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Abstract

The rickettsial membrane proteins that promote their uptake by eukaryotic host cells are unknown. To identify rickettsial ligand(s) that bind host
cell surface proteins, biotinylated epithelial cells were used to probe a nitrocellulose membrane containing rickettsial extracts separated by SDS—
PAGE. This overlay assay revealed that two close rickettsial ligands of approximately 32-30 kDa were recognized by host cells. Both proteins
were identified using high resolution 2D-PAGE coupled with mass spectrometry analysis. One protein was identified as the C-terminal extremity
of rOmpB called the 3-peptide. The second interacting protein was identified as a protein of unknown function encoded by RC1281 and RP828 in
Rickettsia conorii and in Rickettsia prowazekii, respectively, that shares strong similarities with other bacterial adhesins. Both proteins are highly
conserved within the Rickettsia genus and might play a critical role in their pathogenicity. These data may have important implications for the

development of future vaccines against rickettsial infections.
© 2006 Elsevier SAS. All rights reserved.
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1. Introduction

Rickettsia species are small, Gram-negative bacilli that are
obligate intracellular parasites of eukaryotic cells. This genus
consists of two antigenically defined groups: the spotted fever
group (SFG) and the typhus group (TG), which are respec-
tively responsible for spotted fevers and typhus [36]. Electron
microscopy studies show that initial contact between these bac-
teria and endothelial cells results in a dramatic alteration of
the cell surface, with the formation of numerous microvillar
extensions associated with membrane ruffling [42]. However,
the molecular mechanisms through which rickettsiae attach to
and induce their internalization by host cells are still largely un-
known [47].
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The attachment of microorganisms to a biological surface
is a complex process involving both non-specific and specific
events. Non-specific attachment can be mediated by electro-
static forces, lipophilic and hydrophobic interactions. Specific
“lock and key”-type interactions between lectin-like bacterial
binding proteins (adhesins) and complex glycoprotein recep-
tors on host tissues have also been described [15,48]. Adhesin
proteins can be located at the distal tip of non-flagellar surface
appendages known as pili or fibrillae [21]. Afimbrial adhesins,
which include most other adherence molecules, have also been
reported. Characterized afimbrial adhesins include BabA ad-
hesin from Helicobacter pylori [18], outer-membrane proteins
(Vomp) from Bartonella quintana [51], filamentous hemag-
glutinin and pertactin from Bordetella pertussis [7], opacity
proteins (Opas) from Neisseria and invasin from enteropatho-
genic Yersinia [19]. Another major constituent of the outer
membrane of Gram-negative bacteria that plays a critical role
in the interface between microorganisms and the environment
is lipopolysaccharide (LPS). Its role as an adhesin has been
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suggested for several bacteria including Actinobacillus pleu-
ropneumoniae, Campylobacter jejuni, Helicobacter pylori and
Neisseria gonorrhoeae [20].

Rickettsiae express two major surface proteins, termed rick-
ettsial outer membrane proteins A (rOmpA) and B (rOmpB)
[2,24]. Both proteins are present in SFG rickettsiae, but only
rOmpB is present in TG [26,50]. As a consequence of a gene
degradation of rompA [5,37], rOmpA is exclusive for SFG. It is
well established that rOmpA and rOmpB are immunodominant
antigens containing protective epitopes. Protection afforded by
the recombinant truncated rOmpA protein against rickettsial in-
fection has been demonstrated in a R. rickettsii-mouse model
[28,41], and in a R. conorii-guinea pig model [46]. Vaccine
efficacy of plasmid DNA encoding recombinant rOmpA has
also been reported [9,41]. Protection against lethal infection
of C3H/HeN SCID mice by R. conorii was induced by mAbs
against rOmpA and rOmpB [45]. Similarly, protection of mice
against lethal challenge with R. typhi was induced by im-
munization with native R. typhi rOmpB protein [6,10,45]. In
contrast, passive immunization with antibodies against LPS
does not protect mice from infection with viable rickettsiae
[1,14,45].

With the exception of R. akari (the agent of rickettsialpox)
which infects macrophages, rickettsiae target primarily en-
dothelial cells [36]. Several lines of evidence suggest that
rOmpA and rOmpB are involved in adherence of these microor-
ganisms to eukaryotic cells [26]. Two additional outer mem-
brane proteins of 31 and 29.5 kDa are also implicated in adher-
ence of R. prowazekii [11]. The 31 kDa protein is thought to
correspond to the cleavable C-terminal domain of rOmpB [17],
whereas the 29.5 kDa protein is the preprotein translocase SecA
subunit [12].

Despite numerous efforts [35,39,43], genetic manipulation
of Rickettsia remained impossible for years [49]. While recent
progress in the field of the genetic transformation of Rickettsia
is hopeful [33], it s still difficult to specifically knock out a rick-
ettsial gene and to firmly demonstrate the biological role of
the corresponding encoded protein. Recognition of and bind-
ing to the host cell is a key step in the pathogenesis of many
virulent bacterial strains, and identification of the molecular ba-
sis of rickettsial attachment to host cells remains an important
objective. This is particularly true when considering the fact
that these strictly intracellular bacteria, which are considered as
a threat for use as bioterrorism agents [4], must enter host cells
to replicate and survive.

The last few years have seen a dramatic increase in the num-
ber of sequenced bacterial genomes, accompanied by a rapid
acceleration in the development of new bioinformatics tools.
Large-scale DNA sequencing has also stimulated the devel-
opment of technological changes in proteomics, namely two-
dimensional polyacrylamide gel electrophoresis (2D-PAGE)
coupled with mass spectrometry which allows identification of
proteins in a complex mixture. In this work, we used a global
proteomic approach to identify rickettsial ligands involved in
bacteria-host cell interactions. This study, which was carried
out on both R. conorii (the agent of Mediterranean spotted
fever) and R. prowazekii (the agent of epidemic typhus), led

to identification of 2 putative rickettsial adhesins recognized by
host cells.

2. Materials and methods
2.1. Rickettsiae and cells

R. conorii Seven (Malish), ATCC VR-610T and R. prowaze-
kii BreinL, ATCC VR-142T were propagated on a conflu-
ent monolayer of African green monkey kidney cells (Vero
cells, ATCC C1587) [36] and purified on renographin gra-
dient as previously reported [13]. Bacterial pellets were sol-
ubilized in Laemmli buffer and separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in
a 12% acrylamide gel [22].

2.2. Biotinylation of epithelial cell proteins

Vero cells grown to confluence in 125 cm? flasks were
washed with phosphate buffered saline (PBS), detached with
beads and centrifuged. The pellet was resuspended in PBS con-
taining 10 mg/ml of EZ-link sulfo-NHS-LC-biotin (Pierce) and
incubated 1 h at 37 °C. After washing, pellets were submitted
to sonication and insoluble components removed by centrifuga-
tion (10000 g for 15 min at 4 °C). Biotinylated proteins were
stored at —80 °C.

2.3. Overlay assays

Rickettsial extracts separated in one dimension by SDS—
PAGE (20 pg) or by two-dimensional (2D)-PAGE (200 pg)
were transferred to nitrocellulose membranes (Amersham).
Membranes were incubated for 1.5 h at 4°C with biotiny-
lated epithelial cells diluted 1:100 in phosphate buffer saline
(PBS) supplemented with 0.02% Tween-20 and 0.5% milk
(PBS-Tween—milk). After washing three times, the blots were
incubated with peroxidase-labeled streptavidin (1:1000, Amer-
sham) and biotinylated proteins detected by chemilumines-
cence (ECL, Amersham).

2.4. Rickettsial membrane preparation for 2D-electrophoresis

The R. conorii and R. prowazekii pellets purified as de-
scribed above were resuspended in 5 ml of 5 mM Tris—HCl
buffer (pH 7.6) and lysed by two passes through a constant
cell disruption system (2 kbar). Cell debris and unbroken cells
were removed by centrifugation at 5600 g for 20 min. Bac-
terial membranes present in the supernatant were pelleted by
ultracentrifugation at 100000 g for 2 h and washed in 5 mM
Tris—HCI, pH 7.6 before storage at —80 °C.

2.5. 2-D electrophoresis and silver staining
Immobiline™ DryStrips (18 cm, pH 311 or 6-11 Amer-

sham) were rehydrated overnight with 350 ul rehydration buffer
[8 M urea, 2% (w/v) CHAPS, 20 mM DTT, 2% (v/v) IPG buffer
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(Amersham Biosciences)] containing 200 pg of membrane-
enriched rickettsial proteins. Isoelectric focusing (IEF) was car-
ried out according to the manufacturer’s protocol (Multiphor
II, Pharmacia). Before second dimension electrophoresis, strips
were equilibrated twice in equilibration buffer [30% (v/v) glyc-
erol, 2% (w/v) SDS, 6 M urea, 50 mM Tris—HCI, bromophenol
blue, pH 8.8] supplemented with DTT (65 mM) and iodoac-
etamide (100 mM), respectively. Proteins were resolved by
10% SDS-PAGE (Ettan™ DALT, Amersham) and the gels
stained with silver by a method compatible with mass spectrom-
etry [40] and digitally scanned (ImageScanner, Amersham).
Spots excised from the gel were stored at —20 °C until iden-
tification. The spectra of at least two separate samples for each
protein were analyzed and compared for accuracy.

2.6. In-gel digestion and MALDI-TOF MS

Protein spots were excised from gels, destained, then sub-
jected to in-gel digestion with trypsin (sequencing grade mod-
ified porcine trypsine; Promega, Madison, WI, USA) [40].
Tryptic peptides were extracted from gel by successive treat-
ment with 30% acetonitrile/5% formic acid and 50% acetoni-
trile/5% formic acid. Extracts were pooled and dried in a Speed-
vac evaporator. Peptides were solubilized with MALDI matrix
«-cyano-4-hydroxycinnamic acid in 50% acetonitrile/0.3% tri-
fluoroacetic acid (TFA), applied to the metal target, then an-
alyzed by MALDI-TOF MS (Bruker Ultraflex spectrometer,
Bruker Daltonics, Wissembourg, France). Mass spectra were
internally calibrated using autolytic peptides from trypsin.

2.7. Database searching and data interpretation

The peptide mass data obtained by MALDI-TOF MS spec-
tral analyses were analyzed using Mascot software available on-
line (http://us.expasy.org/). Protein domain searches were car-
ried out using SMART [23] (http://smart.embl-heidelberg.de/)
and NCBI-Conserved domain search programs [27] (http://
www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).

2.8. Sequence alignment

The multiple sequence alignment of RC1281 was con-
structed using 3DCoffee [30] (http://igs-server.cnrs-mrs.fr/
Tcoffee/tcoffee_cgi/index.cgi) by feeding the structural infor-
mation of Neisseria meningitidis surface protein A (PDB:
1P4T), exhibiting significant sequence similarity (E-value =
2 x 10712) to the COG family (COG3637) of opacity proteins
and related surface antigens. ESPript was used to generate the
alignment figure [16] (http://prodes.toulouse.inra.fr/ESPript/
ESPript/).

3. Results

3.1. Rickettsial ligands bind eukaryotic
plasma membrane proteins

To identify rickettsial cell surface components that interact
with eukaryotic cells, we probed separated crude rickettsial pro-
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Fig. 1. Ligand overlay assay with epithelial cells. (A) Crude extracts of
R. conorii or R. prowazekii cells separated by SDS-PAGE and transferred
onto a nitrocellulose membrane, before incubation with epithelial cells pre-
viously biotinylated and sonicated. After washings, bound epithelial proteins
were detected by western blot analysis with steptavine coupled with peroxi-
dase. (B) Control experiments carried out without biotinylated eukaryotic cells.
(C) Overlay assay performed on R. conorii pretreated (+T) or not (—T) with
0.25% trypsin for 30 min at 37 °C before SDS-PAGE. The positions of the
molecular mass standards are shown on the left.

tein extracts with biotinylated Vero cell proteins in an overlay
assay. As illustrated in Fig. 1, biotinylated epithelial proteins
specifically recognize two rickettsial proteins with apparent
MW of 30-32 kDa. A similar profile was obtained for both
R. conorii and R. prowazekii lysates. When bacterial lysates
were treated with trypsin before SDS-PAGE separation, this
binding was abolished.

3.2. Characterization of rickettsial ligands
recognized by Vero cells

To further characterize the 30-32 kDa interacting pro-
teins, membrane-enriched extracts of both R. conorii and
R. prowazekii were resolved by 2D-PAGE as previously de-
scribed [38]. Separated proteins were blotted onto nitrocel-
lulose membranes and overlaid with biotinylated Vero cells.
Because the isoelectric points (p/) of the putative rickettsial
ligands are unknown, experiments were initially performed us-
ing pH 3-11 NL strips. Following silver staining, around 1000
individual spots with MW between 20 to 100 kDa were de-
tected (unpublished data). Of these proteins, 2 trains of spots
with apparent MW of 32 and 30 kDa, respectively, were recog-
nized by Vero cells and located within the basic p/ range
(data not shown). To increase the resolution within this p/
range, the same experiment was performed using pH 6-11
strips. The resulting silver-stained 2D-gel obtained with the
R. conorii-enriched membrane fraction is shown in Fig. 2.
This high-resolution gel allowed subsequent identification by
MALDI-TOF mass spectrometry of the protein spots excised
from the gel. Proteins identified include malate dehydroge-
nase, RC0234-encoded heat-shock protease, PrsA precursor,
trigger factor as well as proteins of unknown function such as
RC0627 and RC0098. For all assigned proteins, identification
was based on at least two and mostly three independent sets
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Fig. 2. 2D-PAGE profile R. conorii membrane-enriched extract. An R. conorii
sample (200 pg) was separated using a pH 611 IPG strip in the first dimen-
sion followed by a 10% SDS—-PAGE in the second dimension. The 2D gel
was silver-stained. Proteins successfully identified are RC0627 (1), RC0098
(2), rOmpB (3-5), protein export PrsA precursor (6), RC1281 (7-9), RC1282
(10, 11), malate dehydrogenase (12), trigger factor (13), heat-shock protease
(14) and thioredoxine peroxidase (15). Relative molecular masses (in kDa) are
indicated on the left side.

of data mapping to the same ORF. 2D-gel in conjugation with
overlay assays also permitted to localize the spots interacting
with Vero cell for both R. conorii and R. prowazekii extracts
(Figs. 3A and 3B). Mass spectral analyses of the tryptic digest
of the 32 kDa protein recognized by Vero cells was identi-
fied as rOmpB (RC1085) in R. conorii and its R. prowazekii
ortholog, namely the cell surface antigen ScaS (RP704). As
illustrated in Fig. 3, several isoforms recognized by biotiny-
lated eukaryotic cells matched this protein. In all cases, we
obtained a low percent of coverage, ranging from 6 to 12%.
This resulted from the difference between the observed mole-
cular weight (MW) of the excised proteins (32 kDa) and the
theoretical MW of rompB- and sca5-encoded proteins (168.3
and 169.8 kDa, respectively). As illustrated in Fig. 4, tryp-
tic digestion of the 32 kDa R. conorii proteins yielded several
peptides exclusively located in the C-terminal extremity of full
rOmpB. It has been reported that, in the course of maturation,
this molecule is cleaved into 120- and 32-kDa products, respec-
tively [17]. It is the small cleavage product known as [3-peptide
that we identified as a potential rickettsial ligand. When consid-
ering only the (3-peptide sequence starting from GDAE amino
acids, the percent of coverage measured from tryptic digests
was 32 and 34% for R. conorii and R. prowazekii, respectively.

The second train of R. conorii proteins recognized by Vero
cells was identified as RC1281. Three distinct isoforms were
detected, the percentage of coverage being 54% for all 3 pro-
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Fig. 3. (A) or R. prowazekii (B) membrane-enriched fractions were fractionated
in a 2D-PAGE. Gels were stained for MS identification (left panels) or trans-
ferred to nitrocellulose membranes for overlay with epithelial proteins (right
panels).

teins. Its homologous protein in R. prowazekii, namely RP828,
was also recognized by biotinylated eukaryotic cells.

3.3. Bioinformatic analysis of identified rickettsial adhesins

R. conorii RC1085 (1655 aa) encodes the precursor of the
outer membrane protein rOmpB. A protein domain search by
SMART software [23] identified an autotransporter 3-domain
(PFAM: PF03797) at its C-terminal (position: 1368—1647 aa,
with E-value = 3.9 x 10739). In addition to the autotransporter
domain, a signal peptide was also identified at the N-terminal
of RC1085 (position: 1-20 aa), which could function to translo-
cate the protein through the inner membrane. Comparative
analysis of rickettsial cell surface antigens (sca family) within
available rickettsial genomes showed that, among the 13 mem-
bers of this family (rompA, scal-3, rompB, sca6-13) [5,32],
rompB was the unique conserved one. Moreover, sequences of
orthologous rOmpB precursors of different rickettsiae exhibited
the highest sequence conservation in the C-terminal domain.

R. conorii RC1281 exhibited significant BLAST scores
(E-value < 1 x 107°%; NCBI non-redundant database search)
with its orthologs in different Rickettsia species. It also ex-
hibited significant sequence similarity to a paralogous ORF
(RC1282, E-value = 1 x 10728) of unknown function. These
two tandemly encoded ORFs were conserved (including their
positional links) in all 7 Rickettsia genomes sequenced thus
far. These genomes are those of R. prowazekii [3], R. conorii
[311, R. typhi [29], R. rickettsii (GenBank no. AADJ01000000),
R. sibirica (GenBank no. NZ_AABWO00000000), R. akari
(GenBank no. AAFE(00000000) and also that of R. felis
[32]. RCI1281 also exhibited rather weak sequence similar-
ities to Brucella suis 1330 outer surface protein BR1689
(TrEMBL: QS8FZ14; E-value = 0.45), Brucella melitensis
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Fig. 4. Overlapping rOmpB peptides observed from mass spectrometry. Sequence of the full length protein encoded by R. conorii rOmpB. The 3-peptide region is
underlined and tryptic peptides identified are in bold. This result is representative of more than 6 distinct identifications.

16M heat-resistant agglutinin 1 precursor BMEI0345 (PIR:
AC3295; E-value = 0.45), and Escherichia coli strain 536
adhesin/virulence factor Hec (PRF: 2822341D). Despite the
low level of homology by BLAST, multiple sequence align-
ment of these proteins clearly showed significant sequence
homologies between these protein sequences along their en-
tire lengths (Fig. 5). RC1281 exhibited marginal similarity
(E-value = 0.003) with the opacity protein and related surface
antigen domains (COG3637), and contained a signal peptide
at its N-terminal (1-17 aa). However, RC1282 exhibited high
similarity scores to COG3637 and the OmpA-like transmem-
brane domain (PFAM: PF01389). These domains (COG3637
and PF01389) are known to form a (3-barrel domain integrated
into the outer membrane and exhibiting a variety of functions.

4. Discussion

In the present study, we have identified two putative rick-
ettsial adhesins probably involved in host cell binding. The
outer membrane (and its components) is the initial site of inter-
action between rickettsiae and their host cells and thus is a key
actor for entry and infection. The intracellular nature of these
bacteria, associated with the absence of genetic tools, has ham-
pered detailed study of the molecular mechanisms responsible
for their pathogenicity [49]. Here we used a proteomic ap-
proach in conjunction with traditional overlay assays to identify

possible rickettsial adhesins. Binding experiments performed
on crude lysates of either R. prowazekii or R. conorii identi-
fied 2 proteins of 32-30 kDa which are specifically bound by
eukaryotic cell lysates. Based on the membrane-impermeant
properties of the biotin reagent, and as described in other pub-
lished reports [8], we assume that most eukaryotic biotinylated
proteins were cell surface proteins. The protein nature of rick-
ettsial ligands was inferred from the observation that incubation
of bacteria with trypsin suppressed binding in overlay assays.
This observation fits well with experiments described by Li
and Walker [25], demonstrating that binding of rickettsiae to
mouse fibroblast cells was reduced by treatment of bacteria with
trypsin or heat. Based on the fact that the rickettsial genome
possesses several proteins exhibiting an MW of 32-30 kDa,
direct identification of the rickettsial ligands after SDS—PAGE
separation was problematic. We thus performed 2D-PAGE for
better resolution. These experiments were performed using R.
conorii and R. prowazekii membrane-enriched fractions and op-
timized conditions described in a previous work [38]. Identifi-
cation of proteins by MALDI-TOF MS, which only provides
peptide mass fingerprints and not sequence information, re-
quires an efficient rickettsial purification procedure since conta-
minating eukaryotic proteins would result in undesirable back-
ground. In addition, good solubilization of protein samples
is critical for high performance of 2D-PAGE, particularly for
membrane-enriched extracts [34]. Results obtained using pH
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Fig. 5. Multiple sequence alignment of RC1281 and its homologues. Included
Brucella suis (BR1689), Brucella melitensis (BMEI0345), E. coli (Hec) and

sequences are from R. conorii (RC1281, RC1282), R. prowazekii (RP827, RP828),
Neisseria (1p4tA). 1p4tA represents the sequence of neisserial surface protein A

(PDB: 1P4T) with its secondary structures (3-strand and T representing turns) shown at the top of each alignment block. The sequence numbering refers to 1p4tA.

Conserved residues were highlighted by colored letters and boxes.

6-11 strips yielded highly resolutive patterns allowing local-
ization and identification of the rickettsial proteins that interact
with biotinylated proteins. This analysis revealed that not only
two proteins, but two trains of proteins, were recognized by eu-
karyotic cells. These putative adhesins were identified as the
well known rickettsial membrane antigen rOmpB (otherwise
termed Sca5) and a protein of unknown function encoded by
ORFs RC1281 and RP828 in R. conorii and R. prowazekii,
respectively. For the majority of assigned proteins, we noted

a good correlation between experimentally observed and the-
oretical p/ and MW values, except for the train of 32 kDa
spots resolved between p/ 8.5-9.5 and identified as rOmpB
isoforms. The protein encoded by rompB/sca5 is 168 kDa with
apl around 5.5. Further analysis of corresponding spectral pep-
tides revealed that all peptides matched with the C-terminal end
of rOmpB, termed the (3-peptide, which is cleaved from full-
length rOmpB [17]. Bioinformatic analysis rOmpB revealed
that this protein is related to a large family of rickettsial cell
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surface antigens and is the sole member of this family found
within all sequenced rickettsial genomes. The 3-peptide corre-
sponds to the most conserved sequence region of this protein.
These features are consistent with its a potential role as a genus-
specific rickettsial adhesin and make it a potential target for
a vaccine against all the bacteria of the genus.

The second rickettsial ligand recognized by biotinylated
cells is a protein of unknown function encoded by RC1281 in
R. conorii and RP828 in R. prowazekii. As illustrated in Fig. 5,
RC1281, RC1282, RP827 and RP828 share striking homolo-
gies. Like the [3-peptide, these proteins are ubiquitously present
within the Rickettsia genus. Given the presence of a signal pep-
tide in RC1281, and its significant sequence homology with
membrane proteins as identified in multiple sequence align-
ment, RC1281 very likely forms a [3-barrel structure within the
rickettsial outer membrane, a location consistent with its func-
tion as a putative adhesin.

Previous studies have identified specific rickettsial proteins
as adhesins, particularly rOmpA and rOmpB [26]. Although
2D-PAGE is a powerful tool for the separation and quan-
tification of proteins, it has limitations in resolving proteins
with high p/, hydrophobic characteristics, and high molecu-
lar weights [34]. Previous analysis of the R. conorii proteome
through 2D-PAGE [38] indicates that rOmpA and rOmpB be-
long to this category and are not resolved in our gels. However,
while both abundant proteins are present in SDS-PAGE sepa-
rated crude rickettsial lysates, they are not recognized in overlay
assays. It is likely that the binding sites of rOmpB are ex-
clusively located within the proteolytically cleaved [3-peptide
region. Recently reported adhesion assays implicating rOmpB
in adherence of rickettsiae to Vero cells were performed using
E. coli expressing the precursor protein [44]. The portion of
the recombinant rOmpB that was involved was not determined.
In fact, to our knowledge the size of rompB-encoded putative
adhesin was never determined, with previous investigations be-
ing largely based on inhibitory effect of antibodies. Therefore,
and this is also the case for rOmpA, it is clear that these in
vitro studies may have excluded certain interactions that occur
in vivo and that require particular conditions of pH and salt con-
centration.

In this post-genomic period, we have taken advantage of
genome sequences of rickettsiae and the development of pro-
teomic tools to identify 2 putative rickettsial adhesins. Addi-
tional studies are necessary to confirm the adhesin function of
these proteins. Further characterization of these putative rick-
ettsial adhesins, their receptors, as well as other molecules that
interact with host components, will increase our understanding
of the pathogenesis of rickettsiae. Further advances in the field
of genetic transformation of these microorganisms could lead
to significant improvements in identification of rickettsial viru-
lence factors.

Acknowledgements
The authors thank Guy Vestris for cultivation of R. conorii

and R. prowazekii. This work was performed with the financial
support of the French General Direction of the Army (DGA).

We thank Prof. Jean-Michel Claverie (head of IGS) for labora-
tory space and support for the bioinformatics part of this work.

References

[1] R.L. Anacker, R.H. List, R.E. Mann, D.L. Wiedbrauk, Antigenic hetero-
geneity in high- and low-virulence strains of Rickettsia rickettsii revealed
by monoclonal antibodies, Infect. Immun. 51 (1986) 653-660.

[2] R.L. Anacker, R.E. Mann, C. Gonzales, Reactivity of monoclonal antibod-
ies to Rickettsia rickettsii with spotted fever and typhus group rickettsiae,
J. Clin. Microbiol. 25 (1987) 167-171.

[3] S.G. Andersson, A. Zomorodipour, J.O. Andersson, T. Sicheritz-Ponten,
U.C. Alsmark, R.M. Podowski, A.K. Naslund, A.S. Eriksson, H.H. Win-
kler, C.G. Kurland, The genome sequence of Rickettsia prowazekii and the
origin of mitochondria, Nature 396 (1998) 133-140.

[4] A.F. Azad, S. Radulovic, Pathogenic Rickettsiae as bioterrorism agents,
Ann. N.Y. Acad. Sci. 990 (2003) 734-738.

[5] G. Blanc, M. Ngwamidiba, H. Ogata, PE. Fournier, J.M. Claverie,
D. Raoult, Molecular evolution of rickettsia surface antigens: Evidence
of positive selection, Mol. Biol. Evol. (2005).

[6] A.L. Bourgeois, G.A. Dasch, The species-specific surface protein antigen
in Rickettsia typhi: Immunogenicity and protecting efficacy in guinea-pigs,
in: W. Burgdorfer, R.L. Anacker (Eds.), Rickettsiae and Rickettsial Dis-
eases, Academia Press, New York, 1981, pp. 71-80.

[7] M.J. Brennan, R.D. Shahin, Pertussis antigens that abrogate bacterial ad-
herence and elicit immunity, Am. J. Respir. Crit. Care Med. 154 (1996)
S145-S149.

[8] S.R. Cole, L.K. Ashman, P.L. Ey, Biotinylation: An alternative to radioio-
dination for the identification of cell surface antigens in immunoprecipi-
tates, Mol. Immunol. 24 (1987) 699-705.

[9] P.A. Crocquet-Valdes, C.M. Diaz-Montero, HM. Feng, H. Li, A.D. Bar-
rett, D.H. Walker, Immunization with a portion of rickettsial outer mem-
brane protein A stimulates protective immunity against spotted fever rick-
ettsiosis, Vaccine 20 (2001) 979-988.

[10] G.A. Dasch, A.L. Bourgeois, Antigens of the surface group of rickettsiae:
Importance of the species-specific surface protein antigens in eliciting
immunity, in: W. Burgdorfer, R.L. Anacker (Eds.), Rickettsiae and Rick-
ettsial Diseases, Academia Press, New York, 1981, pp. 61-69.

[11] G.A. Dasch, J.P. Burans, M.E. Dobson, R.I. Jaffe, W.G. Sewell, Dis-
tinctives properties of components of the cell envelope of typhus group
rickettsiae, in: J. Kazar (Ed.), Rickettsiae and Rickettsial Diseases, Slovak
Academy of Science, Bratislava, 1985, pp. 54-61.

[12] V.V. Emelyanov, N.G. Demyanova, Nucleotide sequence of the gene and
features of the major outer membrane protein of a virulent Rickettsia
prowazekii strain, Biochemistry 64 (1999) 494-503.

[13] M. Eremeeva, X. Xu, D. Raoult, Differentiation among spotted fever group
rickettsiae species by analysis of restriction fragment length polymor-
phism of PCR-amplified DNA, J. Clin. Microbiol. 32 (1994) 803-810.

[14] HM. Feng, T. Whitworth, J.P. Olano, V.L. Popov, D.H. Walker, Fc-
dependent polyclonal antibodies and antibodies to outer membrane pro-
teins A and B, but not to lipopolysaccharide, protect SCID mice against
fatal Rickettsia conorii infection, Infect. Immun. 72 (2004) 2222-2228.

[15] B.B. Finlay, P. Cossart, Exploitation of mammalian host cell functions by
bacterial pathogens, Science 276 (1997) 718-725.

[16] P. Gouet, E. Coucelle, D.I. Stuart, F. Metoz, ESPript: Multiple sequence
alignments in PostScript, Bioinformatics 15 (1999) 305-308.

[17] T. Hackstadt, R. Messer, W. Cieplak, M.G. Peacock, Evidence for pro-
teolytic cleavage of the 120-kilodalton outer membrane protein of rick-
ettsiae: Identification of an avirulent mutant deficient in processing, Infect.
Immun. 60 (1992) 159-165.

[18] D.Tlver, A. Arnqvist, J. Ogren, .M. Frick, D. Kersulyte, E.T. Incecik, D.E.
Berg, A. Covacci, L. Engstrans, T. Boren, Helicobacter pylori adhesin
binding fucosylated histo-blood group antigens revealed by retagging, Sci-
ence 279 (1998) 373-377.

[19] R.R. Isberg, P. Barnes, Subversion of integrins by enteropathogenic
Yersinia, J. Cell Sci. 114 (2001) 21-28.

[20] M. Jacques, Role of lipooligosaccharides and lipopolysaccharides in bac-
terial adherence, Trends Microbiol. 4 (1996) 408—4009.



612 P. Renesto et al. / Research in Microbiology 157 (2006) 605-612

[21] S.D. Knight, J. Berglund, D. Choudhury, Bacterial adhesins: Structural
studies reveal chaperone function and pilus biogenesis, Curr. Opin. Chem.
Biol. 4 (2000) 653-660.

[22] U.K. Laemmli, Cleavage of structural proteins during the assembly of the
head of bacteriophage T4, Nature 227 (1970) 680-685.

[23] I. Letunic, R.R. Copley, S. Schmidt, F.D. Ciccarelli, T. Doerks, J. Schultz,
C.P. Ponting, P. Bork, SMART 4.0: Towards genomic data integration,
Nucleic Acids Res. 32 (2004) D142-D144.

[24] H. Li, B. Lenz, D.H. Walker, Protective monoclonal antibodies recognize
heat-labile epitopes on surface proteins of spotted fever group rickettsiae,
Infect. Immun. 56 (1988) 2587-2593.

[25] H. Li, D.H. Walker, Characterization of rickettsial attachment to host cells
by flow cytometry, Infect Immun. 60 (1992) 2030-2035.

[26] H. Li, D.H. Walker, rOmpA is a critical protein for the adhesion of Rick-
ettsia rickettsii to host cells, Microb. Pathog. 24 (1998) 289-298.

[27] A. Marchler-Bauer, J.B. Anderson, C. DeWeese-Scott, N.D. Fedorova,
L.Y. Geer, S. He, D.I. Hurwitz, J.D. Jackson, A.R. Jacobs, C.J. Lanczy-
cki, C.A. Liebert, C. Liu, T. Madej, G.H. Marchler, R. Mazumder, A.N.
Nikolskaya, A.R. Panchenko, B.S. Rao, B.A. Shoemaker, V. Simonyan,
J.S. Song, P.A. Thiessen, S. Vasudevan, Y. Wang, R.A. Yamashita, J.J.
Yin, S.H. Bryant, CDD: A curated Entrez database of conserved domain
alignments, Nucleic Acids Res. 31 (2003) 383-387.

[28] G.A. McDonald, R.L. Anacker, K. Garjian, Cloned gene of Rickettsia
rickettsii surface antigen: Candidate vaccine for Rocky Mountain spotted
fever, Science 235 (1987) 83-85.

[29] M.P. McLeod, X. Qin, S.E. Karpathy, J. Gioia, S.K. Highlander, G.E.
Fox, T.Z. McNeill, D. Muzny, L.S. Jacob, A.C. Hawes, E. Sodergren,
R. Gill, J. Hume, M. Morgan, G. Fan, A.G. Amin, C. Hong, X.J. Yu,
D.H. Walker, G.M. Weinstock, Complete genome sequence of Rickettsia
typhi and comparison with sequences of other rickettsiae, J. Bacteriol. 186
(2004) 5842-5855.

[30] O. O’Sullivan, K. Suhre, C. Abergel, D.G. Higgins, C. Notredame, 3DCof-
fee: Combining protein sequences and structures within multiple sequence
alignments, J. Mol. Biol. 340 (2004) 385-395.

[31] H. Ogata, S. Audic, P. Renesto-Audiffren, P.E. Fournier, V. Barbe, D. Sam-
son, V. Roux, P. Cossart, J. Weissenbach, J.M. Claverie, D. Raoult, Mech-
anisms of evolution in Rickettsia conorii and R. prowazekii, Science 293
(2001) 2093-2098.

[32] H. Ogata, P. Renesto, S. Audic, C. Robert, G. Blanc, P.E. Fournier,
H. Parinello, J.-M. Claverie, D. Raoult, The Genome Sequence of
Rickettsia felis Identifies the First Putative Conjugative Plasmid
in an Obligate Intracellular Parasite, PLoS Biology 2005, [On-
line,  http://biology.plosjournals.org/perlserv/?request=get-document&
doi=10.1371/journal.pbio.0030248].

[33] A. Qin, A.M. Tucker, A. Hines, D.O. Wood, Transposon mutagenesis of
the obligate intracellular pathogen Rickettsia prowazekii, Appl. Environ.
Microbiol. 70 (2004) 2816-2822.

[34] T. Rabilloud, Membrane proteins ride shotgun, Nat. Biotechnol. 21 (2003)
508-510.

[35] L.I. Rachek, A. Hines, A.M. Tucker, H.H. Winkler, D.O. Wood, Transfor-
mation of Rickettsia prowazekii to erythromycin resistance encoded by the
Escherichia coli ereB gene, J. Bacteriol. 182 (2000) 3289-3291.

[36] D. Raoult, V. Roux, Rickettsioses as paradigms of new or emerging infec-
tious diseases, Clin. Microbiol. Rev. 10 (1997) 694-719.

[37] P. Renesto, H. Ogata, S. Audic, J.M. Claverie, D. Raoult, Some lessons
from Rickettsia genomics, FEMS Microbiol. Rev. 29 (2005) 99-117.

[38] P. Renesto, S. Azza, A. Dolla, P. Fourquet, G. Vestris, J.P. Gorvel,
D. Raoult, Proteome analysis of Rickettsia conorii by two-dimensional
gel electrophoresis coupled with mass spectrometry, FEMS Microbiol.
Lett. 245 (2005) 231-238.

[39] P. Renesto, E. Gouin, D. Raoult, Expression of green fluorescent protein
in Rickettsia conorii, Microb. Pathog. 33 (2002) 17-21.

[40] A. Shevchenko, M. Wilm, O. Vorm, M. Mann, Mass spectrometric se-
quencing of proteins silver-stained polyacrylamide gels, Anal. Chem. 68
(1996) 850-858.

[41] J.W. Sumner, K.G. Sims, D.C. Jones, B.E. Anderson, Protection of guinea-
pigs from experimental Rocky Mountain spotted fever by immuniza-
tion with baculovirus-expressed Rickettsia rickettsii rOmpA protein, Vac-
cine 13 (1995) 29-35.

[42] N. Teysseire, J.A. Boudier, D. Raoult, Rickettsia conorii entry into Vero
cells, Infect. Immun. 63 (1995) 366-374.

[43] J.M. Troyer, S. Radulovic, A.F. Azad, Green fluorescent protein as
a marker in Rickettsia typhi transformation, Infect. Immun. 67 (1999)
3308-3311.

[44] T. Uchiyama, Adherence to and invasion of Vero cells by recombinant Es-
cherichia coli expressing the outer membrane protein rOmpB of Rickettsia
Jjaponica, Ann. N.Y. Acad. Sci. 990 (2003) 585-590.

[45] G. Valbuena, H. Feng, D.H. Walker, Mechanisms of immunity against
rickettsiae. New perspectives and opportunities offered by unusual intra-
cellular parasites, Microbes Infect. 4 (2002) 625-633.

[46] S. Vishwanath, G.A. McDonald, N.G. Watkins, A recombinant Rick-
ettsia conorii vaccine protects guinea pigs from experimental boutonneuse
fever and Rocky Mountain spotted fever, Infect. Immun. 58 (1990) 646—
653.

[47] D.H. Walker, G.A. Valbuena, J.P. Olano, Pathogenic mechanisms of dis-
eases caused by Rickettsia, Ann. N.Y. Acad. Sci. 990 (2003) 1-11.

[48] T.M. Wizemann, J.E. Adamou, S. Langermann, Adhesins as targets for
vaccine development, Emerg. Infect. Dis. 5 (1999) 395-403.

[49] D.O. Wood, A.F. Azad, Genetic Manipulation of Rickettsiae: A preview,
Infect. Immun. 68 (2000) 6091-6093.

[50] W. Xu, D. Raoult, Distribution of immunogenic epitopes on the two ma-
jor immunodominant proteins (rOmpA and rOmpB) of Rickettsia conorii
among the other rickettsiae of the spotted fever group, Clin. Diagn. Lab.
Immunol. 4 (1997) 753-763.

[51] P. Zhang, B.B. Chomel, M.K. Schau, J.S. Goo, S. Droz, K.L. Kelminson,
S.S. George, N.W. Lerche, J.E. Koehler, A family of variably expressed
outer-membrane proteins (Vomp) mediates adhesion and autoaggregation
in Bartonella quintana, Proc. Natl. Acad. Sci. USA 101 (2004) 13630—
13635.



