_0404 and APH_0405 (Asp62 and Asp55)
are the other two abundantly expressed A. phagocytophilum
surface proteins. In this study, the identification of known or
predicted P44 proteins, the Omp-1A outer membrane protein,
and conserved outer membrane protein Omp85 attests to the
utility of the surface biotinylation experimental approach used.

Both Asp62 and Asp55 have been predicted to be B-barrel
outer membrane proteins with a secondary structure consisting
of 22 transmembrane B strands by the posterior decoding
method on the PRED-TMBB web server, suggesting that
Asp62 and Asp55 function as outer membrane transporters
(3). The 22-strand B-barrel structure has been revealed by
crystal structural data for some bacterial outer membrane sid-
erophore receptors, including FepA (7), FhuA (46), and FecA
from E. coli (16) and FpvA (10) and FptA (11) from Pseudo-
monas aeruginosa, which act as transporters to take up iron.
When ligands bind to these normally closed transporters, the
transporters exhibit conformational changes that activate them
to open, hence their designation “ligand-gated porin”(25). The
cotranscription of Asp62 and Asp55 suggests that their mRNA
expression responds to the same transcriptional activation sig-
nals and is controlled by the same regulatory system. Similarly,
the genes of Vibrio parahaemolyticus siderophore receptors
(psuA and pvuA) constitute an operon (17). The protein se-
quences of Asp62 and Asp55 and the gene organization of the
Asp62 and Asp55 genes are highly conserved within the family
Anaplasmataceae, suggesting that there is evolutionary pres-
sure for conservation within this family. One ortholog, Esp73
(ECH_0525), has recently been revealed to be an E. chaffeensis
surface-exposed protein (19). All related orthologs in the fam-
ily Anaplasmataceae are annotated as hypothetical proteins by
genome sequencing data in NCBI, and their functions have not
been elucidated. Therefore, it would be interesting to function-
ally characterize the newly discovered A. phagocytophilum sur-
face proteins Asp62 and Asp55, which is under way in our lab.
In addition, the gene for APH_0406 is located 1,715 nt down-
stream of asp55, suggesting that these two genes may not be
cotranscribed. Our lab’s recent proteomic data have shown
that expression of the APH_0406 protein is undetectable (T.
Kikuchi and Y. Rikihisa, unpublished), suggesting that this
protein is either not expressed or is expressed at an undetect-
able level by A. phagocytophilum when it is cultured in HL-60
cells at 37°C. In the future, it would also be interesting to
investigate the regulatory mechanisms of expression of these
paralogs by A. phagocytophilum at different developmental
stages and in different environments, such as different host cell
types and different temperatures.

Effective protection against anaplasmosis by the host hu-
moral immune response requires specific recognition of
epitopes that are exposed on the surface of Anaplasma and
induction of neutralizing antibodies (43, 44). P44 proteins are
A. phagocytophilum outer membrane proteins that have been
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shown to have two neutralizable surface-exposed epitopes that
mediate protection by neutralizing antibodies (27, 58). Two
P44 monoclonal antibodies, 5C11 and 3E65, which recognize
surface-exposed epitopes located in the N-terminal conserved
region and the P44-18 central hypervariable region, respec-
tively, almost completely block infection by the A. phagocyto-
philum population that expresses predominantly P44-18 in
HL-60 cells (58). However, development of a vaccine based on
P44 proteins is challenging since the surface-exposed central
hypervariable regions of P44 molecules undergo antigenic vari-
ation in infected horses, mice, or human patients (32, 36, 59).
Many members of the p44 family are functional pseudogenes.
In other words, although the genes lack the translational start
site, the proteins can be expressed as full-length P44 proteins
(44 kDa) after RecF-dependent recombination into the p44
expression locus (35). The full-length P44 paralog gene can be
either recombined into and expressed in a p44 expression locus
or expressed in its own expression site but at a much lower
level (58a). The identification of P44-18ES (P44-18 in the ex-
pression locus), P44-2 (full length and pseudogene), and
P44-59 (pseudogene) revealed the relative abundance of these
P44 paralogs, suggesting that they are much more likely to be
from different A. phagocytophilum clonal populations. Passive
immunization of mice with the two monoclonal antibodies,
5C11 and 3E65, partially protects mice from challenge (27),
indicating that neutralizing antibodies against either the P44
paralog-specific region or the P44 conserved region are unable
to confer complete in vivo protection from A. phagocytophilum.
Consequently, it is necessary to identify other A. phagocytophi-
lum surface proteins as vaccine candidates. The present work
revealed two new A. phagocytophilum immunogenic major sur-
face proteins, Asp62 and Asp55, which have surface accessible
epitopes and partially mediate the neutralization of A. phago-
cytophilum infection in vitro. These findings provide an impor-
tant rationale for design of a new A. phagocytophilum vaccine.
While strain variability needs to be determined, Asp62- and
Asp55-based vaccines are expected to provide protection
against a broader A. phagocytophilum population, since unlike
P44 proteins, they do not go through antigenic variation. It is
important to determine the potential of these two proteins for
mediating protection by the host immune response in vivo.

The predicted molecular mass of the APH_0441 hypotheti-
cal protein was 65,911 Da, which was much less than the
molecular mass (approximately 105 kDa) deduced from the
actual migration distance by 10% SDS-PAGE (Fig. 1). This
could be due to posttranslational modification, such as glyco-
sylation, which has been proposed for the gp47 protein of E.
chaffeensis (14). Omp85 is a conserved outer membrane pro-
tein in gram-negative bacteria (21) that is a central component
of the apparatus for outer membrane protein assembly (51,
57). While Omp85 has been shown to be an outer membrane
protein of Neisseria gonorrhoeae (37) and E. chaffeensis (19), it
has never been shown experimentally to be surface exposed or
expressed at the protein or mRNA level by A. phagocyto-
philum.

The A. phagocytophilum Omp-1A gene is associated with the
msp2 locus (distinct from the A. marginale msp2 gene) and is
one of the three A. phagocytophilum omp-1 genes belonging to
the Omp-1/P44/Msp2 superfamily (23, 33). The homologous
protein in A. marginale is Ompl11, which has been detected by
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Western blotting using monospecific peptide antibody (41).
Recently, E. chaffeensis Omp-1A, an ehrlichial Omp-1/P28
paralog with the highest homology to A. phagocytophilum
Omp-1A, has been shown to be surface exposed by both sur-
face biotinylation and immunofluorescence labeling (19). For
the first time, Omp-1A has been directly detected at the pro-
tein level and shown to be surface exposed by Anaplasma. Type
IV secretion protein VirB8 is a core component of the type IV
secretion system apparatus, which recently was proposed to
function as the assembly factor for targeting the type IV ap-
paratus to the cell pole (26). In addition to VirB9 (40), VirB8
is an A. phagocytophilum type IV secretion protein that has
been shown to be surface exposed. A clustered distribution of
VirB8 over the bacterial surface has been demonstrated for
Agrobacterium (29), whereas in the recent model for Agrobac-
terium tumefaciens type IV secretion system VirB8 was re-
ferred to as an inner membrane protein (4). It is possible that
detection of A. phagocytophilum VirB§ may be due to some
damage to the bacterial outer membrane during isolation of
cell-free bacteria. However, according to A. phagocytophilum
genome sequencing data (23), several type IV secretion pro-
teins, such as VirB1, VirB2, VirB5, and VirB7, are missing.
Therefore, the assembly of the A. phagocytophilum type IV
secretion apparatus may be different from that of A. tumefa-
ciens.

Some proteins which were considered to be bacterial cyto-
plasmic, periplasmic, or inner membrane proteins were iden-
tified in the present study, such as chaperone protein GroEL,
DnakK, translation elongation factor G, and disulfide oxi-
doreductase. As discussed previously for E. chaffeensis (19),
these proteins with well-known functions inside bacteria may
be present on the surface and play unexpected roles in the A.
phagocytophilum-host interaction too. Similar to the results for
E. chaffeensis surface biotinylation (19), one obvious host pro-
tein band captured by streptavidin affinity purification was
B-actin, which is one of the most abundant cytoskeleton pro-
teins of eukaryotic cells. This may have been due to the binding
of host cell actin to bacterial surface proteins during the iso-
lation of host cell-free bacteria or via a functional association.
For example, A. marginale assembles an actin filament bundle
during intracellular infection (53).

In conclusion, surface biotinylation of A. phagocytophilum
was used to identify novel bacterial surface proteins that are
promising targets for future study of the interaction between
this bacterium and its host, as well as for development of
effective vaccines.
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