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Anaplasma phagocytophilum Aspl4 Is an Invasin That Interacts
with Mammalian Host Cells via Its C Terminus To Facilitate
Infection
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Anaplasma phagocytophilum, a member of the family Anaplasmataceae, is the tick-transmitted obligate intracellular bacterium
that causes human granulocytic anaplasmosis. The life cycle of A. phagocytophilum is biphasic, transitioning between the nonin-
fectious reticulate cell (RC) and infectious dense-cored (DC) forms. We analyzed the bacterium’s DC surface proteome by selec-
tive biotinylation of surface proteins, NeutrAvidin affinity purification, and mass spectrometry. Transcriptional profiling of se-
lected outer membrane protein candidates over the course of infection revealed that aph_0248 (designated asp14 [14-kDa A.
phagocytophilum surface protein]) expression was upregulated the most during A. phagocytophilum cellular invasion. asp14
transcription was induced during transmission feeding of A. phagocytophilum-infected ticks on mice and was upregulated when
the bacterium engaged its receptor, P-selectin glycoprotein ligand 1. Asp14 localized to the A. phagocytophilum surface and was
expressed during in vivo infection. Treating DC organisms with Asp14 antiserum or preincubating mammalian host cells with
glutathione S-transferase (GST)—Asp14 significantly inhibited infection of host cells. Moreover, preincubating host cells with
GST-tagged forms of both Asp14 and outer membrane protein A, another A. phagocytophilum invasin, pronouncedly reduced
infection relative to treatment with either protein alone. The Asp14 domain that is sufficient for cellular adherence and invasion
lies within the C-terminal 12 to 24 amino acids and is conserved among other Anaplasma and Ehrlichia species. These results
identify Asp14 as an A. phagocytophilum surface protein that is critical for infection, delineate its invasion domain, and demon-
strate the potential of targeting Asp14 in concert with OmpA for protecting against infection by A. phagocytophilum and other
Anaplasmataceae pathogens.

Members of the family Anaplasmataceae are major causes of
tick-borne illness in humans and animals (1, 2). These obli-
gate intracellular bacteria infect cells of hematopoietic origin or
endothelial cells to reside in host cell-derived vacuoles. Anaplasma
phagocytophilum, an Anaplasmataceae member, is the causative
agent of granulocytic anaplasmosis in humans (human granulo-
cytic anaplasmosis [HGA]) and animals. A. phagocytophilum is
transmitted primarily by Ixodes sp. ticks (3). However, it can also
be transmitted perinatally (4, 5) or by blood transfusion (6-9),
and it has been suggested to be transmitted nosocomially (10, 11).
HGA is an emerging infection in the United States, Europe, and
Asia (3, 12). Since becoming a reportable disease in the United
States in 1999 (13), the number of clinically documented HGA
cases has risen annually, with an increase of >50% between 2000
and 2007 (3, 12—-14). HGA is a febrile infection associated with
laboratory findings that can include leukopenia, thrombocytope-
nia, elevated serum transaminase levels, and increased susceptibil-
ity to potentially fatal opportunistic infections. The hallmark of
HGA is A. phagocytophilum colonization of neutrophils (3).

A. phagocytophilum undergoes a biphasic developmental cycle,
transitioning between an infectious dense-cored (DC) form and a
noninfectious, replicative reticulate cell (RC) form. DC bacteria
are able to invade and infect promyelocytic and endothelial cell
lines (15-22). Within 4 h of adherence, DC organisms enter host
cell-derived vacuoles (23-26). Between 4 and 8 h after adherence,
DC bacteria transition to the RC form and initiate replication to
produce bacterium-filled vacuoles called morulae. The majority
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of RCs develop into DCs between 28 and 32 h. DC organisms are
released between 32 and 36 h, initiating new waves of infections
(26). The DC form presents an ideal subject for identifying outer
membrane proteins (OMPs) that promote infection.

The ability of intracellular bacteria to colonize eukaryotic host
cells depends on interactions between bacterial invasins and host
cell receptors. P-selectin glycoprotein ligand 1 (PSGL-1) is the
only confirmed A. phagocytophilum receptor (27, 28). We recently
identified A. phagocytophilum outer membrane protein A
(OmpA) as an invasin that recognizes the o2,3-sialic acid deter-
minant of the sialyl Lewis X (sLe*) tetrasaccharide, which caps
PSGL-1 on myeloid cells and decorates unknown glycoprotein
receptors on endothelial cell surfaces. Using glutathione S-trans-
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ferase (GST)-OmpA as an agonist reduces A. phagocytophilum
infection of host cells by approximately 50% (29). Moreover, the
OmpA invasin domain is conserved among Anaplasma and Ehrli-
chia species (29), the latter of which are other Anaplasmataceae
members that cause potentially deadly tick-borne diseases (30).
These findings collectively serve as both a promising advance to-
ward the development of standardized vaccines that protect
against infection by Anaplasmataceae pathogens and a reminder
that additional bacterial ligand-receptor interactions promote cel-
lular invasion via redundant and/or complementary routes (2, 27,
28, 31-35). Identifying additional A. phagocytophilum invasins
that are conserved among the Anaplasmataceae is desirable be-
cause targeting them in concert with OmpA has the potential to
more completely inhibit infection by these pathogens.

MATERIALS AND METHODS

Cell lines and cultivation of uninfected and A. phagocytophilum-in-
fected HL-60 cells. Uninfected HL-60 cells (CCL-240; American Type
Culture Collection [ATCC], Manassas, VA) and HL-60 cells infected with
the A. phagocytophilum NCH-1 strain or a transgenic HGE1 strain ex-
pressing green fluorescent protein (GFP) (36) were cultivated as described
previously (33). Spectinomycin (100 wg/ml; Sigma-Aldrich, St. Louis,
MO) was added to HL-60 cultures harboring transgenic HGE1 bacteria.
Uninfected and A. phagocytophilum-infected RE/6A rhesus monkey cho-
roidal endothelial cells (ATCC CRL-1780) and Ixodes scapularis embryo-
derived ISE6 cells were cultivated as described previously (16).

A. phagocytophilum DC organism surface biotinylation and affinity
purification. A. phagocytophilum DC organisms were selectively enriched
from 10° infected (=90%) HL-60 cells by sonication and differential cen-
trifugation as previously described (17). Electron microscopic examina-
tion of sonicated samples confirmed the presence of DC but not RC bac-
teria. To purify DC organisms away from the majority of contaminating
host and RC organism cellular debris, the sonicate was fractionated using
discontinuous Renografin (diatrizoate sodium; Bracco Diagnostics,
Princeton, NJ) density gradient centrifugation (37). For biotinylation of
surface proteins, purified DC organisms were resuspended in 1 ml of
phosphate-buffered saline (PBS) (pH 8.0) containing 1 mM MgCl, and 10
mM sulfo-NHS-SS-biotin (Pierce, Rockland, IL) and incubated for 30
min at room temperature. Free sulfo-NHS-SS-biotin was quenched by
washing the sample with 50 mM Tris (pH 8.0), followed by two washes
with PBS. Biotinylated bacteria were solubilized in radioimmunoprecipi-
tation assay (RIPA) buffer (25 mM Tris-HCI [pH 7.6], 150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 1
mM sodium orthovanadate, 1 mM sodium fluoride, and Complete
EDTA-free protease inhibitor cocktail [Roche, Indianapolis, IN]) on ice
for 1 h. Every 20 min during the 1-h incubation, the sample was subjected
to eight 8-s bursts on ice interspersed with 8-s rest periods, using a Miso-
nix $4000 ultrasonic processor (Misonix, Farmingdale, NY) on an ampli-
tude setting of 30. Insoluble material was removed by spinning at 10,000 X g
for 10 min at 4°C. To purify biotinylated proteins, the clarified lysate was
mixed with high-capacity NeutrAvidin agarose beads (Pierce) by end-
over-end rotation overnight at 4°C. The gel slurry was pelleted by centrif-
ugation at 1,000 X gfor 1 min. After removal of the supernatant, the beads
were resuspended in 8 ml PBS and parceled into 10 800-pl aliquots, each
of which was added to a spin column optimized for affinity purification
(Pierce). The columns were washed three times with PBS and centrifuged
at 1,000 X g to remove any nonbiotinylated proteins. The captured bio-
tinylated proteins were eluted from the beads by end-over-end rotation
with 150 mM dithiothreitol (DTT) in 0.25% sodium deoxycholate for 2 h
at room temperature. The agarose beads were centrifuged at 1,000 X g for
2 min, and the supernatant containing the biotinylated proteins was
saved. The Bradford assay was used to determine the protein concentra-
tion of the eluate (38). To ensure that this procedure had enriched DC
bacterial surface proteins, an aliquot of the affinity-purified sample was
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resolved by SDS-PAGE alongside an A. phagocytophilum whole-cell lysate,
NeutrAvidin beads plus unlabeled DC whole-cell lysate, and NeutrAvidin
beads alone, followed by silver staining (39).

Two-dimensional (2D) LC-MS/MS proteome analysis. Unless other-
wise stated, all buffers were made with liquid chromatography-mass spec-
trometry (LC-MS)-grade solvents (Fisher Chemical, Fairlawn, NJ). Sam-
ples were processed for proteomic analysis (40, 41). Following
biotinylation enrichment of A. phagocytophilum surface proteins, 300 pg
of protein mass in 400 pl of lysis buffer was concentrated and exchanged
into 25 pl of ammonium bicarbonate buffer (ABC; 50 mM NH,CO,—
0.05% C,,H;,0,Na) by use of a Centriprep YM-10 filter unit (Millipore,
Billerica, MA). DTT was added to achieve a final concentration of 20 mM,
and disulfide bonds were reduced at 90°C for 30 min. After cooling to
room temperature, cysteine alkylation was performed on the sample by
incubation with freshly prepared iodoacetamide (32 mM) for 30 min at
room temperature in the dark. Trypsin Gold (100 ng/ul; Promega, Mad-
ison, WI) was added to a final enzyme/protein ratio of 1:100, and the
sample was incubated at 37°C overnight. The digested sample was dried
within a speed vacuum and stored dry at —20°C.

The digested sample was reconstituted in 60 pl of 100 mM ammonium
formate (pH 10) for multidimensional peptide separation and mass spec-
trometry analysis on a 2D-nanoAcquity chromatography system online
with a Synapt quadrupole-time-of-flight tandem mass spectrometer
(Waters) (41). Two replicate injections were analyzed for the sample.
Resulting data were processed using ProteinLynx Global (PLGS) software,
v2.4 (Waters), as described elsewhere (41, 42). Data were then searched
against an A. phagocytophilum-specific FASTA database (RefSeq and Uni-
Prot sources; downloaded February 2010) and its reversed sequences as a
decoy database. Search parameters required a minimum precursor ion
intensity of 500 counts, two or more peptide sequences per protein, and a
minimum of seven matching fragment ions. Trypsin selectivity was spec-
ified, allowing for 1 missed cleavage event and variable methionine oxi-
dation. Using a decoy database method, the score threshold was calculated
at the 5% false discovery rate. Confidence in protein identification was
also increased for those that were identified against both the RefSeq and
UniProt A. phagocytophilum databases.

In silico analyses. SignalP 3.0 (43) was used to predict if candidates
carried signal peptide sequences. TMPred (www.ch.embnet.org/software
/TMPRED_form.html) was used to predict if candidates carried trans-
membrane domains. Alignments of Aspl4 and its homologs from other
Anaplasma and Ehrlichia species were generated using Clustal W (44).

Differential gene expression studies. Synchronous infections of
HL-60 cells with A. phagocytophilum DC organisms were established (26).
Microscopic examination of aliquots recovered at 24 h confirmed that
=60% of HL-60 cells were infected. The infection time course proceeded
for 36 h at 37°C in a humidified atmosphere of 5% CO,. The length of the
time course allowed for the bacteria to complete their biphasic develop-
mental cycle and initiate a second round of infection (26). Every 4 h,
aliquots were processed for RNA isolation. Reverse transcriptase quanti-
tative PCR (RT-qPCR) was performed (41) using the gene-specific prim-
ers listed in Table 1. Relative transcript levels for each target were normal-
ized to the transcript levels of the A. phagocytophilum 16S rRNA gene
(aph_1000), using the 27AACT method (45). To facilitate identification of
genes that were upregulated in the infectious DC form compared to the
noninfectious RC form, normalized transcript levels for each gene at
each time point were calculated as fold changes in expression relative
to expression at 16 h, a time point at which the A. phagocytophilum
population consists exclusively of RC organisms (26). To monitor
aspl4 expression during the tick blood meal, A. phagocytophilum-in-
fected L. scapularis nymphs were fed on C3H/He]J mice, followed by
RNA extraction from salivary glands of transmission-fed, unfed, and
uninfected control nymphs (46), and RT-qPCR was performed using
asp14-specific primers.

Recombinant protein and antiserum production. A. phagocytophi-
lum genes of interest were amplified using the primers listed in Table 1 and
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TABLE 1 Oligonucleotides used in this study

APH_0248 in A. phagocytophilum Infection

Designation Sequence (5’ to 3")" Targeted nucleotides
Ap 16S-527F TGTAGGCGGTTCGGTAAGTTAAAG 527-550 (+ strand)
Ap 16S-753R GCACTCATCGTTTACAGCGTG 753-773 (— strand)
aph_0240-731F CCATTGCTCATCATAGCTGAAGAC 731-754 (+ strand)
aph_0240-927R CATCTTAACAGCAAGCTCGTCATTT 927-951 (— strand)
aph_0248-012F AGCTCCTTGGAAGAGCATTTCGG 12-34 (+ strand)
aph_0248-211R TCTGCCCGACAGTTCCAGTATCG 189-211 (— strand)
aph_0248-001F-ENTR CACCATGATACCATTAGCTCCTTGGAAGAGC 1-27 (+ strand)
aph_0248-181F-ENTR CACCCAGCAAGACGATACTGGAACTG 181-202 (+ strand)

aph_0248-192R CTAATCGTCTTGCTGCATACTAGACGC 169-192 (— strand)
aph_0248-228R CTAACCCTCGCCGGACTCTATCT 209-228 (— strand)
aph_0248-264R CTACTGCTGAACTTGCTCGTCAGACAAC 240-264 (— strand)
aph_0248-300R CTAATCATCTTTGAACTCTTCCCGAATGCTATTCATC 264-300 (— strand)
aph_0248-336R CTATTCAAGCTTGAGAATCCTTCTTTTAATAGCCC 305-336 (— strand)
aph_0248-375R TTAGCTTTCTTTAGGAGTATTGGCACCGTAA 345-375 (— strand)

aph_0346-229F
aph_0346-401R
aph_0404-258F
aph_0404-407R
aph_0405-409F
aph_0405-580R
aph_0441-341F
aph_0441-491R
aph_0625-444F
aph_0625-0621R
aph_0874-250F
aph_0874-497R
aph_1032-910F"
aph_1032-1096R”
aph_1049-124F
aph_1049-288F
aph_1170-53F
aph_1170-233R
aph_1210-024F
aph_1210-172R
aph_1359-387F
aph_1359-573R
msp2 (P44)- 130F¢
msp2 (P44)-278R°

AGATACGATGACATGAGGGATTTGA
TTCTTCACTGGAGCACCAAAGTATC
GCATCTAGATTGGAGCGAAGATT
CTGTTTATGAAGGCCTTTCCAACTT
GAGAGCAGGGTTTTTGCTGATACT
GAAAAGGTACACCCTTCGCATACTT
GTGTAATGTACAATGCTGGTGAGC
GATTCGTCAACCCTTTCTTCTTT
GATGTTGGGGCTTATGGAGTTGAAGG
AACTGAACCACACGTCGCAGC
GGTAGATGAGGAGGCATTAAATCA
GTAGACAGGACGCGATAACTAGC
CAAGGCGGAAGTATACGTATTGAA
CAGGCTTATCCAACGCTACCTCTAT
ACTGTGGTTGAACAAGCGCCG
TTGCGATACCATACCAAGTTCCGC
GTGATGCCAAAGGGATTGCACC
GTGCCACGCATATCCGAGTTG
CCTGATGGCAACGATGTTTGCC
ATCTTCCCTGTGTTATCTCCTCCGG
TTTCTTTAGTGAGCAGCACGGGG
AAACCCTGCACATACATAAGGCCTC
GGTTTGGATTACAGTCCAGCGTTTAG
GGATCAGGTGTGTTCCAGTCAAACT

229-252 (+ strand)
401-425 (— strand)
258-280 (+ strand)
407-432 (— strand)
409-432 (+ strand)
580-605 (— strand)
341-365 (+ strand)
491-514 (— strand)
444-469 (+ strand)
601-621 (— strand)
250-273 (+ strand)
497-519 (— strand)
910-933 (+ strand)
1096-1120 (— strand)
124-144 (+ strand)
265-288 (— strand)
53-75 (+ strand)
233-254 (— strand)
2445 (+ strand)
148-172 (— strand)
387-409 (+ strand)
549-573 (— strand)
130-156 (+ strand)
278-302 (— strand)

“ Underlined nucleotides correspond to a Gateway entry vector-compatible sequence. Underlined and italicized nucleotides correspond to an added stop codon.
b aph_0278 and aph_1032, both of which encode EF-Tu, are 100% identical at the nucleotide level.
¢ The msp2 (P44) primer set targets nucleotides that encode the N-terminal conserved region of all Msp2 (P44) paralogs. The designated nucleotide positions correspond to those of

aph_1221, which encodes Msp2 (P44)-18.

Platinum Pfx DNA polymerase (Invitrogen). Amplicons were cloned into
pENTR/TEV/D-TOPO (Invitrogen) (18) to yield pENTR candidate gene
entry plasmids harboring the genes of interest. Plasmid inserts were se-
quenced to verify their integrity. Recombination of the candidate gene
insert downstream of and in frame with the gene encoding GST was
achieved using the pDest-15 vector (Invitrogen) (18). GST-Asp14, GST—
Omp-1A, and GST were affinity purified and used to generate murine
polyclonal antisera (41).

Western blotting and spinning disk confocal microscopy. Antisera
generated in this study and previous studies targeted Asp14, outer mem-
brane protein 1A (Omp-1A), APH_0032, Asp55 (55-kDa A. phagocyto-
philum surface protein), major surface protein 2 (Msp2 [P44]) (17, 47—
49), and VirB9 (50). Western blot analyses were performed as described
previously (41). A. phagocytophilum-infected HL-60 cells were processed
and analyzed via indirect immunofluorescence using spinning disk con-
focal microscopy (37, 51).

Surface trypsin digestion of intact A. phagocytophilum DC organ-
isms. Intact A. phagocytophilum DC organisms were subjected to surface
trypsinolysis (29, 52). Lysates of trypsin- and PBS-treated DC bacteria
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were resolved by SDS-PAGE, transferred to a nitrocellulose membrane,
and screened with antibodies targeting Asp14, Asp55 (47), Omp-1A, and
APH_0032 (17).

Flow cytometry. Host cell-free GFP-expressing transgenic HGE1 or-
ganisms were prepared as described previously (26), followed by resus-
pension in PBS containing preimmune mouse serum, serum from a
mouse that had been infected experimentally with A. phagocytophilum
(53), mouse anti-Aspl4, or a secondary antibody control (rabbit anti-
mouse IgG conjugated to Alexa Fluor 594; BD Biosystems). Antibody
incubations and wash steps were performed as described previously
(29, 32).

Asp14 antibody inhibition of A. phagocytophilum infection. DC or-
ganisms were incubated with heat-inactivated mouse polyclonal antise-
rum raised against GST or GST-Asp14 (1.5 mg/ml), after which bacterial
adhesion to and infection of HL-60 cells were monitored (29).

Binding of GST-Asp14 to mammalian host cells and competitive
inhibition of A. phagocytophilum infection. For recombinant protein
binding studies, RF/6A or HL-60 cells were incubated with 4 uM GST,
GST-tagged Aspl4 or fragments thereof, or GST-tagged APH_1387
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FIG 1 NeutrAvidin affinity purification of biotinylated A. phagocytophilum
surface proteins. DC bacteria were purified to remove the majority of contam-
inating host cellular debris. DC surface proteins labeled with sulfo-NHS-SS-
biotin were recovered by NeutrAvidin affinity chromatography. Aliquots of
input host cell-free DC lysate (lane 1), affinity-captured DC surface proteins
(lane 2), NeutrAvidin beads plus unlabeled DC whole-cell lysate (lane 3), and
NeutrAvidin beads alone (lane 4) were resolved by SDS-PAGE followed by
silver staining.

amino acids 112 to 559 (GST-APH_1387,,,_s,,) at 37°C for 1 h. In some
experiments, HL-60 cells were incubated with 4 pM (each) GST-Asp14
and GST-OmpA or 8 uM GST as a control. Binding of recombinant
proteins to host cells and competitive inhibition of A. phagocytophilum
infection were assayed (29).

Statistical analyses. Statistical analyses were performed using the
Prism 5.0 software package (Graphpad, San Diego, CA). If one-way anal-
ysis of variance (ANOVA) indicated a group difference (P < 0.05), then
Dunnett’s post hoc test was used to test for a significant difference among
groups. In some instances, the Student ¢ test was used to assess statistical
significance. Statistical significance was set at P values of <0.05.

RESULTS

Proteomic analysis of affinity-purified A. phagocytophilum DC
surface proteins identifies novel outer membrane protein can-
didates. To identify DC surface proteins, DC organisms were sur-
face labeled with biotin and solubilized, and biotinylated proteins
were captured by NeutrAvidin affinity chromatography. Compar-
ison of the banding patterns of the input lysate and eluate revealed
enrichment for many proteins (Fig. 1). With the exception of 44-
kDa and 70-kDa proteins, both of which were recovered in low
abundances, nonbiotinylated DC whole-cell lysate proteins did
not bind to NeutrAvidin beads (Fig. 1). Eluted biotinylated pro-
teins were subjected to 2D LC-MS/MS analysis. Resulting data
were searched against A. phagocytophilum-specific FASTA data-
bases (RefSeq and UniProt sources). Table 2 summarizes a total of
56 identified A. phagocytophilum proteins, 47 of which were iden-
tified in both the RefSeq and UniProt sources. All proteins for
which at least 2 peptides were identified from either the RefSeq or
UniProt source and scored above a 5% false discovery rate cutoff
are listed. Nine proteins had previously been delineated as being
surface localized (47), thereby validating the efficacy of our ap-
proach. Ten paralogs of the Msp2 (P44) family (54) were identi-
fied, 8 of which yielded the highest PLGS scores.

Selection of A. phagocytophilum OMP candidates. Several
candidates were selected for differential gene expression analysis.
Aspl4, APH_0625,and APH_0874 were chosen because they were
uncharacterized (hitherto hypothetical) proteins. APH_0441,
APH_1049 (Msp5), APH_1170, APH_1210 (Omp85), and
APH_1359 (Omp-1A) were selected because they are confirmed

68 iai.asm.org

Anaplasma sp. proteins that are uncharacterized and/or have yet
to be studied for differential gene expression (47). APH_0240 (the
chaperonin GroEL), APH_0346 (DnaK), and APH_1032 (the
elongation factor Tu) were chosen because these housekeeping
proteins have been shown to moonlight as surface proteins in A.
phagocytophilum and other bacteria. Moreover, these proteins
have been implicated as adhesins in other bacteria (47, 55-64). Of
the 11 candidates, Omp-1A, Omp85, Msp5, and APH_0441 carry
predicted N-terminal signal peptide sequences. All except for
Asp14 have one or more predicted transmembrane domains.

Differential transcription profiling of OMP candidate genes.
To gain insight into the transcription of the 11 genes of interest
during A. phagocytophilum infection, we synchronously infected
HL-60 cells with DC organisms and allowed the infection to pro-
ceed until the biphasic developmental cycle was complete and a
second round of infection had begun (26). Based on when during
infection they were expressed, genes of interest were classified as
early (0to 12 h)-, mid (12 to 24 h)-, or late (24 to 36 h)-stage genes
(Fig. 2A). The early stage correlates with DC adhesion and inva-
sion, DC-to-RC differentiation, and initiation of RC replication.
Early-stage gene transcription increased at 4 h and peaked at 8 h or
12 h, except for that of asp14 and aph_0346, both of which peaked
at 4 h (Fig. 2B). Expression of all early-stage genes increased again
between 28 and 36 h, which corresponds to the period during
which A. phagocytophilum RC organisms differentiate to DC or-
ganisms and initiate the second round of infection (26). Midstage
gene expression, which coincides with a period of extensive A.
phagocytophilum replication (26), peaked at 16 h (Fig. 2C). Late-
stage genes were upregulated between 24 and 36 h (Fig. 2D), a
period that correlates with the conversion of RC to DC organisms,
DC exit, and initiation of the second round of infection (26).
Transcript levels of asp14, aph_0346, and aph_0874 were more
abundant in DC bacteria used as the inoculum than at 16 h postin-
fection, when the bacterial population consisted exclusively of RC
organisms (26) (Fig. 2).

msp2 (P44), asp62, and asp55 encode confirmed A. phagocyto-
philum surface proteins, and because the last two genes constitute
an operon (3, 26, 47), they were analyzed as controls. The tran-
scriptional profiles of asp55 and asp62 were highly similar
(Fig. 2E), which reinforces the accuracy of the expression data
obtained for all genes. Coincident with the kinetics of the biphasic
infection cycle (26), msp2 (P44) transcription steadily increased
from 4 to 28 h, after which it pronouncedly declined by 32 h (Fig.
2E). Of the genes analyzed, asp14 was the most abundantly ex-
pressed at 4 h (Fig. 2B). We rationalized that since asp14 is tran-
scriptionally upregulated during the initial 4 h that coincide with
both A. phagocytophilum invasion and transcriptional upregula-
tion of the ompA-encoded invasin (29), it may contribute to es-
tablishing infection. Accordingly, we focused on Aspl4 for the
remainder of this study.

A. phagocytophilum upregulates aspl4 expression upon
binding to PSGL-1 and during tick transmission feeding. Next,
we more closely examined aspl4 expression during two critical
stages of the A. phagocytophilum life cycle— cellular invasion and
tick transmission feeding. Expression of aspl4 was significantly
upregulated at all time points relative to carryover mRNA levels
present in DC organisms during A. phagocytophilum invasion of
HL-60 cells, exhibiting a maximal increase at 2 h (Fig. 3A). Tran-
scription of asp14 exhibited little change over the course of inva-
sion of RF/6A endothelial cells (Fig. 3B).
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APH_0248 in A. phagocytophilum Infection

TABLE 2 A. phagocytophilum DC proteins recovered post-surface labeling and -affinity chromatography and analyzed by 2D nano-LC-MS/MS
protein analysis

RefSeq data® UniProt data”
Molecular No. of Coverage ~ Amount No. of Coverage ~ Amount

Locus® JCVI description mass (Da)  pl Score peptides (%) (fmol)? Score peptides (%) (fmol)?
APH_1221 P44 18ES outer membrane protein expression 45,799 56 20,6084 131 78.0 269.0 20,363.3 133 78.0 222.1

locus with P44-18
APH_1287 P44 32 outer membrane protein 44,350 54 19,8485 137 73.9 343.3 19,451.2 137 75.1 375.9
APH_1229 P44 2b outer membrane protein 44,884 52 18,3219 138 81.4 29.1 17,898.4 135 76.5 31.7
APH_1169 P44 19 outer membrane protein 33,033 53 18,185.8 62 82.3 524.8 17,902.6 65 82.3 633.6
APH_1269 P44 16 outer membrane protein 45,261 56 16,839.7 114 69.0 314.4 16,779.1 116 69.0 550.3
APH_1275 P44 16b outer membrane protein 45,194 59 16,6953 122 78.0 44.4 16,427.1 122 78.0 37.5
APH_1215 P44 14 outer membrane protein 46,133 5.4 13,580.3 129 77.1 788.0 13,490.5 123 76.7 664.6
APH_0172 P44 outer membrane protein C-terminal 7,236 4.4 11,9943 18 94.0 0 11,807.8 18 94.0 0

fragment
APH_1235  Hypothetical protein 14,762 53  4,190.9 33 91.8 189.4 4,998.2 30 97.0 189.4
APH_0240  Chaperonin GroEL 58,263 5.0 1,436.7 69 68.7 76.9 1,403.2 64 71.6 76.9
APH_0494  F_F, ATP synthase subunit beta 51,478 4.8 641.4 32 58.9 40.8 628.2 30 70.1 40.8
APH_0405  Asp62 outer membrane protein 57,538 9.5 489.5 27 45.5 84.9 471.9 21 38.6 106.4
APH_1087  Putative competence lipoprotein ComL 26,084 4.8 4582 10 36.9 329 519.9 10 36.9 329
APH_1032  Elongation factor Tu 42,831 51 4155 19 44.8 0.0 398.1 19 35.1 51.1
APH_1190  Putative ATP synthase F, B subunit 18,837 5.9 4155 2 14.4 31.7 458.5 10 47.9 31.7
APH_0404  Asp55 outer membrane protein 63,644 8.9 413.1 21 26.8 49.3 413.9 22 25.8 49.3
APH_0397  30S ribosomal protein S2 32,118 9.2 406.4 12 32.8 66.8 392.5 12 36.1 66.8
APH_0036  Co chaperone GrpE 22,646 5.8 3947 4 33.2 0.0 372.7 4 33.2 0
APH_1404  Type IV secretion system protein VirB10 46,871 4.7 3889 8 22.8 34.5 379.4 7 21.7 34.5
APH_0346  Chaperone protein DnaK 69,676 49 381.2 25 34.4 177.7 380.1 24 36.4 177.7
APH_0248  Hypothetical protein (Asp14) 13,824 49  359.0 10 58.1 0
APH_1049  Major surface protein 5 23,341 4.7 3537 4 22.5 170.6 339.9 3 22.5 170.6
APH_1334  F_F, ATP synthase subunit alpha 54,068 53 3121 30 34.8 180.0 270.5 23 28.5 0
APH_0051  Iron binding protein 37,317 52 2529 4 14.6 0 318.8 5 17.9 109.1
APH_0853  Hypothetical protein 10,833 9.3 2499 4 62.9 0 162.7 1 15.5 0
APH_0625 Immunogenic protein; membrane transporter 34,653 5.9 229.0 6 28.6 0 207.9 5 28.6 0
APH_1050  Putative phosphate ABC transporter; 37,567 5.6 221.0 3 16.5 0 192.1 1 2.7 0

periplasmic phosphate binding protein
APH_1246  Glutamine synthetase type I 52,383 6.0 216.0 9 10.2 0 228.0 10 10.2 0
APH_1232  Citrate synthase I 45,591 58 2138 5 19.7 0 151.0 2 3.6 0
APH_0600  Thiamine biosynthesis protein ThiC 61,522 6.0 2033 4 11.0 0 206.0 4 13.5 0
APH_0059  Phenylalanyl tRNA synthetase alpha subunit 39,277 6.5 197.0 7 14.0 0 180.0 8 11.4 0
APH_0555  Cysteinyl tRNA synthetase 51,774 5.8 192.8 5 18.6 0 197.2 4 16.0 0
APH_0794  Hypothetical protein 27,119 7.1 1839 2 8.4 0 164.8 1 4.2 0
APH_0740  AnkA 131,081 6.1 1828 11 7.2 0 189.2 13 8.2 0
APH_1258  Fructose bisphosphate aldolase 32,685 6.7 182.0 5 9.2 0 193.7 4 9.2 0
APH_1025 508 ribosomal protein L7 L12 14,122 4.8 1815 2 23.9 0
APH_1292  Cell division protein FtsZ 41,975 50 181.3 3 13.3 0 205.0 3 10.5 0
APH_1210 OMPS5 family outer membrane protein 85,652 8.5 1739 7 8.3 0 165.5 6 5.7 0
APH_0283  50S ribosomal protein L2 29,772 11.5 169.5 3 8.3 0 154.1 2 6.2 0
APH_0893  Heat shock protein 90 71,123 49 1679 6 12.7 0 173.7 9 17.0 0
APH_0111  Uridylate kinase 26,347 6.9 164.4 2 13.1 0 176.4 3 18.0 0
APH_0608  PpiC parvulin rotamase family protein 67,363 49 1614 10 13.1 0 144.2 8 9.0 0
APH_1359  Major outer membrane protein Omp-1A 31,617 9.0 157.8 2 5.5 0 142.4 2 5.5 0
APH_1084  Cytochrome ¢ oxidase subunit IT 29,873 6.1 155.0 3 13.0 0
APH_0422  Acetylglutamate kinase 35,726 46 1519 2 7.0 0
APH_0971  Putative trigger factor 49,358 4.8 140.8 3 13.0 0 138.3 2 10.0 0
APH_0038  CTP synthetase 59,416 55 1396 2 5.9 0 136.9 2 5.9 0
APH_1355 P44 79 outer membrane protein 50,321 8.7 139.0 2 3.9 0 147.7 2 4.6 0
APH_0669  Bifunctional proline dehydrogenase-pyrroline 5 114,508 5.1 139.0 4 6.9 0 159.1 5 7.6 0

carboxylate dehydrogenase
APH_0450  ATP-dependent Clp protease; ATP-binding 86,715 6.2 138.0 2 1.6 0

subunit CIpA
APH_0231  Leucyl aminopeptidase 54,611 5.5 1288 3 11.4 0
APH_0874  Hypothetical protein 115,420 6.6 123.2 5 2.9 0
APH_1017  Outer membrane protein of Msp2 family 46,971 8.4 131.9 2 3.6 0
APH_1339  Conserved domain protein 47,356 7.3 128.6 2 5.1 0
APH_0168  Heme exporter protein CcmC 26,310 9.5 126.7 4 6.9 0
APH_0502  tRNA pseudouridine synthase A 28,012 8.8 131.9 2 3.6 0

@ Refseq data for A. phagocytophilum (downloaded February 2010).

b UniProt data for A. phagocytophilum (downloaded February 2010).

¢ Proteins that were previously confirmed to be on the A. phagocytophilum surface and/or were recovered by surface biotinylation and affinity chromatography in the study by Ge
and Rikihisa (47) are denoted in bold.

“ Peptides that are considered in-source fragments were given a 0-fmol value, as their quantification was confounded by the signal lost within the mass spectrometer.
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FIG 2 Differential transcription profiling of OMP candidate genes throughout the A. phagocytophilum infection cycle. DC organisms were used to synchro-
nously infect HL-60 cells, and the infection proceeded for 36 h, a period that allowed the bacteria to complete their biphasic developmental cycle and to reinitiate
infection. Total RNAs were isolated from the DC inoculum and from infected host cells at several postinfection time points. RT-qPCR was performed using
gene-specific primers. Relative transcript levels for each target were normalized to A. phagocytophilum 16S rRNA gene transcript levels by using the 2744
method. To determine the relative transcription of OMP candidate genes between RC and DC organisms, normalized transcript levels of each gene at each time
point were calculated as fold changes in expression relative to expression at 16 h (encircled in the experimental timeline in panel A), a time point at which the A.
phagocytophilum population consists exclusively of RC organisms. (A) Diagram of the experimental design, highlighting the time points at which RNA was
isolated, the A. phagocytophilum biphasic developmental and infection stages, and the expression categories into which the genes of interest were classified based
on their expression profiles. (B to D) RT-qPCR results for OMP candidate-encoding genes of interest, grouped into early-stage (B), midstage (C), and late-stage
(D) genes according to when during the course of infection they are most highly expressed. (E) RT-qPCR results for control genes. The data in panels B to E are

the means and standard deviations (SD) of results for triplicate samples and are representative of two independent experiments that yielded similar results.

Since A. phagocytophilum infection of HL-60 cells and neutro-
phils is predicated, at least in part, on binding to PSGL-1 (28), we
examined whether DC binding to PSGL-1 upregulated asp14 ex-
pression. PSGL-1 CHO cells (Chinese hamster ovary [CHO] cells
transfected to express PSGL-1) are excellent models for studying
A. phagocytophilum--PSGL-1 interactions (26, 29, 31, 35, 65, 66).
A. phagocytophilum binding to PSGL-1 CHO cells occurs exclu-
sively through recognition of PSGL-1, and the bacterium cannot
bind to untransfected CHO cells (31, 35, 67). DC binding to
PSGL-1 CHO cells significantly upregulated aspI4 transcription,
with the most pronounced increase relative to carryover mRNA
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levels present in DC organisms occurring within the first hour
(Fig. 3C). A. phagocytophilum genes that are induced during trans-
mission feeding of infected ticks on mammals conceivably aid in
establishing infection. aspI4 transcripts were not detected in un-
fed infected I. scapularis nymphs but were significantly induced
within the first 24 h of I scapularis nymphs feeding on naive mice
and continued to be expressed throughout the blood meal
(Fig. 3D).

Asp14 exhibits a propensity to multimerize and is expressed
by A. phagocytophilum during infection of humans or mice. The
aspl4 coding region (encoding 13.8 kDa) was cloned and ex-
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FIG 3 A. phagocytophilum-host cell interactions and transmission feeding of
infected ticks upregulate asp14 expression. (A to C) A. phagocytophilum DC
organisms were incubated with HL-60 (A), RF/6A (B), and PSGL-1 CHO (C)
cells for 4 h, a period that is required for bacterial adherence and for =90% of
bound bacteria to invade host cells. A. phagocytophilum cannot invade PSGL-1
CHO cells. Total RNAs were isolated from the DC inoculum and from host
cellsafter 1, 2, 3, and 4 h of bacterial addition. (D) A. phagocytophilum-infected
I scapularis nymphs were allowed to feed on mice for 72 h. Total RNAs were
isolated from the salivary glands of uninfected and transmission-fed ticks that
had been removed at 24, 48, and 72 h postattachment. Total RNA was isolated
from combined salivary glands and midguts from unfed ticks. (A to D) RT-
qPCR was performed using gene-specific primers. Relative transcript levels for
aspl4 were normalized to A. phagocytophilum 16S rRNA gene transcript levels.
The normalized values in panels A to C are presented relative to aspl4 tran-
script levels of the DC inoculum. Data are the means and standard deviations
of results for triplicate samples and are representative of two independent
experiments that yielded similar results. Statistically significant (***, P <
0.001) values are indicated.

pressed in Escherichia coli as an N-terminally GST-tagged fusion
protein (GST-Aspl4) (Fig. 4A). Purified GST-Asp14 appeared asa
39.8-kDaband upon SDS-PAGE. Purified GST-Asp14 was used to
immunize mice. In addition to the anticipated 13.8-kDa band,
anti-Asp14 detected a band of approximately 42 kDa in an A.
phagocytophilum lysate but not an uninfected HL-60 cell lysate
(Fig. 4B and C). Anti-Asp14 occasionally detected another band,
of approximately 28 kDa, on blots of A. phagocytophilum lysates
(data not shown). Even though the 42-kDa band is close in size to
that of Msp2 (P44), anti-Asp14 failed to recognize A. phagocyto-
philum-derived and maltose binding protein (MBP)-tagged Msp2
(P44) (Fig. 4B and C) (68). An amino acid sequence alignment
revealed that Asp14 exhibits no homology to Msp2 (P44) paralogs
(data not shown). GST-Asp14 multimerized when it was fraction-
ated by nonreducing SDS-PAGE (Fig. 4D). Thus, the 28- and
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FIG 4 A. phagocytophilum (Ap) expresses Aspl4 during in vitro and in vivo
infections. (A) Whole-cell lysates of E. coli (U), E. coli induced (I) to express
GST-Aspl4, and GST-Aspl4 purified (P) by glutathione Sepharose affinity
chromatography were separated by SDS-PAGE and stained with Coomassie
blue. (B) Western blot analyses in which mouse anti-Asp14 (aAspl4; raised
against GST-Asp14) was used to screen whole-cell lysates of uninfected HL-60
cells and A. phagocytophilum organisms. The blot was stripped and rescreened
with anti-Msp2 (P44) («P44). The thin and thick arrows denote Asp14 and
Msp2 (P44), respectively. (C) Western-blotted MBP-P44, MBP, and whole-
cell lysates of uninfected HL-60 cells and A. phagocytophilum organisms were
screened with anti-Asp14. The blot was stripped and rescreened with anti-
MBP-P44. (D) GST-Aspl4 was resolved by SDS-PAGE under nonreducing
and reducing conditions, Western blotted, and screened with anti-Asp14. (E)
Western-blotted GST-Asp14 and GST were screened with sera from an HGA
patient and an experimentally infected mouse.

42-kDa bands in the A. phagocytophilum lysate recognized by anti-
Aspl4 are presumably multimeric complexes that consist exclu-
sively of or contain Asp14. HGA patient serum and serum from an
A. phagocytophilum-infected mouse each recognized GST-Asp14
(Fig. 4E), indicating that Asp14 is expressed by A. phagocytophi-
Ium and elicits a humoral immune response during infection of
humans or mice. Two additional HGA patient serum samples
recognized GST-Asp14 (data not shown).

Aspl4islocated in the A. phagocytophilum outer membrane
and colocalizes with confirmed outer membrane proteins. To
determine if Asp14 colocalizes with confirmed outer membrane
proteins, we screened infected RF/6A cells by confocal micros-
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FIG 5 Aspl4 colocalizes with confirmed outer membrane proteins. A. phago-
cytophilum-infected RF/6A cells were fixed and viewed by confocal microscopy
to determine immunoreactivity with Asp14 antiserum in conjunction with
antiserum against Msp2 (P44), Asp55, or VirB9, each of which is a confirmed
outer membrane protein. Host cell nuclei were stained with DAPI
(4',6-diamidino-2-phenylindole).

copy, using Asp14 antiserum in conjunction with antiserum tar-
geting Msp2 (P44), Asp55, or VirB9 (47, 50, 69). Recognition of
intravacuolar A. phagocytophilum bacteria with each antiserum
generated ring-like staining patterns on the peripheries of the or-
ganisms. Asp14 and VirB9 signals colocalized (Fig. 5). Asp55 an-
tiserum is specific for a surface-exposed peptide epitope (47). The
Asp55 signal colocalized with the Asp14 signal in punctate patterns
on the peripheries of the bacteria. The Msp2 (P44) signal colocalized
with and also extended beyond the Aspl4 signal. Screening of A.
phagocytophilum-infected HL-60, RF/6A, and ISE6 (1. scapularis em-
bryonic cell line) cells with Asp14 and Msp2 (P44) antibodies at mul-
tiple time points throughout infection revealed that 100.0% of mo-
rulae in each cell line were Asp14 positive (data not shown).
Surface localization of Asp14. We next verified that Aspl4 isa
surface protein. Intact DC bacteria were incubated with trypsin,
followed by Western blotting with Asp14 antiserum to determine
if immunoaccessible domains are on the A. phagocytophilum sur-
face. Positive-control antisera targeted Omp-1A or a surface-ex-
posed Asp55 epitope (47). Negative-control antiserum targeted
the A. phagocytophilum-occupied vacuolar membrane protein
APH_0032 (17). Following surface trypsinolysis, the signal from
Aspl4, Asp55, or Omp-1A was completely eliminated, or very
little signal was detected (Fig. 6A). There was no difference in
APH_0032 signal intensity between treated and vehicle control-
treated organisms. Live transgenic DC organisms expressing GFP
(33, 36) were screened by flow cytometry with anti-Asp14 or se-
rum from an A. phagocytophilum-infected mouse obtained at the
peak of bacteremia to assess the presentation of Aspl4 on the
bacterial surface (53). We had verified that the infected mouse
serum detected Msp2 (P44) and other A. phagocytophilum anti-
gens by Western blotting and immunofluorescence assays (data
not shown). This positive-control serum recognized 1.5- * 0.3-
fold more GFP-positive bacteria than preimmune mouse serum
(Fig. 6B), thereby demonstrating that antibodies that recognize
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FIG 6 Aspl4 is presented on the A. phagocytophilum surface. (A) Intact DC
bacteria were incubated with trypsin or vehicle control, lysed in RIPA buffer,
fractionated by SDS-PAGE, and immunoblotted. Western blots were screened
with antiserum targeting Asp14, Asp55, Omp-1A, or APH_0032. Data are
representative of at least two experiments with similar results. (B) Live trans-
genic A. phagocytophilum DC organisms expressing GFP were incubated with
preimmune mouse serum, mouse anti-Asp14, or serum recovered from an A.
phagocytophilum-infected mouse. Primary antibodies were detected with anti-
mouse IgG conjugated to Alexa Fluor 647. Flow cytometry was used to deter-
mine the percentage of Alexa Fluor 647- and GFP-positive DC organisms per
sample. The fold increase in the percentage of Alexa Fluor 647-positive, GFP-
positive DC organisms for each sample relative to preimmune serum is pro-
vided. Results presented are the means * SD for three experiments. Statisti-
cally significant (*, P < 0.05) values are indicated.

Msp2 (P44) and other A. phagocytophilum antigens bind to the
surfaces of intact A. phagocytophilum organisms. Asp14 antiserum
yielded a similar result, as it bound to 3.6- = 0.9-fold more trans-
genic bacteria than preimmune serum, indicating that Asp14 or a
portion thereof is exposed on the A. phagocytophilum surface.

Pretreating A. phagocytophilum with anti-Asp14 inhibits in-
fection of HL-60 cells. Since Asp14 isa surface protein, we examined
whether incubating A. phagocytophilum DC organisms with heat-
inactivated Aspl4 antiserum prior to adding them to HL-60 cells
would inhibit bacterial binding or infection. Anti-Asp14 had no effect
on A. phagocytophilum adhesion, but it reduced infection by approx-
imately 33% and lowered the mean number of morulae per cell by
approximately 54% (Fig. 7A to D). Inhibition was specific to Asp14
antiserum, as GST antiserum did not alter bacterial binding or infec-
tion.

The Asp14 C-terminal region binds mammalian host cells.
Since Aspl4 is an exposed outer membrane protein and anti-
Aspl4 reduces A. phagocytophilum infection, we rationalized that
Asp14 may interact with mammalian host cell surfaces to promote
infection. To test this possibility and to identify the Asp14 region
that is sufficient for optimal adherence, we examined if GST-
tagged Aspl4 or portions thereof bind to RF/6A cells. GST alone
and GST-tagged APH_1387 amino acids 112 to 579 (GST-
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FIG 7 Pretreatment of A. phagocytophilum (Ap) with anti-Asp14 partially
abrogates infection of but not cellular adherence to HL-60 cells. Host cell-free
A. phagocytophilum DC organisms were incubated with mouse polyclonal an-
tiserum raised against GST-Asp14 or GST alone. Next, the treated bacteria
were incubated with HL-60 cells for 60 min. After removal of unbound bacte-
ria, the infection of HL-60 cells was allowed to proceed for 48 h, during which
A. phagocytophilum binding and infection were assessed using an antibody
targeting A. phagocytophilum Msp2 (P44) and by confocal microscopy. (A)
Percentages of HL-60 cells with bound A. phagocytophilum organisms. (B)
Mean number (=SD) of bound bacteria per cell. (C) Percentage of infected
HL-60 cells following incubation with A. phagocytophilum organisms in the
presence of anti-Asp14 or anti-GST. (D) Mean number (£SD) of morulae per
cell. Results in each panel are the means = SD for three independent experi-
ments. Statistically significant (**, P < 0.005) values are indicated.

APH_1387,,, 5,5) were used as negative controls. APH_1387 isan
A. phagocytophilum protein that localizes to the pathogen’s vacu-
olar membrane and does not associate with the host cell surface
(18). GST-Aspl4 but neither GST nor GST-APH_1387,,, 579
bound to RF/6A cells (Fig. 8). The binding domain is carried on
the Aspl4 C-terminal half, as GST-Aspl4¢s_;,, but not GST-
Aspl4,_g, exhibited binding. GST-Asp14,_,,, and GST-Asp14,_,,,
were unable to bind RF/6A cells (Fig. 8). Thus, Asp14 residues 101
to 124 contain the minimal region that is sufficient to facilitate
adhesion to mammalian cell surfaces.

GST-Aspl4 requires Aspl4 residues 101 to 124 to competi-
tively inhibit A. phagocytophilum infection of mammalian host
cells. We next determined if GST-tagged Aspl4 or fragments
thereof could inhibit A. phagocytophilum infection. GST-Asp14
and GST-Aspl4gs_,,, each significantly reduced infection of
HL-60 and RF/6A cells relative to that with GST alone (Fig. 9).
GST-Aspl4,_,oand GST-Aspl4,_;,, had no effect on infection of
HL-60 cells (Fig. 9A and B). GST-Aspl4,_,,, did not lower the
percentage of infected RF/6A cells but reduced the mean number
of morulae per RF/6A cell comparably to the case with GST-
Aspl4dgs 1,4 (Fig. 9C and D). Pretreating host cells with GST-
Asp14 fusion proteins prior to incubation with bacteria failed to
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inhibit A. phagocytophilum binding (data not shown). Thus, A.
phagocytophilum binding to mammalian host cells is Asp14 inde-
pendent, but Asp14 is important for bacterial invasion.

The Asp14 C terminus is positively charged, and residues 101
to 115 constitute a conserved domain among homologs from
Anaplasma and Ehrlichia species. We rationalized that a domain
that lies within Asp14 amino acids 101 to 124 is involved in me-
diating interactions with host cells that promote A. phagocytophi-
Ium infection. To determine if this or any other Asp14 region is
conserved among Anaplasmataceae members, we aligned the pri-
mary amino acid sequences of Asp14 and its homologs from two
Anaplasma marginale strains and three monocytotropic Ehrlichia
species. Doing so identified two conserved regions, the first of
which corresponds to Asp14 amino acids 19 to 61 (Fig. 10). The
second conserved region aligns with Asp14 residues 101 to 115.
The consensus sequence for this region among the Anaplasma and
Ehrlichia sp. Aspl4 homologs is L[RK]JaIKKR[IL]LRLERxV,
where “a” and “x” represent a nonpolar amino acid and any amino
acid, respectively. Beginning at tyrosine 116, the Asp14 C termi-
nus bears no sequence homology to its A. marginale and Ehrlichia
counterparts. The Asp14 C terminus (amino acids 101 to 124) has
a charge of +4.91, despite the entire protein sequence having a
charge of —3.10 (Table 3). A similar trend is observed when the
charges of the Asp14 homologs’ C termini and entire protein se-
quences are examined.

GST-Asp14 and GST-OmpA together more pronouncedly
inhibit A. phagocytophilum infection of HL-60 cells than either
protein alone. We examined whether we could improve upon the
protection against A. phagocytophilum infection afforded by GST-
Asp14 (Fig. 9) or GST-OmpA (29) by pretreating HL-60 cells with
both recombinant proteins. Consistent with previous results,
35.5% = 7.4% of GST-OmpA-treated and 53.2% = 11.8% of
GST-Aspl4-treated HL-60 cells became infected (Fig. 11A). How-
ever, HL-60 cells that had been preincubated with both GST-
Aspl4 and GST-OmpA were better protected against A. phagocy-
tophilum infection, as only 9.9% * 9.4% of these cells developed
morulae. To prove that the synergistic reduction in infection was
specific to the combinatorial effect of GST-Aspl4 and GST-
OmpA and not simply due to the presence of excess recombinant
protein, we treated HL-60 cells with GST-Asp14 and GST-OmpA,
GST-Aspl4,_;,, (does not block infection) (Fig. 9) and GST-
OmpA, or GST-Asp14 and GST-OmpA,5_,s (does not block in-
fection) (29). HL-60 cells treated with GST-Asp14,_,,, and GST-
OmpA or GST-Asp14 and GST-OmpA,5_, 5 exhibited reductions
in infection and bacterial load comparable to those of cells treated
with GST-Aspl4 or GST-OmpA alone (Fig. 11A and B) (29).
HL-60 cells treated with GST-Asp14 and GST-OmpA exhibited an
approximately 4.5-fold reduction in the percentage of infected
cells relative to cells treated with either GST-Asp14,_,,,and GST-
OmpA or GST-Aspl4 and GST-OmpA,_,5 (Fig. 11A).

DISCUSSION

Over the past nearly 2 decades, Anaplasma and Ehrlichia species
have emerged as major causes of tick-transmitted diseases of hu-
mans and animals worldwide and are significant causes of human
morbidity in the United States (1, 12, 30, 70, 71). Identifying tar-
gets that are conserved among these bacteria would be advanta-
geous from both a cross-protective and a cost-effective standpoint
because of their potential to prevent infection by multiple Ana-
plasmataceae members rather than a single species. Evidence sug-
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FIG 8 The Asp14 C-terminal region binds mammalian host cells. RF/6A cells were incubated with GST-Asp14, GST-Asp14,_,, GST-Aspl4¢s_;5,, GST-Aspl4,_, o0,
GST-Aspl4,_,,,, GST-APH_1387,,,_s,, (negative control; does not associate with mammalian cell membranes), or GST alone for 60 min, followed by removal
of unbound protein. (A) Confocal microscopy analyses of GST fusion proteins bound to RF/6A cells. The host cells were fixed and successively incubated with
anti-GST antibody and anti-mouse IgG conjugated to Alexa Fluor 594. Gel mounting medium containing DAPI was added. Representative merged fluorescent
images are shown. Results are representative of two to four independent experiments. (B) Flow cytometric analysis of GST fusion protein binding to RF/6A cells.
The host cells were successively incubated with GST antibody and Alexa Fluor 488-conjugated anti-mouse IgG and then analyzed by flow cytometry.

gests that cellular invasion by each species is likely multifactorial,
involving interactions between numerous bacterial invasins and
host cell surface determinants that evoke entry through redundant
or complementary pathways. Spotted fever group Rickettsia spe-
cies, which are in the order Rickettsiales with Anaplasma and Eh-
rlichia, utilize multiple entry routes (72, 73). A. phagocytophilum
infection of human neutrophils and HL-60 cells largely depends
on recognition of three determinants of sLe*-capped PSGL-1—
a2,3-sialic acid and a1,3-fucose of sLe* and the PSGL-1 N-termi-
nal peptide (27, 28, 35)—but also involves unidentified sLe*- and
PSGL-1-independent receptors (32-34). Given that endothelial
cells do not express PSGL-1 (74) and that the same region of
Asp14 mediates invasion of RF/6A and HL-60 cells, we presume

74 iai.asm.org

that the Aspl4 C terminus does not directly bind the PSGL-1
N-terminal peptide to promote bacterial entry. The invasion do-
mains of both Asp14 and OmpA are conserved among Anaplasma
and Ehrlichia species (29). Using GST-OmpA or GST-Asp14 alone
competitively inhibits A. phagocytophilum infection of host cells
by 50 to 70% (29). However, using GST-OmpA and GST-Asp14
together more pronouncedly inhibits infection than using either
protein alone, indicating that Asp14 promotes entry by a comple-
mentary pathway that is independent of invasion mediated by the
OmpA-a2,3-sialic acid interaction. It will be important to inves-
tigate the potential of targeting Aspl4 and OmpA together for
protection against in vivo infection by A. phagocytophilum, A.
marginale, and Ehrlichia species.
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FIG 9 GST-Aspl4 requires Aspl4 residues 101 to 124 to competitively inhibit A. phagocytophilum infection of mammalian host cells. HL-60 (A and B) and
RF/6A (Cand D) cells were incubated with A. phagocytophilum (Ap) DC organisms in the presence of GST alone, GST-Asp14, GST-Aspl44s_,,4, GST-Aspl4,_0,
or GST-Aspl4,_;,, for 1 h. After removal of unbound organisms, host cells were incubated for 24 h (A and B) or 48 h (C and D) and subsequently examined by
confocal microscopy to assess the percentage of infected cells (A and C) or the mean number (£SD) of morulae per cell (B and D). Results shown are relative to

GST-treated host cells and are the means * SD for 3 experiments. Statistically significant (*,

A. phagocytophilum invasion of mammalian host cells is pred-
icated on the recognition of host cell surfaces by bacterial outer
membrane proteins, whose identities have long remained elusive.
Weidentified Asp14 as an A. phagocytophilum surface protein that
interacts with mammalian host cell surfaces via its C-terminal
invasin domain to promote infection. The invasin domain lies
within amino acids 101 to 124. Asp14 residues 101 to 115 are
highly conserved among homologs of other Anaplasma and Ehrli-
chia species, implying that this region may exert a functionally
conserved role. Yet deleting amino acids 113 to 124, which are
unique to Aspl4, eliminates the ability of GST-Asp14 to bind to
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P < 0.05; **, P < 0.005; ***, P < 0.001) values are indicated.

and competitively inhibit A. phagocytophilum infection of mam-
malian host cells. One possible explanation for this result is that
the invasin domain lies exclusively within residues 113 to 124 and
that residues 101 to 112, although conserved among Anaplasma
and Ehrlichia species, are not requisite for cellular invasion. A
second rationalization is that the invasin domain includes amino
acids 113 to 115 of the highly conserved region and that deleting
them eliminates the ability of Asp14 to interact with host cells. A
third possibility is that the net positive charge generated by resi-
dues 101 to 124 is important for overcoming the charge repulsion
barrier that occurs between negatively charged bacterial and host
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FIG 10 Alignment of A. phagocytophilum Asp14 with its homologs from other Anaplasma and Ehrlichia species. Clustal W alignment was performed with A.
phagocytophilum Asp14 and its homologs from an A. marginale St. Maries strain (AM936), an A. marginale subspecies centrale Israel strain (ACIS_00403), an
Ehrlichia chaffeensis Arkansas strain (ECH_0377), an Ehrlichia canis Jake strain (Ecaj_0636), and an Ehrlichia ruminantium Welgevonden strain (Erumé6320). The
A. phagocytophilum Aspl4 amino acid numbers are listed above the aligned sequences. White text with black shading denotes amino acids that are identical
among all six sequences. White text with dark gray shading denotes amino acids that are identical among five of six sequences. Light gray shading denotes amino
acids that are identical among four of six sequences. Amino acids in bold are those that are identical among three of six sequences. If a given amino acid is identical
among the three Anaplasma sequences and the amino acid at the same position is identical among the three Ehrlichia sequences but is different from the
Anaplasma sequences, then the amino acid for only the Anaplasma sequences is shown in bold. A. phagocytophilum amino acids that contain the invasin domain
are denoted by asterisks above them. Amino acids that are highly similar and weakly similar are denoted by colons and dots, respectively, below them.

cell surfaces (75). Support for the third premise comes from the
fact that a net positive charge is maintained for the most C-termi-
nal portion of each Anaplasma and Ehrlichia Asp14 homolog, de-
spite the lack of primary amino acid sequence conservation. An-
other highly conserved domain of the Anaplasma and Ehrlichia
homologs is formed by Asp14 amino acids 19 to 61. However, this
region likely plays no role in cellular invasion, as GST-Asp14,_g,
binds poorly to host cells.

A. phagocytophilum binding to sLe*-capped PSGL-1 upregu-
lates asp14 expression. Myeloid but not endothelial cells express
PSGL-1 (74), which likely accounts for the increase in asp14 tran-
scription upon A. phagocytophilum binding to HL-60 cells but not
RF/6A cells. The greater abundance of Aspl4 that presumably
results likely enhances cellular invasion of myeloid cells. Indeed,
the increase in asp14 mRNA is coincident with the 4-hour period
that A. phagocytophilum requires to efficiently invade HL-60 cells
(23-25). Aspl4 is not transcribed in unfed A. phagocytophilum-
infected I. scapularis nymphs but is transcriptionally induced dur-
ing transmission feeding on mice, an observation that is consistent
with a recent proteomic profiling study of A. phagocytophilum
proteins induced during I. scapularis transmission feeding (46).
Thus, while Asp14 is dispensable for A. phagocytophilum survival

TABLE 3 Charges of Asp14 and Asp14 homolog full-length sequences
and C-terminal regions

Residues in Residues in

full-length C-terminal
Protein® sequence Charge region Charge
Aspl4 1-124 —3.10 101-124 +4.91
AM936 1-130 —4.93 84-130 +3.08
ACIS_00403 1-131 —4.93 84-131 +3.08
ECH_0377 1-104 —3.07 83-104 +5.91
Ecaj_0636 1-98 —1.91 77-98 +6.07
Erumé6320 1-110 —0.94 88-110 +6.08

@ Annotated genome designations correspond to Asp14 homologs from an A. marginale
St. Maries strain (AM936), an A. marginale subspecies centrale Israel strain
(ACIS_00486), an E. chaffeensis Arkansas strain (ECH_0462), an E. canis Jake strain
(Ecaj_0563), and an E. ruminantium Welgevonden strain (Erum_5620).
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in ticks, it may be part of the bacterium’s armamentarium re-
quired for establishing infection in mammals. Support for this
argument comes from our and others’ reports that transcription
of A. phagocytophilum ompA and the Borrelia sp. virulence factor
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FIG 11 GST-Aspl4 and GST-OmpA cooperatively block A. phagocytophilum
infection of HL-60 cells. HL-60 cells were incubated with A. phagocytophilum
(Ap) DC organisms in the presence of GST alone, GST-Asp14, GST-OmpA,
GST-Aspl4 and GST-OmpA, GST-Aspl4,_;y, and GST-OmpA, or GST-
Aspl4 and GST-OmpA,;_,s for 1 h. After removal of unbound organisms,
host cells were incubated for 24 h and subsequently examined by confocal
microscopy to assess the percentage of infected cells (A) or the mean number
(=SD) of morulae per cell (B). Results shown are relative to GST-treated host
cells and are the means = SD for three to six experiments. Cells treated with
either 4 uM GST-Asp14 or GST-OmpA were compared to cells treated with 4
M GST, while cells treated with 4 puM GST-Asp14 and 4 pM GST-OmpA
were compared to cells treated with 8 uM GST. Statistically significant (*, P <
0.05; **, P < 0.005; ***, P < 0.001) values are indicated.
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ospC (encoding outer surface protein C), the latter of which is
essential for mammalian infection, is induced during ixodid tick
transmission feeding (29, 76, 77). Furthermore, A. phagocytophi-
lum expresses Aspl4 during infection of humans and mice. A.
phagocytophilum expresses Aspl4 throughout its development in
ISE6 cells, which suggests that environmental factors present in
the tick vector but absent in tick cell culture may regulate Asp14
expression.

Aspl4ispresented on the A. phagocytophilum outer membrane
and colocalizes with confirmed outer membrane proteins. Yet
Aspl4 is not predicted to carry a traditional signal sequence or a
transmembrane domain. How Asp14 associates with the bacterial
outer membrane is unknown, and this question is further compli-
cated by its lack of structural similarity to any known crystal struc-
ture (data not shown). It may be an atypical transmembrane pro-
tein or a peripheral membrane protein that is anchored to the A.
phagocytophilum surface via a posttranslational modification.
Both endogenous and recombinant forms of Asp14 display pro-
pensities to multimerize. Asp14 may form homomeric complexes
with itself in the A. phagocytophilum outer membrane or may
form heteromeric complexes with other OMPs. Asp14 and Msp2
(P44) colocalize on the A. phagocytophilum outer membrane.
Msp2 (P44) has been suggested to form heteromeric complexes
that facilitate interactions with host cells (78).

Prior studies have comprehensively delineated the A. phagocy-
tophilum proteome in infected HL-60 cells or infected, transmis-
sion-feeding I. scapularis ticks or have used surface biotinylation
and affinity proteomics to identify select A. phagocytophilum sur-
face proteins. These studies were performed on mixed popula-
tions of DC and RC bacteria (46, 47, 79). Our study is the first to
analyze the A. phagocytophilum DC surface proteome, which fa-
cilitated the discovery of the importance of Asp14 to infection. It
should be noted, however, that not all DC OMPs were identified.
Affinity proteomics using amine-labeling reagents is a valuable
approach, but its ability to label surface proteins is limited by
whether or not the proteins have free amines and, if so, whether
they are accessible. The OmpA predicted N-terminal ectodomain
carries five lysines (29), yet affinity proteomics failed to detect
OmpA. OmpA and other OMPs may be folded such that their free
amines are inaccessible for biotinylation. Several recovered pro-
teins are predicted to be cytoplasmic. While many of these so-
called cytoplasmic proteins were recovered in another surface bi-
otinylation and affinity proteomic study of A. phagocytophilum or
have homologs in other bacteria that localize to and function on
bacterial surfaces (47, 55—64), it remains to be verified if all recov-
ered proteins in this study are in fact surface localized. Though we
initially identified Asp14 on the A. phagocytophilum DC surface,
indirect immunofluorescence analyses revealed that the bacte-
rium constitutively expresses Asp14 throughout its development
in HL-60, RF/6A, and ISE6 cells. Thus, the RC form also expresses
Aspl4.

Of the profiled OMP candidates, we selected Asp14 because it,
like OmpA (29), was transcriptionally upregulated during cellular
invasion. An equally plausible approach would be to focus on
late-stage genes, such as APH_0874 and APH_1170, because they
may be important for RC-to-DC transition, adhesion, invasion,
and/or establishing infection. A precedent for this rationalization
is provided by APH_1235, which is a late-stage gene that is pro-
nouncedly upregulated at the DC stage and is critical for propa-
gating infection in HL-60 cell culture (41, 46).
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In summary, this work advances the knowledge of A. phagocy-
tophilum pathogenesis by identifying Asp14 as a novel surface pro-
tein that is critical for infection of mammalian host cells and map-
ping its invasion domain-containing region. The conservation of
the Aspl4 and OmpA invasion domains among Anaplasma and
Ehrlichia species, combined with the observation that treating
host cells with recombinant forms of both proteins protects
against A. phagocytophilum cellular invasion in vitro, serves as a
harbinger that targeting both invasins in vivo may protect against
infection by multiple Anaplasmataceae pathogens.
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