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Many microbial pathogens alter expression and/or posttranslational modifications of their surface proteins
in response to dynamics within their host microenvironments to retain optimal interactions with their host
cells and/or to evade the humoral immune response. Anaplasma phagocytophilum is an intragranulocytic
bacterium that utilizes sialyl Lewis x (sLe*)-modified P-selectin glycoprotein ligand 1 as a receptor for infecting
myeloid cells. Bacterial populations that do not rely on this receptor can be obtained through cultivation in
sLe*-defective cell lines. A. phagocytophilum major surface protein 2 [Msp2(P44)] is encoded by members of a
paralogous gene family and is speculated to play roles in host adaptation. We assessed the complement of
Msp2(P44) paralogs expressed by A. phagocytophilum during infection of sLe*-competent HL-60 cells and two
HL-60 cell lines defective for sLe* expression. Multiple Msp2(P44) and N-terminally truncated 25- to 27-kDa
isoforms having various isoelectric points and electrophoretic mobilities were expressed in each cell line. The
complement of expressed msp2(p44) paralogs and the glycosyl residues modifying Msp2(P44) varied consid-
erably among bacterial populations recovered from sLe*-competent and -deficient host cells. Thus, loss of host
cell sLe® expression coincided with both differential expression and glycosylation of A. phagocytophilum
Msp2(P44). This reinforces the hypothesis that this bacterium is able to generate a large variety of surface-

exposed molecules that could provide great antigenic diversity and result in multiple binding properties.

Anaplasma phagocytophilum is a tick-transmitted obligate
intracellular bacterium belonging to the family Anaplasmata-
ceae that infects neutrophils and myeloid precursor cells in the
bone marrow, causing the emerging and potentially fatal in-
fectious disease human granulocytic anaplasmosis (9, 12). The
A. phagocytophilum major surface protein 2 [MSP2(P44)] gene
family consists of more than 100 genes and functional pseudo-
genes that encode 42- to 49-kDa surface-exposed transmem-
brane proteins (9, 12, 18, 19, 31, 47). The Msp2(P44) proteins,
which have been linked to antigenic variation, consist of con-
served N- and C-terminal domains and a central hypervariable
region (HVR) that is predicted to be surface exposed (9, 12,
18, 24). Msp2(P44) diversity results from RecF-mediated gene
conversion of a single genomic msp2(p44) expression site by
partially homologous sequences (1-3, 25, 26). Therefore, only
one Msp2(P44) paralog is expressed per bacterium at any given
time. Certain Msp2(P44) paralogs (3, 20, 21, 27, 45, 46), as well
as paralogs of other Anaplasmataceae pathogens’ outer mem-
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brane protein families (41, 42), exhibit exclusive expression
patterns in tick or mammalian environments, which suggests that
they may have host cell-specific roles. Indeed, msp2(p44)-18 tran-
scription is specific to and dominates the msp2(p44) expression
profile during A. phagocytophilum HZ, HGE1, and HGE2 infec-
tion of HL-60 cells (3, 21, 38, 46), and Msp2(P44)-18 is the
predominant, if not the only, paralog expressed by HGE1 during
growth in HL-60 cells (38). HGE1 also expresses 18- to 27-kDa
Msp2 proteins [Msp2(P25)], and both Msp2(P44) and Msp2(P25)
are posttranslationally modified into multiple isoforms.

P-selectin glycoprotein ligand 1 (PSGL-1) and sialyl Lewis x
(sLe®), a tetrasaccharide that modifies the N terminus of
PSGL-1 and other selectin ligands (30), are confirmed human
myeloid cell receptors for A. phagocytophilum (6, 13, 16, 34,
44). Two sugars that comprise sLe*, a2,3-sialic acid and «l,3-
fucose, are critical for A. phagocytophilum recognition of sLe*.
This bacterium is capable of using other receptors. By culti-
vating different A. phagocytophilum strains in HL-60 cells un-
able to construct sLe*, we enriched for organisms capable of
sLe®modified PSGL-1-independent infection (34, 35, 37). Two
enriched populations are NCH-1A, which was obtained by
growing the NCH-1 strain in sialylation-defective HL-60
sLeX(""°™) cells (34), and NCH-1A2, which was selected for by
cultivating NCH-1A in sialylation- and «l,3-fucosyltrans-
ferase-defective HL-60 A2 cells (13, 35).

The specific Msp2(P44) paralogs expressed by A. phagocy-
tophilum NCH-1 during HL-60 cell infection are unknown, as
is whether NCH-1 Msp2(P44) proteins are modified into mul-
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tiple and/or truncated isoforms. Moreover, NCH-1A and
NCH-1A2 provide unique means for assessing the impact of
infection of host cells lacking sLe* and other sialylated and/or
al,3-fucosylated glycans on Msp2(P44) expression. We there-
fore determined the complement of Msp2(P44) paralogs ex-
pressed by NCH-1 during cultivation in HL-60 cells, by
NCH-1A during cultivation in HL-60 sLe*"**) and HL-60
cells, and by NCH-1A2 during cultivation in HL-60 A2 cells
and assessed their carbohydrate compositions. The resulting
data are the first data that provide direct evidence for glyco-
sylation of any native Anaplasmataceae protein and demon-
strate that the A. phagocytophilum Msp2(P44) expression pro-
file changes upon introduction into human myeloid cells
unable to express sLe* or other sialylated glycans.

MATERIALS AND METHODS

In vitro cultivation of A. phagocytophilum. A. phagocytophilum NCH-1, NCH-
1A, and NCH-1A2 were cultivated in HL-60, HL-60 sLe*(~/°"), and HL-60 A2
cells as described previously (34).

Preparation of A. phag hilum outer brane fractions, 2DE, and gel
staining. Host cell-free bacteria were prepared as described previously (7).
Bacterial outer membrane fractions were enriched for by temperature-depen-
dent Triton X-114 phase partitioning and were resolved by two-dimensional
electrophoresis 2DE and visualized exactly as described previously (38).

Cloning and expr of recombinant Msp2(P44) and portions of recombi-
nant Msp2(P44). Generation of recombinant full-length Msp2(P44)-18 has been
described previously (38). Regions of msp2(p44)-18 corresponding to the seg-
ments encoding the N-terminal region, C-terminal region, HVR, N-terminal
region through HVR, and HVR through C-terminal region were PCR amplified
and cloned, and the products were expressed as recombinant proteins in Esch-
erichia coli as described previously (38). The primers used were p44-5'-F (5'-G
ACGACGACAAGATGAA TGATGTCAGGGCTCATGATGACG-3"), p44-
5'-R (5'-GAGGAGAAGCCCGGTATCTCCACGGCCTTAGCAAACTG-3"),
p44-HVR-F (5'-GACGACGACAAGATAGCTAAGGAGTTAGCTTATGAT
GTTGTT ACTGG-3'), p44-HVR-R (5'-GAGGAGAAGCCCGGTGTCTTAG
CTAGTAACCCTGCTACTATGG-3'), p44-3'-F (5'-GACGACGACAAGATC
ATAGTAGCAGGGTTACTAGCTAAGACTATTGAAG G-3'), and p44-3'-R
(5'GAGGAGAAGCCCGGTAAAGCAAACCTAACACCAAATTCCCC-3'); the
underlined nucleotides correspond to enterokinase/ligation-independent cloning
vector pET-51b(+) (Novagen, Madison, WI)-compatible sequences.

Western blot analysis. A. phagocytophilum whole-cell lysates, uninduced and
induced E. coli cell lysates, or Triton X-114-fractionated proteins were resolved
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) or
2DE and transferred to nitrocellulose at 15 V for 60 min using a Trans-Blot
semidry transfer cell (Bio-Rad). Blots were screened using either mouse mono-
clonal antibody (MAb) 20B4 (32, 40) or MAb 8E8 (both gifts from J. Stephen
Dumler of Johns Hopkins University), followed by goat anti-mouse immuno-
globulin G conjugated to horseradish peroxidase (Cell Signaling, Boston, MA) or
horseradish peroxidase-conjugated Strep-Tag IT MAb (Novagen). The blots were
incubated with SuperSignal West Pico chemiluminescent substrate (Pierce,
Rockford, IL) and exposed to film.

LC-MS/MS and database searching with Msp2(P44) HVR peptide. Spot ex-
cision, liquid chromatography (LC)-tandem mass spectrometry (MS/MS) analy-
ses, and protein assignment were performed exactly as described previously (38).
Mass spectrometric analysis was performed at the University of Kentucky Center
for Structural Biology Protein Core Facility. To ascertain which Msp2(P44)
paralogs are expressed in a given host cell type, the HVR peptides were searched
against the GenBank database (www.ncbi.nlm.nih.gov/blast/Blast.cgi) and the
annotated A. phagocytophilum HZ strain genome (www.tigrblast.tigr.org/cmr
-blast) (17) using the BLASTP algorithm. We recorded only paralogs with which
the peptide exhibited 100% amino acid identity. Because of the vast number of
nonannotated GenBank entries that are designated simply “P44” or “Msp2,” we
used only the paralogs that have been annotated and assigned a specific paralog
number.

Cloning and sequencing of msp2(p44) RT-PCR products and statistical anal-
yses. Extraction of total RNA from A. phagocytophilum-infected host cells, re-
verse transcription PCR (RT-PCR) of msp2(p44) HVR transcripts, TA cloning,
and sequence analyses were performed as described previously (38). Thirty-eight,
32, 50, and 59 TA clones were sequenced for NCH-1 in HL-60 cells, NCH-1A in
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FIG. 1. A. phagocytophilum NCH-1 and NCH-1A express both full-
length and N-terminally truncated Msp2 isoforms. (A) NCH-1 and
NCH-1A whole-cell lysates were screened via Western blot analysis
using anti-Msp2 MAb 20B4, which recognizes full-length and trun-
cated Msp2, or MAb 8ES8, which recognizes only the full-length iso-
form. (B and C) Uninduced whole-cell lysates of E. coli (lane ctrl) or
lysates of cells induced to express recombinant full-length Msp2 or
portions of recombinant full-length Msp2, including the N-terminal
conserved region (lane N), the HVR (lane HVR), the C-terminal
conserved region (lane C), the N terminus through the HVR (lane
N-HVR), and the HVR through the C terminus (lane HVR-C), were
screened via Western blot analysis using an MAb targeting the Strep-
Tag II epitope (B) or MAb 8E8 (C). Ab, antibody.

HL-60 sLeX(~"*") cells, NCH-1A in HL-60 cells, and NCH-1A2 in HL-60 A2
cells, respectively. Fifty-nine and 60 TA clones were sequenced for NCH-1 and
NCH-1A2 following 100 additional passages in HL-60 and HL-60 A2 cells,
respectively. The amplicon sequences were translated into predicted amino
acid sequences using Editseq (part of the Lasergene 7.1 software package
[DNASTAR, Madison, WIJ), and the amino acid sequences were subsequently
used to search the GenBank database and the annotated A. phagocytophilum
genome and aligned using Megalign (Lasergene 7.1). A binomial test was con-
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FIG. 2. Two-dimensional SDS-PAGE and Western blot analyses of A. phagocytophilum NCH-1 Msp2(P44) proteins. Hydrophobic pellet
fractions enriched for A. phagocytophilum NCH-1 outer membrane proteins were isoelectric focused (IEF) in IPG strips (pH 5.0 to 8.0), which was
followed by resolution in the second dimension in SDS-polyacrylamide (4 to 20%) gels. (A) Silver-stained gel. Msp2 proteins that were excised for
LC-MS/MS identification or detected by anti-Msp2(P44) antibodies are indicated by a box. (B) Enlarged view of the region of the silver-stained
gel in panel A indicated by the box. Numbered spots were excised and identified by LC-MS/MS. (C) MAb 20B4 recognized spots in the predicted
size range for full-length Msp2(P44) proteins, as well as multiple 25- to 27-kDa spots.

ducted using the SPSS 15.0 software package (SPSS, Inc., Chicago, IL) to de-
termine the statistical significance of the dominant msp2(p44) paralog. We as-
sumed that there was a binomial distribution with a probability of success of 0.5
for each test. Statistical significance was defined as a P value of <0.05 (two tailed
and based on Z approximation).

In silico glycosylation analyses. In silico analyses for N-linked glycosylation
motifs were performed with the amino acid sequences predicted for the HVRs of
all msp2(p44) paralogs identified in this study using NetNGlyc 1.0 (www.cbs.dtu
.dk/services/NetNGlyc/), while assessments for potential O-linked glycosylation
sites were performed using NetOGlyc 3.1 (www.cbs.dtu.dk/services/NetOGlyc/)
(22) and Support Vector Machines models (www.biosino.org/Oglyc) (23). Be-
cause of the high degree of conservation among the N and C termini of all
Msp2(P44) paralogs, analyses were performed for these representative regions
from APH_1221.

Monosaccharide analysis. Three hundred fifty micrograms of an outer mem-
brane-enriched hydrophobic pellet fraction was resolved by 2DE on five 4 to 20%
polyacrylamide gradient gels (70 g per gel; Bio-Rad). The spots corresponding
to Msp2(P44) were excised from each gel and were processed for and subjected
to gas chromatography-mass spectroscopy analyses exactly as described previ-
ously (38). Monosaccharide analysis was performed at the University of Georgia
Complex Carbohydrate Research Center, Athens.

RESULTS

A. phagocytophilum NCH-1 and NCH-1A express full-length
and N-terminally truncated Msp2 proteins. We previously de-
termined that A. phagocytophilum HGE]1 expresses full-length
42- to 44-kDa Msp2 proteins, as well as 18- to 27-kDa isoforms
that we proposed to be N-terminally truncated (38). Screening
whole-cell lysates with MAb 20B4 (33), which recognizes both
Msp2 isoforms, demonstrated that NCH-1 and NCH-1A also
express both full-length and truncated isoforms (Fig. 1A). We
next used MADb 8ES, which recognizes full-length Msp2 but not

truncated Msp2 (Fig. 1A), to screen whole-cell lysates of E. coli
expressing full-length Msp2(P44) or portions of Msp2(P44).
Antibody targeting the Strep-Tag II epitope confirmed that
there was recombinant Msp2(P44) expression (Fig. 1B). MADb
8ES8 recognized only recombinant Msp2(P44) fragments cor-
responding to the N-terminal conserved region or the N ter-
minus through the HVR, confirming that the smaller A.
phagocytophilum Msp2 isoforms are N terminally truncated
(Fig. 1C).

A. phagocytophilum NCH-1 expresses several Msp2(P44)
and N-terminally truncated Msp2(P25) paralogs and modifies
them into multiple isoforms during infection of HL-60 cells.
To assess whether NCH-1 Msp2(P44) is modified into multiple
isoforms, we enriched for A. phagocytophilum outer membrane
proteins using Triton X-114 phase partitioning (5, 36), which
yields an upper aqueous phase containing hydrophilic proteins
(hydrophilic liquid), a lower detergent phase (hydrophobic lig-
uid) enriched for proteins carrying membrane anchors and one
to a few transmembrane domains, and an insoluble hydropho-
bic pellet comprised of more complex membrane proteins.
Because we previously determined that the hydrophobic pellet
obtained from the HGEI strain was the portion most enriched
for Msp2(P44) proteins (38), we resolved the corresponding
fraction recovered from NCH-1 by two-dimensional SDS-
PAGE. High levels of several spots at apparent molecular
masses of 42 to 44 kDa and at isoelectric points ranging from
5.4 to 6.0 were detected (Fig. 2A). Several MAb 20B4-reactive
spots at 44 and 25 to 27 kDa were detected (Fig. 2C). Seven 42-
to 44-kDa spots and one 27-kDa spot were extracted and
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TABLE 1. A. phagocytophilum NCH-1 strain Msp2(P44) peptide
masses obtained from the hydrophobic pellet fraction

Msp2(P44)
paralog
Peptide” Spot no.? designation(s)
or no. of
entries®
N-terminal conserved region
IRDFSIR 2,4
AVYPYLKDGK 2
AVYPYLK 1,2, 4
FDWNTPDPR 2,4
VELEIGYER 1,2,3,4,56
DSGSKEDEADTVYLLAK 2,4,5,6
————— EDEADTVYLLAK 1,2
ELAYDVVTGQTDNLAAAKAK 1,2,4,5
TSGKDIVQFANAVK 1,2,3,4,56,7
- ---DIVQFANAVK 1,2, 4
HVR
ISSPEIDGK 1,2,4,5 20, 23, 49, 54
ISSPAIDGK® 1,2,4,5 46
SLSGFVNTVK 1,2,3,4,56,7,8 23
ASDGSSK 1,2,4,5 13 entries
ASDGSSKNIEGDPNSNAK 5 23, 61
——————— NIEGDPNSNAK 8 14 entries
AVAKDLVQELTPEEK 2,56 4,12, 15b, 36,
47, 48, 56
----DLVQELTPEEK 1,2,3,4,5,6 44 entries
AVAKDLVKELTPEEK 2,4,5,6 62
- ---DLVKELTPEEK 1,2,3,4,5,6 20 entries
TIVAGLLAK 1,4,6 324 entries
C-terminal conserved region
TIEGGEVVEIR 1,2,3,4,5,6,7,8
VVGDGVYDDLPAQR 1,2,3,4,5,6
LVDDTSPAGR 1,2,3,4,6

>

TKDTAIANFSMAYVGGEFGVR 4

¢ Peptide sequences are grouped for the N- or C-terminal conserved regions or
the central HVR of Msp2(P44). Individual amino acids that are different in
otherwise identical peptides are underlined.

> The spot numbers are the numbers in Fig. 2.

¢ The paralog designations are consistent with nomenclature used by GenBank
and The Institute for Genomic Research and correspond to only the annotated
paralogs with which the peptide masses exhibit 100% identity. The number of
entries indicates the number of GenBank or The Institute for Genomic Research
entries.

9 Bold type indicates peptide sequences corresponding to single Msp2(P44)
paralogs and the spots from which they were derived.

1749

subjected to LC-electrospray ionization ion trap MS/MS (Fig.
2B). Twenty-five different Msp2(P44)-derived peptides were
recovered from the eight spots, and many of them were recov-
ered from multiple spots (Table 1). Because the peptides re-
covered from the N- and C-terminal conserved domains pre-
sumably matched all Msp2(P44) paralogs and the peptides
derived from the HVR were limited to a single paralog or a few
paralogs, we focused on the HVR peptides to ascertain the
identities of the expressed paralogs. BLAST searches of the
annotated A. phagocytophilum HZ genome (www.tigrblast.tigr
.org/cmr-blast) (17) and the GenBank database indicated that
Msp2(P44)-23, -46, and -62 are expressed by NCH-1 and are
posttranslationally modified into multiple isoforms, several of
which comigrate when they are resolved by 2DE. The 27-kDa
spot corresponds to an Msp2(P44)-23 paralog that has been
truncated. Because the other recovered peptides each match
multiple Msp2(P44) paralogs, we cannot predict which addi-
tional paralogs are expressed.

Because peptides matching Msp2(P44) paralogs were ob-
tained from a 27-kDa spot recovered from the NCH-1 hydro-
phobic pellet and because a series of 25- to 27-kDa Msp2(P25)
proteins were found to be enriched for in the hydrophobic
liquid fraction obtained from A. phagocytophilum HGE1 (38),
we resolved the NCH-1 hydrophobic liquid fraction by 2DE
and assessed whether additional truncated Msp2(P25) iso-
forms are expressed. The full-length 44 kDa isoforms were
present, but the level was lower than that in the hydrophobic
pellet (Fig. 3A). Overall, this fraction contained considerably
fewer proteins than the hydrophobic pellet. MAb 20B4 de-
tected a series of 25- to 27-kDa proteins having isoelectric
points of 5.3 to 6.4 (Fig. 3B), which strongly indicates that they
are additional truncated Msp2(P25) isoforms.

A. phagocytophilum NCH-1A expresses multiple Msp2(P44)
and N-terminally truncated Msp2(P25) paralogs and modifies
them into different isoforms during infection of HL-60 sLe*"*"
cells. We next assessed the complement of Msp2(P44) paralogs
expressed by NCH-1A during growth in sialylation-deficient
HL-60 sLe* /" cells. A series of 14 MAb 20B4-reactive
spots at 42 to 44 kDa having isoelectric points in the range
expected for Msp2(P44) were subjected to LC-MS/MS analysis
(Fig. 4). Twenty-nine different Msp2(P44) peptides were iden-
tified from 11 of the spots (Table 2). BLAST searches revealed
that NCH-1A likely expresses Msp2(P44)-4, -8, -19, and -47 and
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FIG. 3. Two-dimensional SDS-PAGE and Western blot analyses of A. phagocytophilum NCH-1 Msp2(P25) proteins. Hydrophobic liquid
fractions enriched for A. phagocytophilum NCH-1 outer membrane proteins were isoelectric focused (IEF) in IPG strips (pH 5.0 to 8.0), which was
followed by resolution in the second dimension in SDS-polyacrylamide (4 to 20%) gels. (A) Silver-stained gel. (B) MAb 20B4 recognized the series
of full-length Msp2(P44) proteins, as well as a series of 25- to 27-kDa proteins.
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FIG. 4. Two-dimensional SDS-PAGE and Western blot analyses of A. phagocytophilum NCH-1A Msp2(P44) proteins. Hydrophobic pellet
fractions enriched for A. phagocytophilum NCH-1A outer membrane proteins were isoelectric focused (IEF) in IPG strips (pH 5.0 to 8.0), which
was followed by resolution in the second dimension in SDS-polyacrylamide (4 to 20%) gels. (A) Silver-stained gel. Msp2(P44) proteins that were
excised for LC-MS/MS identification and detected by MAb 20B4 are indicated by a box. (B) Enlarged view of the region of the silver-stained gel
in panel A indicated by the box. Numbered spots were excised and identified by LC-MS/MS. (C) MAb 20B4 recognized spots in the predicted size

range for full-length Msp2(P44) proteins.

the GenBank accession number AAO31994 sequence and modi-
fies Msp2(P44)-4 and -8 into multiple isoforms during infection
of HL-60 sLe*™"°™ cells.

We next confirmed that NCH-1A expresses truncated
Msp2(P25) isoforms during growth in HL-60 sLe*(™"*™ cells.
Consistent with the proteins detected for NCH-1 and HGE1
(38), a series of MAb 20B4-immunoreactive full-length 44-kDa
and truncated 25- to 27-kDa proteins were present in the
NCH-1A hydrophobic liquid fraction, and the truncated 25- to
27-kDa proteins were more abundant (Fig. 5). LC-MS/MS
analysis of nine of the 25- to 27-kDa proteins yielded a total of
18 different peptides (Table 3). Only two conserved N-terminal
peptides that immediately precede the HVR were recovered.
With the exception of GSSSGANYYGK and VGEGKNWPR,
all the HVR peptide masses matched those recovered from the
hydrophobic pellet fractions of NCH-1 and/or NCH-1A. As
observed for NCH-1A Msp2(P44)-4 and -8 (Table 2), NCH-1A
Msp2(P25)-8 and -23 are each modified into multiple isoforms
(Table 3).

RT-PCR analyses of msp2(p44) paralogs expressed during
A. phagocytophilum infection of HL-60, HL-60 sLe*~""°™, and
HL-60 A2 cells. Because NCH-1 and NCH-1A each express
multiple Msp2(P44) paralogs during infection of their host cell
lines, we used RT-PCR to amplify the msp2(p44) HVR tran-
scripts from these strains and cloned and sequenced the am-
plicons to determine whether a given paralog is dominant. This
approach is suitable for identifying predominant transcripts,
although it is not arithmetic and is likely to skew the amplicon
population toward abundant messages. The msp2(p44)-23
HVR sequence was obtained from 89.5% (34 of 38; P < 0.001)
of the clones derived from NCH-1-infected HL-60 cells, while
msp2(p44)-4 was recovered from 75.0% (24 of 32; P = 0.007)
of the clones generated from NCH-1A-infected HL-60 sLeX("/1o%)
cells (Table 4). We next determined whether the NCH-1A
msp2(p44) expression profile retains msp2(p44)-4 or reverts to

being dominated by msp2(p44)-23 upon reintroduction into
sialylation-competent host cells by inoculating NCH-1A into
HL-60 cells. After 16 passages, msp2(p44)-4 accounted for the
majority (42.0%; 21 of 50; P = 0.065) of the sequenced clones.
msp2(p44)-23 was not detected. msp2(p44)-13, a paralog not
previously detected during infection of HL-60 or HL-60
sLeX(/1°%) cells, was the second most common paralog (22.0%;
11 of 50 clones). Several low-abundance and mostly newly
emerged paralogs were also recovered. To assess whether loss
of not only sialylated but also a1,3-fucosylated glycans affects
the msp2(p44) expression profile, we examined the comple-
ment of HVR transcripts expressed by NCH-1A2 during in-
fection of HL-60 A2 cells. Notably, the NCH-1A2 expression
profile consists almost entirely (96.6%; 57 of 59 clones; P <
0.001) of msp2(p44)-18. The predominant msp2(p44) paralogs
expressed by NCH-1 and NCH-1A2 remained constant after
100 additional in vitro passages, as 91.5% (54 of 59; P < 0.001)
and 85% (51 of 60; P < 0.001) of the clones obtained from
NCH-1 and NCH-1A2 were msp2(p44)-23 and msp2(p44)-18,
respectively (Table 5). Upon examination of the amino acid
sequences predicted for the HVRs of all recovered paralogs, it
became obvious that, while the Msp2(P44) expression profiles
of A. phagocytophilum populations cultivated in different host
cell environments are quite varied, certain HVR amino acids
remain either absolutely or highly conserved (Fig. 6). These
amino acids correspond to the “signature” C, C, WP, and A
residues that divide the HVR into three distinct segments, as
well as several individual amino acids or stretches of amino
acids that have been noted by other workers (2, 27).
Carbohydrate composition analyses of Msp2(P44) para-
logs expressed by NCH-1, NCH-1A, and NCH-1A2. As we
have reported previously for A. phagocytophilum HGEI1
Msp2(P44)-18 (38) and as has been observed for major outer
membrane proteins of other Anaplasmataceae pathogens (41,
42), the multiple Msp2(P44) isoforms observed for NCH-1 and
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TABLE 2. A. phagocytophilum NCH-1A strain Msp2(P44) peptide
masses obtained from the hydrophobic pellet fraction

Msp2(P44)
paralog
designation(s),
accession no.,
or no. of
entries’

Peptide? Spot no.?

N-terminal conserved region
IRDFSIR
AVYPYLKDGK
AVYPYLK
FDWNTPDPR
IGFKDNMLVAMEGSVGYGIGGAR
—---DNMLVAMEGSVGYGIGGAR
VELEIGYER
GIRDSGSKEDEADTVYLLAK
---DSGSKEDEADTVYLLAK
———————— EDEADTVYLLAK
ELAYDVVTGQTDNLAAAKAK
TSGKDIVQFAK
----DIVQFAK
TSGKDFVQFAK
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VALCGGAGPSDGSGSTSPQFFHDFVEK®
TLLGNESK
TLLENGSK
NWPTSTAK
YAVESDVK
DFINATMLGDGSK
GSNNATK
SGAGSTNR
DLVQELTPEEK
DLVKELTPEEK
TIVAGLLAK
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44 entries
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324 entries
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C-terminal conserved region
TIEGGEVVEIR 1,4,6,7,8, 10,
13, 14
1,3,4,6,7,
13, 14
LVDDTSPAGR 1,3,6,7, 14
TKDTAIANFSMAYVGGEFGVR 2,4

VVGDGVYDDLPAQR

“ Peptide sequences are grouped for the N- or C-terminal conserved regions or
the HVR of Msp2(P44). Individual amino acids that are different in otherwise
identical peptides are underlined.

® The spot numbers are the numbers in Fig. 4. Spots 5, 9, and 11 yielded no
peptide masses.

¢ The paralog designations are consistent with nomenclature used by GenBank
and The Institute for Genomic Research and correspond to only the annotated
paralogs with which the peptide masses exhibit 100% identity. GenBank acces-
sion number AAO31994 is provided because the entry is listed simply as “P44
paralog.” The number of entries indicates the number of GenBank or The
Institute for Genomic Research entries.

4 Bold type indicates peptide sequences corresponding to single Msp2(P44)
paralogs and the spots from which they were derived.

NCH-1A likely result from glycosylation or other posttransla-
tional modifications. Because glycosylation of Msp2(P44) para-
logs may contribute to their pathobiological functions, we per-
formed in silico analyses (22, 23) to identify possible N- and
O-linked glycosylation sites in the amino acid sequences pre-
dicted for the HVR of each expressed paralog. With the ex-
ception of Msp2(P44)-13, for which no glycosylation site was
predicted, multiple potential glycosylation sites were identified
for all paralogs (Fig. 6). The number of glycosylation sites
varies widely among paralogs. For instance, although the mean
number of total glycosylation sites predicted for all paralogs
was 7.3 = 4.8, Msp2(P44)-5, -53, and -c20 have 12, 13, and 22
potential glycosylation sites, respectively. Glycosylation sites
were not predicted for the conserved Msp2(P44) N or C
termini.
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To determine if glycosyl residues decorate Msp2(P44) para-
logs expressed by NCH-1, NCH-1A, and NCH-1A2 and to
assess whether the Msp2(P44) carbohydrate composition var-
ies among these isolates, the native forms from each popula-
tion were analyzed en masse by gas chromatography, which
has successfully determined that recombinant forms of
Msp2(P44)-18 and several other Anaplasmataceae pathogen
outer surface proteins are glycosylated (10, 28, 29, 38, 41, 42).
As observed for the monosaccharide compositions of all re-
combinant forms of Anaplasmataceae outer membrane pro-
teins analyzed to date, the Msp2(P44) proteins expressed by
NCH-1 and each of its derivative populations are glycosylated
and are likely glucans, as glucose is the primary sugar that
decorates each of them (Table 6). The molar percentage of
glucose varied among Msp2(P44) proteins recovered from
NCH-1 grown in HL-60 cells, NCH-1A grown in HL-60 sLe*("/1o%)
cells, NCH-1A organisms repassaged in HL-60 cells, and
NCH-1A2 cultivated in HL-60 A2 cells. Also, several more
types of sugar residues decorate Msp2(P44) proteins recovered
from NCH-1A than Msp2(P44) proteins isolated from NCH-1
or NCH-1A2. Lastly, the carbohydrate composition of Msp2(P44)
proteins recovered from NCH-1A2, the vast majority of which
apparently is Msp2(P44)-18 (Tables 4 and 5), is 90.8 mol%
glucose, and there are considerably smaller amounts of galac-
tose, xylose, and arabinose (Table 6). This is worth noting
because this glycosyl composition is nearly identical to that of
recombinant Msp2(P44)-18 (38).

DISCUSSION

A. phagocytophilum NCH-1 changes not only the comple-
ment of Msp2(P44) paralogs that it expresses but also the
glycosyl modifications that decorate Msp2(P44) when it is
transferred from sLe*-competent HL-60 cells to HL-60 cells
defective for construction of sLe* and other sialylated and/or
al,3-fucosylated glycans. This reinforces the ability of this bac-
terium to generate a large variety of surface-exposed molecules
that could provide great antigenic diversity and/or provide
multiple binding properties. According to our RT-PCR data,
the dominant paralogs expressed by NCH-1 in HL-60 cells, by
NCH-1A in HL-60 sLe*"** and HL-60 cells, and by NCH-
1A2 in HL-60 A2 cells are Msp2(P44)-23, -4, and -18, respec-
tively. The results observed for NCH-1 and NCH-1A are in
contrast to previous observations for HGE1, HGE2, and HZ
showing that Msp2(P44)-18 is the predominant, if not the only,
paralog expressed during infection of HL-60 cells and thus has
a fitness advantage in this cell type (3, 21, 24, 38, 46). Our data
indicate that Msp2(P44)-23 and Msp2(P44)-4 confer similar
fitness advantages to NCH-1 and NCH-1A in their correspond-
ing cell lines and also indicate that there is strain-specific
preferential expression of distinct paralogs in the absence of
immune pressure. Because Msp2(P44)-18 confers a fitness ad-
vantage to multiple strains in HL-60 cells and to NCH-1A2 in
HL-60 A2 cells, switching in the expression of specific
Msp2(P44) paralogs may not be related to the host cell phe-
notype with respect to sLe* but may instead be prompted by
the introduction of the bacterium into a novel host cell milieu.
In support of this hypothesis, we observed no change in the
msp2(p44) transcriptional profiles of NCH-1 or its derived
populations after 100 in vitro passages and observed the emer-
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FIG. 5. Two-dimensional SDS-PAGE and Western blot analyses of A. phagocytophilum NCH-1A Msp2(P25) proteins. Hydrophilic pellet
fractions enriched for A. phagocytophilum NCH-1A outer membrane proteins were isoelectric focused (IEF) in IPG strips (pH 5.0 to 8.0), which
was followed by resolution in the second dimension in SDS-polyacrylamide (4 to 20%) gels. (A) Silver-stained gel. Msp2(P25) proteins that were
excised for LC-MS/MS identification are indicated by a box. (B) Enlarged view of the region of the silver-stained gel in panel A indicated by the
box. Numbered spots were excised and identified by LC-MS/MS. (C) MADb 20B4 recognized spots in the predicted size range for full-length
Msp2(P44) and truncated Msp2(P25) proteins.

TABLE 3. A. phagocytophilum strain NCH-1A 27-kDa
Msp2 peptide masses obtained from the hydrophobic
liquid fraction

Msp2(P44)
paralog
Peptide” Spot no.” c}emgna_ltlon(s),
accession no.,
or no. of
entries’
N-terminal conserved region
TSGKDIVQFAK 3
----DIVQFAK 3
HVR
GSSSGANYYGK 9 AAO32009
ISSPAIDGK? 5 46
TLLENGSK 3,4,7,9 8
SLSGFVNTVK 58 23
VGEGKNWPR 5 20, 23, 61
ASDGSSK 9 13 entries
NIEGDPNSNAK 58 14 entries
AVAKDLVQELTPEEK 5 4, 12, 15b, 36,
47, 48, 56
----DLVQELTPEEK 3,4,5,7,8,9 44 entries
AVAKDLVKELTPEEK 5 62
----DLVKELTPEEK 3,4,5,7,9 20 entries
TIVAGLLAK 4,5,6 324 entries
C-terminal conserved region
TIEGGEVVEIR 2,3,4,5,7,8,
VVGDGVYDDLPAQR 2,3,4,57,8,
LVDDTSPAGR 3,4,6,7
TKDTAIANFSMAYVGGEFGVR 3,4

>

¢ Peptide sequences are grouped for the N- or C-terminal conserved region or
the central HVR of Msp2(P44). Individual amino acids that are different in
otherwise identical peptides are underlined.
> The spot numbers are the numbers in Fig. 5. Spot 1 yielded no peptide

masses.

¢ The paralog designations are consistent with nomenclature used by GenBank

and The Institute for Genomic Research and correspond to only the annotated
paralogs with which the peptide masses exhibit 100% identity. GenBank acces-
sion number AAO32009 is provided because the entry is listed simply as “P44
paralog.” The number of entries indicates the number of GenBank or The
Institute for Genomic Research entries.

4 Bold type indicates peptide sequences corresponding to single Msp2(P44)
paralogs and the spots from which they are derived.

gence of novel paralogs only after introduction of NCH-1 into
a new host cell environment. Our data differ from those of
Scorpio and colleagues, who observed the emergence of a
novel msp2(p44) paralog following only 13 passages of the
Webster strain in glycosylation-competent HL-60 cells (40).
While this finding hints that NCH-1 is more restricted in the
diversity of the msp2(p44) transcripts that it expresses when it
is maintained in a stable host cell environment in the absence
of immune pressure than the Webster strain, this possibility
remains to be experimentally confirmed. Regardless, our data
and those of Scorpio and colleagues agree that geographically
diverse A. phagocytophilum strains share a propensity for gen-
erating considerable diversity in their Msp2(P44) profiles.
While the only observed differences among the host cell
lines used in this study involve glycosylation, we cannot exclude
the possibility that unaccounted for physiological differences
among the lines may also influence A. phagocytophilum Msp2(P44)
expression. Nonetheless, Msp2(P44) profile changes occurring in
response to loss of one or more of the known determinants
required for A. phagocytophilum to bind sLe*-modified PSGL-1
hint that Msp2(P44) may facilitate adhesion to the human
myeloid cell surface directly or perhaps indirectly as part of an
adhesin complex. This agrees with one study which demon-
strated that recombinant Msp2(P44) or MAbs targeting
Msp2(P44) inhibit A. phagocytophilum propagation in HL-60
cells and partially antagonize binding to BJAB cells transfected
to express sLe®-modified PSGL-1 (32), as well as with a second
report which showed that Msp2(P44)-targeting MAbs block A.
phagocytophilum binding to or replication within HL-60 cells
(43). In addition to sLe*-modified PSGL-1, A. phagocytophilum
is capable of utilizing an unidentified nonsialylated and non-
fucosylated PSGL-1-independent receptor on human myeloid
cells and a nonsialylated receptor on human endothelial cells
for adhesion and entry (15, 34, 35). Therefore, if Msp2(P44)
facilitates host cell adhesion and/or adaptation in vivo, then it
may do so for both sLe*-decorated and undecorated host cells.
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TABLE 4. Msp2(P44) paralogs expressed by NCH-1, NCH-1A, and NCH-1A2¢

Paralog” Th; Institute for Genomic GenBank . % Tdentity” % of clones
esearch designation accession no.
NCH-1 in HL-60 cells
(P44)-4 APH_1154 AALS86382 96.6-98 2.6
(P44)-18 APH_1194 AAQ84091 100 2.6
(P44)-20 APH_1390 AAL86394 99.3 2.6
(P44)-23 APH_1256 YP_505777 94.3-99.3 89.5
(P44)-56 APH_1078 AAP68670 98.5 2.6
NCH-1A in HL-60 sLe*(~/1*%) cells
(P44)-4 APH_1154 AALS86382 90.5-100 75.0
(P44)-6 APH_1121 AALB6384 100 3.1
(P44)-11 APH_1392 YP_505888 99.3-100 6.2
(P44)-12 APH_ 1249 YP 505773 100 31
(Pd4)-43 APH 1184 AAO59315 100 3.1
(P44)-62 APH_1018 AAQ75552 94.5 6.2
(P44)-c20 NA“ AAP20824 99.2 3.1
NCH-1A in HL-60 cells
(P44)-4 APH_1154 AALS86382 96.6 42.0
(P44)-5 APH_1312 AALB6383 100 4.0
(P44)-6 APH_1121 AAL86384 100 2.0
(P44)-13 APH_1238 AAL86390, AAP14029 99.2-100 22.0
(P44)-16 APH_1269 YP 505788 99.3 2.0
(P44)-18 APH_1194 AAQ84091 100 2.0
(P44)-19 APH_1169 YP_505708, ABF81554 68.0-76.7 4.0
(P44)-24 APH_ 1311 YP 505824 100 10.0
(P44)-43 APH_1184 AAO59315 100 4.0
(P44)-50 APH_1080 AAP32153, AAL78190 67.1-100 6.0
(P44)-53 APH_1155 AAP70037 100 2.0
NCH-1A2 in HL-60 A2 cells
(P44)-18 APH_1194 AAQ84091 98.5-99.3 96.6
(P44)-24 APH_1311 YP_505824 100 1.7
(P44)-c20 NA AAP20824 98.5 1.7

“ cDNAs corresponding to the HVRs of msp2(p44) cDNAs were TA cloned and sequenced. The nucleotide sequences were translated into amino acid sequences,

which were utilized in BLAST searches.

® Bold type indicates paralogs corresponding to the majority of sequenced clones and data for these paralogs.

¢ The paralog nomenclature is the nomenclature used in the original The Institute for Genomic Research or GenBank entries. The Institute for Genomic Research
designations correspond to designations for Msp2(P44) paralogs listed in the annotated A. phagocytophilum HZ genome.

@ Levels of amino acid identity for translated msp2(p44) HVR RT-PCR clone sequences with The Institute for Genomic Research and GenBank Msp2(P44) paralog entries.

¢ NA, not applicable.

TABLE 5. Msp2 (P44) paralogs expressed by NCH-1 and
NCH-1A2 after 100 passages®

The Institute GenBank

Paralog” for Genomic 00 cion % % of
g Research ¢ Identity® clones
designation®? no-.
NCH-1 in HL-60 cells
(P44)-6 APH 1121  AF412821 99.7 17
(P44)-9 APH_1391  AF412824 99.3 1.7
(P44)-13 APH_1238  AY763489 99.8 1.7
(P44)-23 APH_1256 YP_505777 81.7-95 91.5
(P44)-59 APH_1408  AY279321 98.9 1.7
(P44)-62 APH 1018 AY307376 95 17
NCH-1A2 in HL-60 A2 cells
(P44)-18 APH_1194 AAQ84091 97.7-100.0 85.0
(P44)-24 APH 1311 AY763480 100 17
(P44)-44 APH_0981  AY147265 94.5-94.7 1.7
(P44)-47 APH_1152  AY147264 93.7 1.7
(P44)-48 APH_1272  AY147267 73.7-75.5 33
(P44)-59 APH 1408 AY279321 714 17
(P44)-62 APH 1018 AAP20824 985 5.0

“ NCH-1 and NCH-1A2 were cultivated in HL-60 and HL-60 A2 cells, respectively,
for 100 passages from the point at which their Msp2(P44) expression profiles were
examined to obtain the data shown in Table 4. cDNAs corresponding to the HVRs of
msp2(p44) cDNAs were TA cloned and sequenced. The nucleotide sequences were
translated into amino acid sequences, which were utilized in BLAST searches.

> Bold type indicates paralogs corresponding to the majority of sequenced
clones and data for these paralogs.

¢ The paralog nomenclature is the nomenclature used in the original The
Institute for Genomic Research or GenBank entries.

@ The Institute for Genomic Research designations correspond to designations
for Msp2(P44) paralogs listed for the annotated A. phagocytophilum HZ genome.

¢ Levels of amino acid identity for translated msp2(p44) HVR RT-PCR clone
sequences with The Institute for Genomic Research and GenBank MSP2(P44)
paralog entries.

If the Msp2(P44) HVR is important for adhesion and the
adhesive determinants are proteinaceous, then the highly con-
served signature residues would likely be critical either for
providing direct points of contact for receptor recognition or
for maintaining proper confirmation to facilitate binding. The
adhesive epitopes would presumably be masked by flanking
hypervariable amino acid segments and/or perhaps by glyco-
sylation. Alternatively, adhesion could be glycan mediated, as
has been demonstrated for Anaplasma marginale Mspla bind-
ing to tick cells (10). In this instance, variation in the HVR
would be inconsequential as long as asparagine, serine, and
threonine residues were present to allow the addition of gly-
cosyl groups needed for adhesion. Notably, Msp2(P44) glyco-
sylation is confined to the HVR based on in silico prediction
analyses. Other possible functions that have been attributed to
glycosylation include maintenance of cell shape, protection
from proteolysis, and protein stability (4).

Other than the signature residues, there is little homology
among the HVRs of Msp2(P44)-18, -23, and -4 and the
other expressed paralogs examined in this study. Interest-
ingly, one signature residue is a tyrosine that is part of the
FAKY epitope of the Msp2(P44)-18 HVR (Fig. 6) recog-
nized by MADb 3E65, which blocks A. phagocytophilum intra-
cellular replication (43). As this tyrosine is the only residue
of the MAb 3EG65 epitope that is shared by Msp2(P44)-18,
-23, and -4 and many of the other expressed paralogs exam-
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A. NCH-1in HL-60 cells

MSP2 (P44)-23 AALAKTSGKDIVQFANAVKISSPAIDGKV@NGDHAAIKATKGK--AYVAELTSTYSNE-ETTOQ|
MSP2 (P44)-4 AALAKTSGKDIVQFAKAVGVSHPGIGKK TKDGHTSQNGQSYGQYDVESDVKTSSGFKVAL;
MSP2 (P44)-18 AALAKTSGKDIVQFAKAVEISNSGIGKKV@ETKR-KDGDTTNRFAKYIVGAGDSSNAG--TSL)
MSP2 (P44)-20 AALAKTSGKDIVQFANAVKISSPEIDGKV@SGDHAAITKAKGK--KYVAELSTTHGNE-ETTOQ|
MSP2 (P44)-56 AALAKTSGKDIVQFANAVKISSPDIDGK GSHATGTSNATA--GYQAEPSGT-—---TYTAQ
MSP2 (P44)-23 SNAKAVEKDLVQELTPEEKTIVAGLLAKTIE
MSP2 (P44)-4 DNATAVEKDLVQELTPEEKTIVAGLLAKTIE
MSP2 (P44)-18 DNAKAVEGDLTKKLTPEEKTIVAGLLAKTIE
MSP2 (P44)-20 SNAN: IKDLLG-LNRDEKTIVAGLLAKTIE
MSP2 (P44)-56 GNAKAVEKDLVQELTPEEKTIVAGLLAKTIE

B. NCH-1A in HL-60 sLe*” ™" cells

MSP2 (P44)-4 AALAKTSGKDIVQFAKAVGVSHPGIGKK

MSP2 (P44)-11 AALAKTSGKDIVQFAKTLGISHSEIDKK

MSP2 (P44)-6 AALAKTSGKDIVQFAKAVEISAPTIDGK GTR--GGKGSGQSSPSTFAAE-ATASAVAQ-———
MSP2 (P44)-12 AALAKTSGKDIVQFAKAVGVSHPGIDKK

MSP2 (P44)-43 AALAKTSGKDIVQFAKAVEISHSEIDKK TSG--GKK--——=———— YGGSTSSDGTEKH-—-—
MSP2 (P44)-62 AALAKTSGKDIVQFAKAVEISSPNIEKK

MSP2 (P44)-c20 AALAKTSGKDIVQFAKAVEISYPSIDGKVE@SGSH--A-KGS-DSGATTFSTSLTTNTNTAQ---—
MSP2 (P44)-4 QONDNATAVEKDLVQELTPEEKTIVAGLLAKTIE

MSP2 (P44)-11 TNDNAKAVEGDLTK-LTSDEKTIVAGLLAKTIE

MSP2 (P44)-6 KNGNAAA DLT-NLTSDEKTIVAGLLAKTIE

MSP2 (P44)-12 TNGNAEAVRKDLVQELTPEEKTIVAGLLAKTIE

MSP2 (P44)-43 HDDNAKKVSSDLV-ALNSDEKTIVAGLLAKTIE

MSP2 (P44)-62 QNDNAAAVHEIKDLVKELTPEEKTIVAGLLAKIIE

MSP2 (P44)-c20 QNSNATAVRKDLV-DLNRDEKTIVAGLLAKTIE

C. NCH-1A in HL-60 cells

MSP2 (P44)-4 AALAKTSGKDIVQFAKAVGVSHPGIGKK TKDGHTSQNGQSYGQYDVES-DVETSSGFKVALY
MSP2 (P44)-5 AALAKTSGKDIVQFANAVKITNSTIDGK GSR-EKGNSAGNNNSAVTTY-AQTHTANTSTSQ|
MSP2 (P44)-6 AALAKTSGKDIVQFAKAVEISAPTIDGKVE@N--——— GTRGGKGSGQSSPST-FAAEATASAVAQ
MSP2 (P44)-13 AALAKTSGKDIVQFANAVKISYPKIDEQV[@N-----KNHTVLNTGKGTTFN-PDPKTTEDNTAQ
MSP2 (P44)-16 AALAKTSGKDIAQFANAVKITNSTIDGKV[®S-—---— GKHAALVTGKGKTYH-EKPGTTEDNSAQ
MSP2 (P44)-18 AALAKTSGKDIVQFAKAVEISNSGIGKKV@ETKR-KDGDTTNRFAKY--IV-GAGDSSNAGTSL
MSP2 (P44)-19 AALAKTSGKDIVQFAKAVEISNSDIGKKV@KLPS---S—————-. AKY————— GEAGHSG--VNT]
MSP2 (P44)-24 AALAKTSGKDIVQFANAVKITNSAIDGKI[@N-—-—---—————=- RGKASG---GSKGLSSSKAGS
MSP2 (P44)-43 AALAKTSGKDIVQFAKAVEISHSEIDKK TSG G KKY. GGSTSSDGTEKH]
MSP2 (P44)-50 AALAKTSGKDIVQFAKAVGVSHSGIGEKV@KTKS-HSG--ASNYGKYEETTHTTRDSTNHGTSL
MSP2 (P44)-53 AALAKTSGKDIVQOFAKAVGISHPTIDGKV@RTKK-PSSGSNTYFGKYGEET-DNGSSGEGVVA
MSP2 (P44)-4 KKPKONDNATAVAKDLVQELTPEEKTIVAGLLAKTIE
MSP2 (P44)-5 -—-EQNGNANAVEIKDLVN-LNRDEKTIVAGLLAKTIE
MSP2 (P44)-6 —--TKNGNAAA DLTN-LTSDEKTIVAGLLAKTIE
MSP2 (P44)-13 ---ASNSNAN. RDLVD-LNRDEKTIVAGLLAKTIE
MSP2 (P44)-16 ---APNSNANAVEXKDLVA-LNRDEKTIVAGLLAKTIE
MSP2 (P44)-18 ----NNDNAKAVE\GDLTKKLTPEEKTIVAGLLAKTIE
MSP2 (P44)-19 ---KGESNAAKVE\GDLTKNLTHDEKTIVAGLLAKTIE
MSP2 (P44)-24 STPYTKDASATVRKDLVA-LNHDEKTIVAGLLAKTIE
MSP2 (P44)-43 ---DHDDNAKKVSSDLVA-LNSDEKTIVAGLLAKTIE
MSP2 (P44)-50 —--PKQNDNAKAVEKDLVA-LNSDEKTIVAGLLAKTIE
MSP2 (P44)-53 --AVTNDNAKAVRGDLTK-LTPEEKTIVAGLLAKTIE

D. NCH-1A2 in HL-60 A2 cells

MSP2 (P44)-18 AALAKTSGKDIVQFAKAVEISNSGIGKKVEETKRKDGDTTNRFAKYIVGAGDSSNAGTSLE----
MSP2 (P44)-24 AALAKTSGKDIVQFANAVKITNSAIDGKIBNRGKASGGSKG-LSSSKAGS---——————-

MSP2 (P44)-c20 AALAKTSGKDIVQFAKAVEISYPSIDGKV@SGSHAKG-SDS--GATTFSTSLTTNTNTAQE----
MSP2 (P44)-18 —----- SSETSKSNNDNAKAVEIGDLTKKLTPEEKTIVAGLLAKTIE

MSP2 (P44)-24 NGND-TSSTPYTKDASAT-VEKDLVA-LNHDEKTIVAGLLAKTIE

MSP2 (P44)-c20 PNEQN----————- SNATAVEKDLVD-LNRDEKTIVAGLLAKTIE
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FIG. 6. Alignment of the HVRs of Msp2(P44) paralogs expressed by NCH-1, NCH-1A, and NCH-1A2 during infection of HL-60, HL-60
sLeX~°™) "and HL-60 A2 cells. The predicted amino acid sequences for the complements of msp2(p44) HVRs recovered from NCH-1 cultivated
in HL-60 cells, NCH-1A cultivated in HL-60 sLe*"""**) and HL-60 cells, and NCH-1A2 cultivated in HL-60 A2 cells were aligned using Megalign.
Residues that are 100% conserved in each complement of the aligned paralogs are red. Residues exhibiting 80 to 91% conservation are orange.
Residues that are 64 to 73% conserved are green. Residues exhibiting 54 to 60% conservation are blue. “Signature residues” previously identified
by Lin et al. (27) and Barbet et al. (2), which are very highly conserved and demarcate the most variable central portion of the HVR into three
distinct segments, are highlighted with a black background. A signature tyrosine residue that may be important for intracellular replication (43)
is underlined. Amino acids highlighted with a gray background are amino acids identified by NetOGlyc 3.1 (www.cbs.dtu.dk/services/NetOGlyc/)
(22) and Support Vector Machines models (www.biosino.org/Oglyc) (23) as being potential O-linked glycosylation sites. Residues highlighted with
a yellow background are residues predicted by NetNGlyc 1.0 (www.cbs.dtu.dk/services/NetNGlyc/) to be potential N-linked glycosylation sites.

ined in this study, it may be a residue that is critical for
intracellular development.

This study adds to the growing body of evidence demonstrat-
ing that posttranslational modification of dominant outer sur-
face proteins into multiple isoforms is a common theme exhib-
ited by Anaplasmataceae pathogens, and it is the first study to
provide the carbohydrate composition of a native Anaplas-

mataceae

protein. Different Msp2(P44) paralogs are glyco-

sylated differently. For instance, P44-23 and P44-18, which are
the predominant paralogs expressed by NCH-1 and NCH-1A2,
respectively, are modified primarily by glucose and carry trace
or undetectable amounts of other sugars. This is discernible
because Msp2(P44)-23 and -18 represent 89.5% and 96.6% of
the recovered RT-PCR clones, respectively, and the Msp2(P44)
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TABLE 6. Carbohydrate composition analysis of
Msp2(P44) proteins

mol%*

Glyc()sy] residue NCH-1 in N(i‘II-II_-,-l6AO mn NCH-1A in NCH-1A2 in
HL-60 X Tlow) HL-60 HL-60 A2
cells” sLe b cells” cells”

cells
Arabinose ND¢ 9.6 ND ND
Fucose ND 3.8 11.7 ND
Galactose ND 13.1 15.8 1.8
Glucose 93.3 39.0 28.0 90.8
N-Acetylglucosamine ND 11.8 11.5 ND
Mannose 2.1 4.6 20.3 1.7
Rhamnose ND 34 ND ND
Xylose 4.7 14.7 12.6 5.6

“ Bold type indicates the highest molar percentages.
b A. phagocytophilum strains and the host cell lines in which they were cultivated.
¢ ND, not detected.

glucose composition is greater than 90% for both NCH-1 and
NCH-1A2. The complement of NCH-1A Msp2(P44) proteins is
much more diverse, and, coincidentally, the glucose composi-
tion is considerably lower, while several other sugars are de-
tected at much higher levels in NCH-1A than in NCH-1 or
NCH-1A2. To gain a better understanding of the role of dif-
ferential glycosylation of Msp2(P44) paralogs, it would be
of great value to determine the carbohydrate compositions of
individual paralogs. Because 150 pg of glycoprotein is required
for gas chromatographic analysis, determining the glycosyl
composition of native paralogs is impractical. However, the
recombinant (38) and native forms of Msp2(P44)-18 have highly
similar glycosyl compositions, which implies that recombinant
Msp2(P44) proteins undergo glycosylations in E. coli compa-
rable to those of their native counterparts in A. phagocytophi-
lum. This suggests that how glycosylation differs among para-
logs could potentially be discerned by examining the glycosyl
compositions of recombinant forms of different Msp2(P44)
paralogs. The majority of Msp2(P44) isoforms can be distin-
guished from each other by their isoelectric points, which in-
dicates that different paralogs may have minor side chain
modifications, such as phosphorylation, sulfation, and/or acet-
ylation.

Processing of Msp2(P44) into N-terminally truncated iso-
forms is not unique to NCH-1 and its derived populations as it
also occurs in the HGEI strain and is reminiscent of the pro-
cessing of autotransporters (38). Members of the autotrans-
porter superfamily are ubiquitous in the Proteobacteria and
Chlamydia spp. and have roles in adhesion, invasion, cell-to-
cell spread, serum resistance, and proteolysis (8, 11, 14, 18).
Interestingly, their adhesive capabilities are linked to their
glycosylation (11). The biological significance of Msp2(P44)
N-terminal processing remains to be determined, as do the
differential expression and glycosylation of Msp2(P44) para-
logs. The importance of glycosylation of prokaryotic surface
proteins to pathogenesis is continually becoming more appar-
ent (4, 39), and the contribution of glycosylation to the putative
pathobiological functions of Msp2(P44), particularly adhesion,
warrants considerably more attention.
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