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Rickettsia typhi, the causative agent of murine (endemic) typhus, is an obligate intracellular pathogen with a life cycle involving
both vertebrate and invertebrate hosts. In this study, we characterized a gene (RT0218) encoding a C-terminal ankyrin repeat
domain-containing protein, named Rickettsia ankyrin repeat protein 1 (RARP-1), and identified it as a secreted effector protein
of R. typhi. RT0218 showed differential transcript abundance at various phases of R. typhi intracellular growth. RARP-1 was se-
creted by R. typhi into the host cytoplasm during in vitro infection of mammalian cells. Transcriptional analysis revealed that
RT0218 was cotranscribed with adjacent genes RT0217 (hypothetical protein) and RT0216 (TolC) as a single polycistronic
mRNA. Given one of its functions as a facilitator of extracellular protein secretion in some Gram-negative bacterial pathogens,
we tested the possible role of TolC in the secretion of RARP-1. Using Escherichia coli C600 and an isogenic tolC insertion mutant
as surrogate hosts, our data demonstrate that RARP-1 is secreted in a TolC-dependent manner. Deletion of either the N-terminal
signal peptide or the C-terminal ankyrin repeats abolished RARP-1 secretion by wild-type E. coli. Importantly, expression of R.
typhi tolC in the E. coli tolC mutant restored the secretion of RARP-1, suggesting that TolC has a role in RARP-1 translocation
across the outer membrane. This work implies that the TolC component of the putative type 1 secretion system of R. typhi is
involved in the secretion process of RARP-1.

Rickettsia spp. (belonging to the Alphaproteobacteria, Rickettsia-
les, Rickettsiaceae) are Gram-negative, aerobic, coccobacilli,

with all described members having an obligate intracellular life-
style. Phylogenetic analyses have classified Rickettsia spp. into four
groups: ancestral group (AG), typhus group (TG), transitional
group (TRG), and spotted fever group (SFG) rickettsiae, with ad-
ditional studies suggesting even further classification within the
Rickettsia tree (28). Rickettsia typhi, a species of TG rickettsiae and
the etiological agent of murine typhus, is internalized into eukary-
otic host cells via induced phagocytosis. The bacteria rapidly es-
cape from the phagosome and multiply within the host cell cyto-
plasm (62).

Compared to free-living bacterial species, rickettsiae have re-
ductive genomes (�1.3 Mb), a consequence of adapting to an
intracellular niche (4, 30). Relative to other Rickettsia spp., TG
rickettsiae have the smallest genomes (1.1 Mb), encoding few mo-
bile genetic elements and the most reduced cellular and metabolic
pathways (30). The genome sequence of R. typhi revealed many
genes encoding hypothetical proteins (HP) that are conserved in
Rickettsia spp. but lack homologs in other bacterial genomes (39).
These genes, some of which encode domains typical of eukaryotic
proteins, are important candidates for advancing the knowledge
of the mechanisms underlying R. typhi pathogenesis and intracel-
lular colonization by rickettsiae, as well as for identifying potential
therapeutic targets against rickettsial infection.

R. typhi has been reported to contain a gene (RT0218) encod-
ing a putative ankyrin (ANK) repeat-containing protein (Ank; 586
amino acids [aa]), here named RARP-1 (Rickettsia ankyrin-repeat
protein 1) (39). The predicted RARP-1 is conserved in all se-
quenced Rickettsia genomes. The ankyrin repeat domain, a motif
found commonly in a wide range of eukaryotic protein families,
has been identified in proteins encoded within many prokaryotic
and viral genomes (2, 57). The ANK repeat (�33 amino acids) is a

motif that folds into a helix-loop-helix structure with antiparallel
�-helices followed by an outer membrane �-hairpin/loop region
(41). The Pfam database (23) indicates that the number of ANK
repeats per protein varies from 1 to 34; however, the majority of
proteins contain fewer than 6 repeats (40). Bacterial Anks are typ-
ically involved in mediating protein-protein or protein-DNA in-
teractions in host cells for a wide variety of functions, i.e., tran-
scription regulation, signal transduction, inflammatory response,
and protein transport mechanisms (2, 25, 35, 68). In contrast to
other repeat motifs involved in protein-protein interactions, ANK
repeats have not been shown to recognize any signature DNA or
amino acid sequence or any specific molecular structure (35).
Anks are encoded within the genomes of various obligate and
facultative intracellular bacteria including Rickettsia spp. (2), Ana-
plasma phagocytophilum (25, 54), Ehrlichia chaffeensis (61, 68),
Orientia tsutsugamushi (12), Legionella pneumophila (47), Coxiella
burnetii (58), and Wolbachia pipientis (63). Some of these intra-
cellular pathogens deliver Anks into eukaryotic cells via a type IV
secretion system (T4SS), with these “effectors” functionally mim-
icking or interfering with host cell processes to aid in the infection
process (1, 36, 44, 54). A recent report has identified the role of

Received 7 May 2012 Accepted 27 June 2012

Published ahead of print 6 July 2012

Address correspondence to Simran J. Kaur, skaur@som.umaryland.edu.

* Present address: Nicole C. Ammerman, Johns Hopkins Center for Tuberculosis
Research, Baltimore, Maryland, USA.

Supplemental material for this article may be found at http://jb.asm.org/.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JB.00793-12

The authors have paid a fee to allow immediate free access to this article.

4920 jb.asm.org Journal of Bacteriology p. 4920–4932 September 2012 Volume 194 Number 18

http://jb.asm.org/
http://dx.doi.org/10.1128/JB.00793-12
http://jb.asm.org


T1SS for extracellular secretion of E. chaffeensis Ank200, also sug-
gesting that the T1SS is functional across Rickettsiales (59).

Rickettsia genomes encode various secretion systems, includ-
ing the Sec translocon, elements of the twin-arginine transloca-
tion pathway, the Rickettsiales vir homolog T4SS, the autotrans-
porter or type V secretion system (T5SS), and the type I secretion
system (T1SS) (30). Our previous work on R. typhi protein secre-
tion has focused mainly on the characterization of the Sec pathway
(49–51) and the rvh T4SS (26, 27). Little is known about the func-
tion of the rickettsial T1SS, despite the presence of genes encoding
the T1SS components within all sequenced Rickettsia genomes.
The T1SS consists of three major protein components: an inner
membrane (IM) ATP binding cassette transporter (ABC), a
periplasmic membrane fusion protein (MFP), and a multifunc-
tional outer membrane (OM) protein of the TolC family. The IM
and periplasmic components are substrate specific; however, the
OM TolC protein can couple with many different IM/periplasmic
proteins to transport a variety of molecules. The complete channel
exports virulence-associated proteins, antibiotics, detergents, co-
licin V, and organic solvents (67). The TolC protein plays an im-
portant role in the virulence of many Gram-negative bacterial
pathogens (7, 11, 13, 22, 32, 46). Thus, TolC should not be over-
looked for its possible role in protein secretion in rickettsiae.

In this study, we characterized RARP-1 and demonstrated its
extracellular secretion into host cells. Additionally, we showed
that RT0218 (encoding RARP-1) is cotranscribed with RT0216
(encoding an R. typhi TolC homolog) and present evidence for the
role of TolC in RARP-1 secretion.

MATERIALS AND METHODS
Bacterial strains, host cell culture, and growth conditions. R. typhi strain
Wilmington (ATCC VR-144; Manassas, VA) was propagated in Vero76
(African green monkey kidney cells, ATCC CRL-1587) cells. Vero76 and
HeLa (human epithelial cervical adenocarcinoma, ATCC CCL-2) cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 4.5 g of glucose/liter with glutamine (Biofluids Inc., MD)
and 10% fetal bovine serum (FBS; Gemini, CA) at 34°C with 5% CO2.
Escherichia coli C600 (wild type [WT]) and tolC mutant (C600 tolC::Tn5)
strains used in heterologous secretion assays are derivatives of the E. coli
K-12 strain and were kindly provided by Philippe Delepelaire from the
Institute Pasteur, Paris, France. E. coli Top10, C600, and the tolC mutant
strains were routinely grown in lysogeny broth (LB) medium at 37°C. The
tolC mutant has a kanamycin resistance cassette (Kmr) inserted in the tolC
gene. The tolC mutant strains containing the plasmid constructs were
maintained with 50 �g/ml kanamycin and 100 �g/ml ampicillin. E. coli
genomic DNA was extracted using a Wizard Genomic DNA Purification
Kit (Promega, WI) according to the manufacturer’s instructions.

R. typhi infection in Vero76 cells. R. typhi cells were partially purified
from infected Vero76 cells. The infected cells were harvested in 5 ml of
DMEM supplemented with 5% FBS and disrupted by mild sonication for
15 s by using a sonic dismembrator (Fisher Scientific, PA). The disrupted
host cells were centrifuged at 1,000 � g for 10 min at 4°C to remove host
cell debris or any remaining intact host cells. The supernatant was filtered
through a 5-�m-pore-size filtering unit (Millipore). The filtrate (0.5 ml)
was used to infect confluent monolayers of Vero76 cells (2.1 � 106 cells),
which were incubated at 37°C with 5% CO2 for 4 days. For whole-cell
lysate preparation, the infected or uninfected cells were harvested and
washed with ice-cold phosphate-buffered saline (PBS) supplemented
with complete mini-EDTA-free protease inhibitor (Roche, IN). The host
cells were resuspended in PBS supplemented with protease inhibitor and
lysed by ultrasonication treatment of cells for 20 s on ice. For genomic
DNA isolation, the partially purified rickettsiae were further centrifuged
at 14,000 � g for 10 min at 4°C. Genomic DNA of R. typhi was extracted

from the pellets by using either an All Prep DNA/RNA Mini Kit (Qiagen,
CA) or a Wizard genomic DNA purification kit as previously described
(51).

Isolation of RNA and RT-PCR. Total RNA was isolated from R. typhi-
infected Vero76 and HeLa cells (48 h postinfection) using TRIzol reagent
(Invitrogen, CA) and treated with RQ1 RNase-free DNase (Promega).
The DNase (Qiagen)-treated total RNA was then purified with an RNeasy
MinElute Cleanup Kit (Qiagen). For the E. coli C600 strain harboring
pTrc-RT0216-RT0217-RT0218, RNA was isolated using an All Prep DNA/
RNA Mini Kit. Briefly, the pellet from isopropyl-�-D-thiogalactopyrano-
side (IPTG)-induced culture was resuspended in RLT Plus buffer contain-
ing 2-mercaptoethanol (Invitrogen), and RNA was isolated according to
the manufacturer’s recommendations. To remove any remaining con-
taminating DNA, RNA was treated with RNase-free DNase (Qiagen) as
well as with Turbo DNase (Ambion, CA). Reverse transcription-PCR
(RT-PCR) was performed with 200 ng of total RNA, using the primer
pairs RT0216-F1 and RT0218-R1 for RT0216 transcript, RT0218 RT-F1
and RT0218 RT-R1 for RT0218, or RT0218 RT-F1 and RT0218 RT-R2 for
RT0216-RT0217-RT0218, in 25-�l reaction volumes by using SuperScript
III One-Step RT-PCR with Platinum Taq (Invitrogen). The thermal cy-
cling conditions consisted of one cycle at 50°C for 1 h and at 94°C for 2
min, followed by 39 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 2
min, with a final extension step of 72°C for 5 min. To confirm the absence
of DNA in purified RNA samples, reverse transcriptase was omitted from
the reaction mixture, and samples were checked by PCR using standard
conditions.

Isolation of RNA and real-time qRT-PCR. The titers of partially pu-
rified R. typhi from Vero76 cells were determined using a Live/Dead
BacLight bacterial viability assay (Molecular Probes, OR), according to
the manufacturer’s instructions. Rickettsiae were counted with a hemacy-
tometer using fluorescence microscopy (excitation, 480 nm; Nikon
H550L). The Vero76 cells (�1 � 106 cells) were infected with R. typhi at a
multiplicity of infection (MOI) of �100 and incubated at 37°C with 5%
CO2 for 15 min, 1 h, 4 h, 8 h, and 48 h. At each time point, culture medium
was removed, and rickettsia-infected cells were washed with fresh growth
medium. Total RNA was isolated from infected and uninfected cells using
TRIzol reagent and treated with RQ1 RNase-free DNase as described pre-
viously (48). RT0218 expression profiles were determined by one-step
real-time quantitative reverse transcription-PCR (qRT-PCR). qRT-PCR
was performed with 200 ng of total RNA isolated from R. typhi-infected
Vero76 cells using a Brilliant II SYBR green qRT-PCR Master Mix kit
(Stratagene, CA) according to the manufacturer’s instructions. The spe-
cific primers (listed in Table S1 in the supplemental material) for R. typhi
genes used in qRT-PCR were AZ5194 and AZ5195 for RT0218 and
AZ4923 and AZ4924 for RT0119 (rickettsial housekeeping gene, rpsL).
PCR conditions were as follows: reverse transcription at 50°C for 30 min
and then at 95°C for 10 min; 40 cycles of 95°C for 15 s, 55°C for 15 s, and
72°C for 30 s; and a final cycle for generation of the dissociation curve. The
qRT-PCR amplification and detection were performed on an MX3005P
thermal cycler (Stratagene) as described previously (48). The expression
data generated by real-time qRT-PCR were analyzed using the Q-Gene
program with amplification efficiency correction (42). The amplification
efficiency for each primer pair was calculated using the LinReg PCR soft-
ware tool (53). To calculate the normalized expression of the target gene,
efficiency-corrected threshold cycle (CT) values for RT0218 were normal-
ized with CT values of RT0119 (rpsL).

Raising antibodies against RARP-1 peptide antigen. For immuniza-
tion purposes, the peptide sequence was chosen based on the predicted
immunogenicity using Open Biosystems Antigen Profiler software (Open
Biosystems, Rockford, IL). Rabbit polyclonal antibodies were generated
against the peptide EKGQTKAIHKESQQIDPRE conjugated to keyhole
limpet hemocyanin (KLH) corresponding to 76 to 94 amino acid residues
of RARP-1. The antigen preparation, immunization, and purification
were performed by Open Biosystems (Thermo Scientific, IL), according to
the company’s 70-day rabbit immunization protocol. For protein expres-
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sion assays, the affinity-purified anti-RT0218 antibodies were pread-
sorbed with Vero76 cell lysate by incubation for 1 h at room temperature,
and IgGs were purified using a MelonG IgG purification kit (Thermo
Scientific).

Immunofluorescence microscopy. R. typhi-infected Vero76 and
HeLa cells were fixed with 4% paraformaldehyde (in PBS) at room tem-
perature for 10 min, stored at 4°C overnight, and then washed three times
with PBS before labeling. The blocking and permeabilization were per-
formed using PBS containing 10% FBS for 30 min at room temperature
and PBS containing 0.01% Triton X-100 for 5 min at room temperature,
respectively. For double immunofluorescence labeling, cells were probed
with rabbit anti-RT0218 antibodies and rat anti-R. typhi serum as primary
antibodies for 1 h at room temperature and then with goat anti-rabbit
Alexa Fluor 594-conjugated IgG and goat anti-rat Alexa Fluor 488-conju-
gated IgG (Molecular Probes) secondary antibodies (see Table S4 in the
supplemental material). The cells were washed with PBS and mounted
with Vectashield mounting medium containing 4=,6=-diamidino-2-phe-
nylindole (DAPI; Vector Laboratories, CA). Samples were analyzed under
a Nikon Eclipse E600 fluorescence microscope. Images were captured
using QCapture Pro, version 5.1, imaging and analysis software and pro-
cessed with Adobe Photoshop CS2, version 9.0.2.

Western blot analyses. The samples were mixed with 2� Tris-gly-
cine-SDS sample loading buffer (Invitrogen) containing 2-mercaptoeth-
anol and boiled for 5 min at 95°C. The proteins were separated on Novex
4 to 20% Tris-glycine or Novex 4 to 12% Tris-glycine-polyacrylamide gels
(Invitrogen) at 130 V using Tris-glycine-SDS running buffer (Bio-Rad)
under denaturing conditions and transferred to a polyvinylidene difluo-
ride (PVDF) membrane using an iBlot gel transfer system (Invitrogen).
The membranes were blocked in StartingBlock (Tris-buffered saline
[TBS]) blocking buffer (Thermo Scientific) containing Tween 20, pH 7.4
(TBST), for 30 min at room temperature and then incubated with primary
antibody diluted in blocking buffer, either for 1 h at room temperature or
overnight at 4°C. Following incubation with primary antibodies, the
membranes were washed four times in TBST (5-min washes at room
temperature) and then incubated with the appropriate secondary anti-
bodies (conjugated to horseradish peroxidase) diluted in blocking buffer
for 1 h at room temperature. The membranes were washed four times in
TBST and developed using a SuperSignal West Pico Chemiluminescent
Substrate kit (Thermo Scientific). The membranes were then imaged us-
ing the G:BOX chemiluminescence imaging system and the associated
GeneSnap acquisition software (Syngene). The antibodies used in this
study are listed in Table S4 in the supplemental material.

RARP-1 translocation assay. A confluent monolayer of Vero76 cells
was infected with R. typhi (MOI of �100) for 48 h at 37°C with 5% CO2.
The cells were washed once with PBS to remove extracellular bacteria,
harvested by trypsinization, and washed again with ice-cold PBS supple-
mented with complete mini-EDTA-free protease inhibitor. The host cell
cytoplasmic and nuclear proteins were isolated using NE-PER Nuclear
and Cytoplasmic Extraction Reagents (Thermo Scientific), according to
the manufacturer’s instructions. The remaining pellet (containing rick-
ettsiae) was collected after extraction of cytoplasmic and nuclear protein
and resuspended in PBS containing protease inhibitor. The rickettsiae in
the pellet were lysed by ultrasonication treatment of cells for 20 s on ice.
The uninfected Vero76 cells were also processed as described above. The
protein fractions were separated on 4 to 20% Tris-glycine precast gels
(Invitrogen) and probed by Western blot analysis as described above. The
membranes were probed with rabbit polyclonal anti-RT0218 peptide an-
tibodies or with antibodies against rickettsial cytoplasmic elongation fac-
tor (EF) thermostable protein (rabbit anti-EF-Ts antibodies) (48). The
mouse monoclonal antibodies against glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH; Abcam, MA) were used as a host cell cytoplasmic
protein loading control.

Cloning and secretion assay of RARP-1 in E. coli. A 1,760-bp gene
fragment (full-length RT0218) encoding RARP-1 (586 amino acids) was
amplified from the genomic DNA of R. typhi by PCR using the primer pair

RT0218-SS F and RT0218-R2. For cloning RT0218 derivatives, PCR was
performed using the primer pair RT0218-F1 and RT0218-R2 for amplifi-
cation of RT0218 without the N-terminal signal peptide or with
RT0218_SS F and RT0218-R3 for amplification of RT0218 without the
C-terminal ANK domain. The 3,672-bp fragment, spanning the three
genes RT0216-RT0217-RT0218, was amplified from R. typhi genomic
DNA by PCR using the primers RT0216-F2 and RT0218-R2. The primers
are listed in Table S1 in the supplemental material. The amplicons were
ligated into pTrcHis2-TOPO vector under the control of the trc promoter
(Invitrogen), and recombinant plasmids were chemically transformed
into either the WT C600 or C600 �tolC strain. The sequences of all the
fragments were confirmed by sequencing. The sequences and deduced
amino acid sequences were analyzed using MacVector, version 7.1.1 soft-
ware (Genetics Computer Group, Inc. Madison, WI).

For recombinant protein expression, bacteria were grown overnight at
37°C in LB medium containing appropriate antibiotics. The following
day, the culture was diluted in fresh LB medium and grown at 37°C to
mid-log phase (optical density at 600 nm [OD600] of �0.3 to 0.5). Protein
expression was induced by the addition of 1 mM isopropyl-beta-D-thio-
galactopyranoside (IPTG) at 16°C with incubation overnight. The culture
was collected the following day and centrifuged at 10,000 � g for 20 min to
separate secreted supernatant proteins from the bacterial cell-containing
pellet fraction. The culture supernatants were filtered using a 0.22-�m-
pore-size filter (Millipore, MA), and proteins were precipitated to con-
centrate the supernatant (100- to 150-fold) using prechilled 20% trichlo-
roacetic acid in acetone for 1 h at 4°C. The precipitated proteins were
collected by centrifugation at 13,000 � g for 15 min at 4°C. The pellets
were washed three times in ice-cold acetone and air dried for 10 min. The
pellets containing bacterial cells or precipitated supernatant proteins were
resuspended in PBS (containing complete mini-protease inhibitor cock-
tail) with 2� Tris-glycine-SDS sample loading buffer, and amounts
equivalent to 1 OD600 unit were separated on Tris-glycine-SDS gels and
immunoblotted with RT0218-specific antibodies.

Recombinant protein purification. The E. coli cells expressing recom-
binant protein were harvested by centrifugation at 8,000 � g and sus-
pended in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imida-
zole, pH 8.0). The cells were incubated with lysozyme (1 mg/ml) for 20
min on ice and then lysed by a French press cell disrupter (Thermo Sci-
entific). The cell lysate was cleared by centrifugation at 50,000 � g for 10
min at 4°C. Recombinant proteins were purified by affinity chromatogra-
phy under native conditions using nickel-nitrilotriacetic acid resin (Ni-
NTA) spin or superflow columns (Qiagen) according to the manufactur-
er’s instructions. Briefly, 1 ml of Ni-NTA resin was added to 3 ml of the
cleared cell lysate containing soluble proteins and incubated at 4°C for 2 h.
The column was packed and washed three times with wash buffer (50 mM
NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0) to remove nonspe-
cifically bound proteins. The fusion protein was eluted with elution buffer
(50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8.0). Purified
protein was dialyzed using Slide-A-Lyzer dialysis cassettes (Thermo Sci-
entific) and concentrated with Amicon Ultra Centrifugal Filter Devices
(Millipore).

SDS sensitivity assays. The growth of E. coli cells was examined in the
presence of SDS. In the first assay, sensitivity to SDS was checked on solid
medium, and single colonies were streaked onto LB agar plates supple-
mented with antibiotics, IPTG (1 mM), and SDS at various concentra-
tions (0, 0.1, and 1%); growth of colonies was recorded after overnight
incubation at 37°C. In the second assay, growth was tested using liquid
cultures. Cells were grown to mid-log phase at 37°C, and then the cultures
were diluted with LB medium supplemented with IPTG (1 mM) and SDS
at various concentrations and incubated overnight at 16°C. The cultures
were grown for 24 h before the OD600 was determined.

Bioinformatics analysis. Gene and protein sequences for R. typhi (i)
RT0216, (ii) RT0217, and (iii) RT0218 were obtained from the genome
sequence at NCBI (NC_006142). Homologs to these sequences were com-
piled from BLASTP searches against the Rickettsia database (taxonomy
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identifier [taxid] 780), as well as from conserved protein families com-
piled at the Pathosystems Resource Integration Center (PATRIC) website
(29). The operon structures of these genes across 18 Rickettsia genomes
were analyzed using the Compare Region Viewer tool at PATRIC. For
each protein family (TolC, PopZ homolog, and RARP-1), the presence of
a signal sequence and cellular localization were evaluated by using SignalP
(45), and SecretomeP, version 2.0 (8), respectively. All gene and protein
alignments were performed using MUSCLE, version 3.6 (21), with default
parameters.

(i) RT0216. The R. typhi TolC homolog was compared to Escherichia
coli TolC proteins in two ways. First, a sequence alignment was con-
structed with mapping of the secondary structure over the comparison.
Second, R. typhi TolC was threaded to the structure of E. coli TolC (Pro-
tein Data Bank [PDB] code 1ek9C). Using RT0216 as a query, the E. coli
structure (best match using PSI-BLAST [3]) was retrieved in a template
search using SWISS-MODEL (37). The SWISS-MODEL DeepView pro-
gram was used to visualize the structural modeling.

(ii) RT0217. Non-Rickettsia homologs of the R. typhi RT0217 se-
quence were searched for in the Rickettsiales (taxid 766) and Alphaproteo-
bacteria (taxid 28211) databases at NCBI. Homologs found in other Rick-
ettsiales genomes (all major genera except Neorickettsia) were compiled
and analyzed as described above. Putative RT0217 homologs within 122
alphaproteobacterial genomes were also compiled and analyzed as de-
scribed above, with sequence logos generated for the conserved N- and
C-terminal regions using WebLogo (15).

(iii) RT0218. BLASTP searches against the nonredundant protein se-
quences at NCBI revealed that an RARP-1 protein homolog is present in
all 18 sequenced Rickettsia genomes. HHrepID, version 2.16.1 (9), was
used to detect repeat regions between the predicted signal sequence and
the C-terminal ANK domain. The three ANK repeats at the C terminus
were identified by PSI-BLAST matches to ANK domains from other bac-
terial and eukaryotic proteins, with structural features within each repeat
determined using a conserved ANK model (40).

MS. Purified proteins and supernatant proteins from E. coli were sep-
arated on 4 to 12% SDS gels and visualized with Coomassie R250-based
Imperial Protein Stain (Thermo Scientific). A protein band of �80 kDa in
the purified-protein fraction from C600 harboring pTrc-RT0218 and the
tolC mutant strain harboring pTrc-RT0216-RT0217-RT0218 and a simi-
larly sized band in the supernatant of C600/pTrc-RT0218 and cell lysate as
well as the supernatant of C600/pTrc-lacZ were excised and treated by
in-gel digestion with trypsin and analyzed by mass spectrometry (MS)
protein analyses at the protein core facility at the Center for Vascular and
Inflammatory Diseases (University of Maryland, Baltimore, MD). The
Coomassie-stained bands were washed; disulfide bonds were reduced and
alkylated. Proteins were digested with methylated porcine trypsin over-

night at 37°C. Peptides were extracted and desalted with Empore C18

discs, dried, and dissolved in 0.1% formic acid. Peptides were loaded onto
a 0.150-mm by 250-mm capillary column packed with TARGA C18

(5-�m particle size; Nest Group, Soughborough, MA) and eluted with a
gradient from 0 to 30% acetonitrile over 50 min directly into a Captive
Spray ion source (Bruker-Michrom, Auburn, CA) which was fitted to the
inlet of an LCQ (liquid chromatography quadrupole) Advantage ion trap
mass spectrometer (Thermo Scientific). Data were acquired in the data-
dependent scan mode consisting of successive rounds where the three
most abundant ions were detected, selected for fragmentation, and
scanned out. These ions were then excluded from further analysis for 60 s
to allow for analysis of less abundant ions in subsequent scan cycles. For
database searches, the raw data files were first converted to the mzXML file
format and processed using the Trans-Proteomic Pipeline (17). The
search engine Tandem (14) was used to search a protein sequence data-
base consisting of both E. coli K-12 (UniprotKB) and R. typhi Wilmington
(NCBI).

RESULTS
RT0218 bioinformatics analysis. In silico analysis of the genome
sequence of R. typhi strain Wilmington revealed a gene (RT0218,
1,760 bp), encoding an HP (586 aa; GenBank accession number
YP_067182.1) with an N-terminal signal peptide, a central do-
main of unknown function, and a C-terminal ANK repeat domain
(Fig. 1). The encoded protein, RARP-1, was predicted to contain
three ANK repeat regions (�33 residue repeats) (see Fig. S1 in the
supplemental material for a detailed description). SignalP, version
4.0 (45), predicted a signal peptidase cleavage site between Ala23

and Ser24. Alignment of RARP-1 with homologs encoded in 17
other Rickettsia genomes (see Table S2 in the supplemental mate-
rial) indicates that the protein sequence is conserved, with amino
acid identity ranging from 79% (Rickettsia prowazekii strains) to
39% (Rickettsia bellii strain RML369-C). Importantly, the major-
ity of sequence divergence is localized within the central domain,
with strong sequence conservation in the ANK repeat domain,
with amino acid identity ranging from 89% (R. prowazekii) to
74% (R. bellii strain RML369-C) (see Fig. S2).

RT0218 is cotranscribed with RT0216 and RT0217 as a single
transcript. The gene locus of RT0218 (RARP-1) is adjacent to
RT0217 (small HP) and RT0216 (TolC homolog) on the R. typhi
chromosome (Fig. 2A). To examine whether RT0218 is cotrans-
cribed with RT0216 and RT0217, RT-PCR was performed using

FIG 1 Domain organization of R. typhi RARP-1. The N-terminal signal peptide (orange; residues 1 to 23) was predicted with SignalP, version 4.0 (45). The large
central domain (magenta; residues 24 to 484) contains two repeat regions (blue and green), predicted using HHrepID, version 2.16.1 (9), with no significant
matches to any previously defined conserved domain. The three ankyrin (ANK) repeats at the C terminus (light green; residues 485 to 586) were identified by
PSI-BLAST (3) matches to ANK domains from other bacterial and eukaryotic proteins, with structural features within each repeat determined using a conserved
ANK model (40). Residues within ANK repeats highlighted in yellow depict invariant residues in RARP-1 homologs encoded within 17 other Rickettsia genomes
(see Fig. S1 in the supplemental material for more details).
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total RNA isolated from Vero76 and HeLa cells infected with R.
typhi (48 h postinfection). The specific primers designed to am-
plify the fragment across all three contiguous genes yielded a
product of the expected size (1,069 bp) (Fig. 2B). We confirmed
the transcription of RT0218 and RT0216 individually in Vero76
cells (Fig. 2B) as well as in HeLa cells (data not shown). The nu-
cleotide sequence of the RT-PCR amplicon indicating the cotran-
scription of genes was confirmed to be identical to the R. typhi
genome sequence spanning a specific region across all three genes.
Thus, we confirmed that these three genes are cotranscribed by R.
typhi as a polycistronic mRNA during infection in both Vero76
and HeLa cells. The homologs of these three genes are also clus-
tered in other Rickettsia genomes, with minor differences due to
genes encoding transposases and HP inserted into the operon
(Fig. 2C), suggesting a conserved function for these genes in rick-
ettsial biology.

Bioinformatics analysis of RT0216 and RT0217. RT0216,
which is comprised of 1,364 nucleotides, encodes a protein (TolC)
of 454 aa (GenBank accession number YP_067180.1). R. typhi
TolC contains a predicted N-terminal signal peptide sequence
with the cleavage site located between residues Ala19 and Val20

(45). Multiple sequence alignment of R. typhi TolC with homologs
encoded within 17 other Rickettsia genomes (see Table S3 in the
supplemental material) revealed strong conservation, with amino
acid identity ranging from 95% (R. prowazekii strains) to 78% (R.
belli strains) (see Fig. S2 in the supplemental material). This indi-
cates a highly conserved function for TolC across members of the
genus. The R. typhi TolC amino acid sequence displays approxi-
mately 23% identity and 43% similarity to the E. coli TolC ho-
molog. Based on in silico analyses, R. typhi TolC is predicted to
contain three domains: a �-barrel domain that inserts into the
OM, a 100-Å-long �-helical barrel domain that protrudes into
the periplasm, and an �/� domain (equatorial domain) that forms
the middle section of the �-helical barrel (see Fig. S3). The R. typhi
TolC contains all the key amino acid residues that are critical for
preserving the structural integrity of the TolC channel. In partic-
ular, the conserved Asp residues at positions 370 and 373 in R.
typhi TolC, which correspond to Asp371 and Asp374 of E. coli TolC
(see Fig. S3), form a ring structure along with the two aspartate
residues of other monomers that comprises the tapered periplas-
mic entrance of the channel, which functions as a regulatory gate
(6). The overall conservation of sequence, predicted structure,
and essential amino acids suggests that TolC is functionally con-
served in R. typhi.

Comparative sequence analysis of RT0217 (413 bp) with other
rickettsial homologs indicated that this small encoded HP (137 aa;

GenBank accession number AAU03699.1) is conserved across
Rickettsia spp., with amino acid identity ranging from 91% (R.
prowazekii strains) to 75% (R. bellii strains) (see Fig. S2 in the
supplemental material). A search against the NCBI Rickettsiales
database revealed a divergent homolog encoded within the ge-
nomes of all major Rickettsiales genera (Midichloria, Orientia,
Wolbachia, Anaplasma, and Ehrlichia) except Neorickettsia. De-
spite extensive divergence in sequence length and composition,
with proteins raging from 102 aa (“Candidatus Midichloria mito-
chondrii strain IricVA”) to 242 aa (Ehrlichia canis strain Jake), two
conserved regions were identified at the N and C termini (see Fig.
S4 in the supplemental material). In BLASTP searches, RT0217
scored best to COG3827 (E-value, 4.22e�46), an uncharacterized
protein conserved in most Alphaproteobacteria. Another profile
also scored well (E-value, 6.51e�21), pfam10691, which includes
a domain of unknown function (DUF2497) also specific to the
Alphaproteobacteria. Inspection of literature related to all of the
proteins within COG3827 and pfam10691 revealed one character-
ized protein, pole-organizing protein Z (PopZ) of Caulobacter
crescents (24.9% identity and 42.2% similarity to RT0217), which
was demonstrated to be critical for cell division and chromosomal
segregation (20).

Expression of RT0218 during eukaryotic host cell infection.
To examine how RT0218 expression is modulated at various
stages of R. typhi growth in Vero76 cells, quantitative real-time
RT-PCR was performed using total RNA purified from Vero76
cells at different time points postinfection (0 to 48 h). Our data
show that RT0218 was transcribed throughout the infection cycle
and that expression was upregulated at around 1 h postinfection
(Fig. 3A), suggesting that this gene may play a role during early
infection of host cells.

In order to determine if RARP-1 was expressed during R. typhi
infection of mammalian cells, Vero76 cells were infected with R.
typhi, and the expression of endogenous RARP-1 was assessed by
Western blot analysis using polyclonal antibodies generated
against the peptide antigen of RARP-1, preadsorbed with Vero76
cell lysate. A unique band was observed in the infected cell lysate
corresponding to the predictive molecular mass of RARP-1 (�66
kDa) (Fig. 3B), indicating the expression of RARP-1 during the
infection in Vero76 cells. Another band (above 60 kDa) appeared
in both uninfected and infected cell lysates; however, the intensity
of this band was decreased upon preadsorption of anti-RT0218
antibodies with Vero76 cell lysate (data not shown), suggesting
that this band is present due to nonspecific interaction of the
RT0218 antiserum with an unknown host cell protein. The anti-

FIG 2 Cotranscription of RT0216-RT0217-RT0218. (A) Structure of three genes, RT0216-RT0217-RT0218, in the operon. Genes encoding TolC (genome
coordinates 278261 to 279725), HP RT0217 (279757 to 280140) (see Fig. S3 in the supplemental material), and RARP-1 (280273 to 282033) are diagrammed at
the top according to open reading frame lengths. DNA schema depicts coding sequences for RT0216 (yellow), RT0217 (white), and RT0218 (magenta) and
intergenic regions (black). Arrows depict RT0216-specific (red) and RT0218-specific (blue) primers, with an additional reverse primer (green) used in conjunc-
tion with the RT0216 forward primer to amplify a fragment across all three genes. The ball-and-stick symbol indicates the predicted start codon for each open
reading frame. (B) RT-PCR analysis of total RNA isolated from R. typhi-infected Vero76 and HeLa cells at 48 h postinfection using primers designed for targeted
genes (as shown in panel A). The anticipated size (1,069 bp) of the RT0216-RT0217-RT0218 amplicon was identified. Reverse transcriptase was omitted (RT�)
in one of the reaction mixtures to confirm the absence of DNA. As a positive control, PCR was performed with R. typhi DNA using Taq polymerase. The molecular
mass standards (in kDa) are shown on the left. (C) RT0216-RT0217-RT0218 map across Rickettsia genomes. Gene structure within each genome was drawn with
reference to 18 genomes displayed in the Compare Region Viewer tool at PATRIC (29). Locus tags refer to the PATRIC annotation, which can be translated to
NCBI Refseq numbers using the ID Mapping tool at PATRIC. Genes pointing right are carried by the forward strand; genes pointing left are carried by the reverse
strand. Colors for all genes are described at bottom. At right, the genomes are classified into four rickettsial groups based on phylogenomic analysis (30), with
rickettsial groups as follows: red, ancestral group (AG); aquamarine, typhus group (TG); blue, transitional group (TRG); brown, spotted fever group (SFG). The
Refseq protein numbers (RT0215 to RT0219) are shown for the R. typhi operon for consistency. str, strain.
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bodies against rickettsial EF-Ts (�34 kDa) indicated the high lev-
els of R. typhi in infected Vero76 cells.

R. typhi secretes RARP-1 into host cells. Secreted bacterial
Anks are known to localize to distinct compartments of the eu-
karyotic cells in order to manipulate host cell processes (44, 52,
58). In order to find out if RARP-1 is a secreted effector and to
obtain clues about the function of RARP-1, we analyzed the sub-
cellular localization of RARP-1 in host cells during R. typhi infec-
tion using immunofluorescence and immunoblotting assays.
Vero76 and HeLa cells were infected with R. typhi, followed by
immunolabeling with anti-RT0218 antibodies and anti-R. typhi
antibodies. RARP-1 was observed throughout the host cell cyto-
plasm as specific punctate forms in both Vero76 (Fig. 4A and B)
and HeLa (Fig. 4D and E) cells. The uninfected Vero76 and HeLa
cells showed the absence of immunostaining with RT0218-spe-
cific antibodies (Fig. 4C and F). To further confirm the cytoplas-
mic localization of RARP-1 in host cells, we isolated cytoplasmic
and nuclear proteins from Vero76 cells at 48 h postinfection. Im-
munoblotting of nuclear and cytoplasmic proteins from unin-
fected and infected cells with anti-RT0218 antibodies showed a
band above 60 kDa in the cytoplasmic fraction of infected cells. In
contrast, this band was absent in the nuclear protein fraction, as
well as in uninfected subcellular fractions, indicating that RARP-1
was translocated into host cells and subsequently localized to the
host cell cytoplasm (Fig. 4G). Noticeably, the RARP-1 band iden-
tified in the cytoplasmic fraction was slightly smaller than the
band detected in the pellet fraction containing rickettsial whole-
cell lysate (Fig. 4G), which suggests that an unknown processing of
RARP-1 due to posttranslational modifications may have oc-
curred during the secretion process. EF-Ts was not detected in the
infected cytoplasmic protein fraction, indicating that rickettsiae
remained intact during this assay. Taken together, these data in-
dicate that RARP-1 is secreted from the bacteria into the host cell

cytoplasm during infection, where it may interact with a host cy-
toplasmic protein(s) to manipulate its function.

RARP-1 is secreted via outer membrane protein TolC. The
data presented above showed the secretion of RARP-1 into the
host cell cytoplasm; however, the mechanism of secretion re-
mained unknown. The conserved synteny of RT0218 and RT0216
across Rickettsia genomes and their cotranscription as a polycis-
tronic message in R. typhi suggested a functional linkage of
RARP-1 and TolC. Our previous work demonstrated that the
RT0216 transcript was expressed during R. typhi infection of HeLa
cells, with its corresponding N-terminal putative signal peptide
sequence mediating TolC translocation into the periplasm, as
demonstrated by an E. coli PhoA-based gene fusion assay (5).

Therefore, we investigated whether RARP-1 is secreted by the
bacteria into the extracellular milieu via a TolC-dependent secre-
tion channel. Based on the sequence and predicted structural sim-
ilarity in TolC homologs of R. typhi and E. coli (see Fig. S3 in the
supplemental material), we used E. coli as a heterologous system
for secretion assays. Full-length RT0218 cloned into pTrcHis2-
TOPO vector was transformed into WT E. coli C600 and an iso-
genic tolC insertion mutant strain. Western blot analysis using
polyclonal antibodies against RT0218 revealed that full-length
RARP-1 was expressed by both the WT C600 and the tolC mutant
strains harboring pTrc-RT0218, as shown by a unique band
around �80 kDa in the cellular lysates (Fig. 5A, lanes 2 and 3,
respectively). The presence of a second RARP-1 band below �80
kDa could be due to either nonspecific degradation or posttrans-
lational modification of the protein. The analysis of the superna-
tant proteins of these strains showed a band of �80 kDa in the
supernatant of the WT C600 strain, corresponding to RARP-1
(Fig. 5A, lane 5), whereas this band was absent in the culture
supernatant of the tolC mutant strain (Fig. 5A, lane 6), suggesting
the need of a functional TolC for secretion of RARP-1.

FIG 3 RT0218 transcriptional profile and protein expression during infection. (A) Vero76 cells were infected with R. typhi, and total RNA was isolated at the
indicated time points. Real-time quantitative RT-PCR was performed using total RNA for each time point, and RT0218 mean normalized expression was
calculated relative to the rickettsial housekeeping gene (rpsl) transcript abundance. The dots represent data from four independent experiments. (B) Cell lysate
was prepared from R. typhi-infected ([Inf] MOI of �100) or uninfected (Uninf) Vero76 cells, and proteins were electrophoresed by SDS-PAGE. The membranes
were probed either with RT0218-specific antibodies preadsorbed with Vero76 cell lysate or with anti-EF-Ts antibodies to detect rickettsial housekeeping
cytoplasmic EF-Ts protein (expected molecular mass of �34 kDa). The antibody against the host cell cytoplasmic GAPDH protein (�37 kDa) was used as the
host cell protein loading control. The arrows on the right indicate the expected positions of the proteins.
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To confirm that the immunogenic �80-kDa band is RARP-1,
the purified recombinant protein isolated from the cell lysate of
WT C600 harboring pTrc-RT0218 (see Fig. S5 in the supplemental
material) and the corresponding band in the crude culture super-
natant were identified as RARP-1 by MS analyses (see Table S5).
The corresponding regions of the gel in the cell lysate and concen-
trated culture supernatant of E. coli harboring pTrc-lacZ (negative
control) (Fig. 5A, lanes 8 and 9, respectively) were also analyzed by
MS and showed no peptides matching RARP-1. These data indi-
cate that RARP-1 is secreted specifically into the culture superna-
tant in a TolC-dependent manner.

In spite of the observation that the tolC mutant carrying pTrc-
RT0218 showed the same growth as the WT C600 harboring pTrc-
RT0218, the expression of RARP-1 by the tolC mutant was rela-
tively less than that of the WT strain, likely due to the pleiotropic
effects of the tolC mutation (18). The immunogenic RARP-1 band
of �80 kDa present in the supernatant from the WT strain was not
detected in the supernatant from the tolC mutant strain express-
ing full-length RARP-1 when equal amounts of supernatant pro-
teins from the WT and tolC mutant strains were loaded (i.e.,
3-fold more supernatant proteins from the tolC mutant strain
than WT supernatant proteins) on SDS gels and visualized by

FIG 4 Translocation of RARP-1 into host cells. Vero76 cells (A and B) and HeLa cells (D and E) were fixed with 4% paraformaldehyde at 24 h postinfection and
immunolabeled using anti-RT0218 antibodies and anti-R. typhi rat serum as primary antibodies. The anti-rat-Alexa Fluor-488 (green) and anti-rabbit-Alexa
Fluor-594 (red) were used as secondary antibodies. The cell nuclei are stained with DAPI (blue). The immunolabeled uninfected Vero76 and HeLa cells are shown
in panels C and F, respectively. The white arrows show punctate structures indicating RARP-1 in the host cell cytoplasm. Scale bar, 5 �m. (G) Immunoblotting
of the subcellular protein fractions (cytoplasmic [Cy], nuclear [Nu], and pellet [P]) of infected (MOI of �100) or uninfected Vero76 cells using anti-RT0218
antibodies. Controls included a blot probed with anti-EF-Ts (rickettsial housekeeping cytoplasmic protein) antibodies or monoclonal anti-GAPDH antibodies.
The arrow indicates the secreted RARP-1 band with a molecular mass slightly smaller than the band detected in the pellet fraction containing rickettsial cell lysate,
due to either nonspecific degradation or proteolytic processing of the protein. The faint band of EF-Ts (�34 kDa) in the nuclear protein fraction indicates a minor
carryover from the pellet fraction containing rickettsiae. The presence of GAPDH (�36 kDa) in the nuclear fractions may be due to the presence of residual
cytoplasmic proteins.
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immunoblotting (data not shown). This suggests that RARP-1
occurrence in the culture supernatant is not due to cellular lysis.

R. typhi TolC restores RARP-1 secretion in an E. coli tolC
mutant. In order to examine if R. typhi TolC is a functional ho-
molog of E. coli TolC and is involved in RARP-1 secretion, we
performed R. typhi tolC complementation in an E. coli tolC mutant
and examined if it could restore the RARP-1 secretion phenotype.
To monitor RARP-1 secretion by the complemented strain, we
made a construct (pTrc-RT0216-RT0217-RT0218) containing the
three genes of the conserved operon and transformed it into the
tolC mutant strain instead of inserting RT0218 and RT0216 sepa-
rately into the expression vector. An E. coli tolC mutant harboring
pTrc-RT0216-RT0217-RT0218 (tolC-complemented strain) syn-
thesized the recombinant RARP-1, as shown by an immunogenic
band of �80 kDa in the cellular lysates (Fig. 5A, lane 4). The
RARP-1 band was detected in the culture supernatant of the tolC-
complemented strain, with the protein secretion pattern similar to
that of the WT C600 expressing RARP-1 (Fig. 5A, lane 7). In
contrast, the secreted RARP-1 was noticeably absent in the culture
supernatant of the tolC mutant harboring pTrc-RT0218 (Fig. 5A,
lane 6). These data suggest that R. typhi TolC functionally com-
plemented the tolC mutant strain and thus restored the secretion
of RARP-1.

The tolC-complemented strain showed the absence of the sec-
ond RARP-1 band below �80 kDa, suggesting that the protein
expressed by the complemented strain is more stable than the
protein expressed by the WT and the tolC mutant harboring pTrc-
RT0218 (Fig. 5B). To confirm the identity of the recombinant
RARP-1 from the tolC-complemented strain, the protein was pu-
rified from the cell lysate using Ni-NTA agarose (see Fig. S5 in the
supplemental material), and the �80-kDa band was identified as
RARP-1 by MS analysis (see Table S5). We also confirmed the
transcription of all three genes in the complemented strain by
RT-PCR (Fig. 5C).

To determine if R. typhi TolC restores the SDS resistance phe-
notype in the E. coli tolC mutant strain, we checked the growth of
the tolC-complemented strain in the presence of SDS in either LB
agar or liquid medium. As expected, WT E. coli harboring pTrc-
RT0218 showed resistance to SDS, and the tolC mutant harboring
pTrc-RT0218 was unable to grow in the presence of SDS. How-
ever, the tolC-complemented strain was sensitive to SDS under the
growth conditions tested (data not shown).

Deletion of the N-terminal signal peptide or the C-terminal
ANK domain abolished secretion of RARP-1. Previous work
from our laboratory demonstrated that the RARP-1 signal peptide
sequence fused to an E. coli alkaline phosphatase protein (PhoA),

FIG 5 RARP-1 is secreted into extracellular milieu by E. coli in a TolC-dependent manner, and R. typhi TolC restores RARP-1 secretion in tolC deficient E. coli
strain. (A) Wild-type E. coli C600 and an isogenic tolC mutant harboring the indicated plasmids were grown to mid-log phase, and protein expression was
induced by the addition of IPTG to a final concentration of 1 mM at 16°C. Following centrifugation of culture aliquots, proteins in the supernatants were
precipitated with trichloroacetic acid. The total cell lysate equivalent to approximately 1.0 OD600 unit and concentrated (100-fold) culture supernatant equivalent
to 2 ml of culture supernatant prior to concentration were loaded on each lane and subjected to SDS-PAGE. RARP-1 was detected by Western blotting using
anti-RT0218 antibodies. The recombinant RARP-1 with a C-terminal His6 tag was purified from the total cell lysate of C600/pTrc-RT0218 using Ni-NTA agarose
and used as a positive control. Lane 1, recombinant purified RARP-1; lane 2, cell lysate of C600/pTrc-RT0218; lane 3, cell lysate of C600 �tolC/pTrc-RT0218; lane
4, cell lysate of C600 �tolC/pTrc-RT0216-RT0217-RT0218; lane 5, supernatant of C600/pTrc-RT0218; lane 6, supernatant of C600 �tolC/pTrc-RT0218; lane 7,
supernatant of C600 �tolC/pTrc-RT0216-RT0217-RT0218; lane 8, cell lysate of C600/pTrc-lacZ (for control plasmid); lane 9, supernatant of C600/pTrc-lacZ.
Results are representative of three independent experiments. The arrow indicates the expected position of RARP-1. The molecular mass markers (lane M) are
shown in kDa on the left. (B) C600/pTrc-RT0218 or C600 �tolC/pTrc-RT0216-RT0217-RT0218 was grown to mid-log phase and induced by the addition of IPTG
for expression of a full-length RARP-1 fusion protein with His6 tag at the C terminus. The bacterial cell lysates were prepared by collecting culture at indicated
time points, and the protein was detected by Western blotting using anti-RT0218 antibodies. The molecular mass markers (M) are shown in kDa on the left. (C)
Total RNA was isolated from the tolC-complemented strain after protein expression was induced overnight at 16°C. One-step RT-PCR was performed using
primers designed for targeted genes (as described in the legend of Fig. 2A). Controls included the PCR analysis of the plasmid DNA isolated from the
complemented strain and a no-RT reaction. The anticipated sizes of the RT0216, RT0218, and RT0216-RT0217-RT0218 amplicons were identified, indicating the
expression of RT0218 and RT0216 individually and the cotranscription of all three genes of the operon.
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lacking its own N-terminal signal peptide, targets the protein into
the periplasm, suggesting that RARP-1 is possibly secreted across
the IM to the periplasm through the Sec translocon during the
infection process (5). The presence of essential components of the
Sec translocon, including the type 1 (LepB) and type 2 (LspA)
signal peptidases and a SecA homolog, indicates the functionally
active Sec translocon in R. typhi (49–51). To analyze the role of the
signal peptide sequence in the RARP-1 secretion process, the
RT0218 derivative without the N-terminal signal peptide se-
quence (�SS) was cloned into pTrcHis2 Topo vector and trans-
formed into the C600 strain (C600/pTrc-RT0218 �SS). Western
immunoblot analysis with RT0218-specific antibodies identified a
band below �80 kDa in the cell lysate, indicating the expression of
recombinant RARP-1 lacking its signal peptide (RARP-1 �SS; ex-
pected molecular mass, �67 kDa) (Fig. 6A), whereas the corre-
sponding immunogenic band was not detected in the culture su-
pernatant of this strain (Fig. 6B). These data indicate that RARP-1
�SS was not secreted by WT E. coli, thus arresting the protein in
the bacterial cytosol, which suggests that the protein is translo-
cated via the Sec-dependent pathway. To confirm that the lack of
the protein secretion by this strain is not due to the formation of
inclusion bodies in E. coli, pTrc-RT0218 �SS was transformed in
E. coli Top10 cells, and soluble protein was purified from cleared
cell lysates under native conditions using Ni-NTA-agarose (see
Fig. S5 in the supplemental material).

Typically, the signal sequence of T1SS protein substrates is lo-
cated at the C terminus (27 to 100 aa) and interacts with an IM
ABC transporter to trigger the assembly of the functional export
complex (10). Therefore, we tested the role of the C-terminal ANK
repeats of RARP-1 in the secretion process. The WT C600 trans-
formed with a plasmid containing RT0218 without the C-terminal
ANK domain (C600/pTrc-RT0218 �SS) showed a band above 60
kDa in the cellular lysate (expected molecular mass, �58 kDa),
indicating the expression of RARP-1 without its ANK domain
(RARP-1 �ANK) (Fig. 6A). In contrast, the immunogenic protein
band was not detected in the culture supernatant of this strain
(Fig. 6B), suggesting that the ANK domain is required for RARP-1
secretion. Collectively, these data indicate that deletion of either
the N-terminal signal peptide or the C-terminal ANK domain
abolished the secretion of RARP-1.

DISCUSSION

Anks of many intracellular pathogens are translocated into host
cells and localize to distinct subcellular compartments in order to

subvert host cell processes (44, 52, 54, 68). The presence of a con-
served RT0218 gene encoding RARP-1 within all sequenced Rick-
ettsia genomes prompted us to characterize this protein. The mo-
lecular mechanisms involved in protein secretion across the
rickettsial IM and OM remain an important area of rickettsial
research. In this study, we focused on RARP-1 and an OM protein,
TolC, located within the same operon on the R. typhi chromo-
some. First, we showed that RARP-1 was secreted into eukaryotic
host cells during the R. typhi infection process. Second, our data
suggest that RARP-1 is secreted by the bacterium into the extra-
cellular milieu in a TolC-dependent manner, and that requires its
N-terminal signal peptide and the C-terminal ANK domain. Since
stable genetic manipulation including insertion, deletion, and
complementation of genes has not yet been feasible in R. typhi, we
utilized an E. coli heterologous system (C600 and an isogenic tolC
mutant strain) to monitor the expression and secretion of
RARP-1.

The RT0218 transcript was expressed throughout the infection
cycle within eukaryotic host cells, with elevated expression at early
time points of infection, suggesting the role of RT0218 during
early stages of the rickettsial life cycle. RARP-1 was detected in
Vero76 cells infected with R. typhi, indicating that the protein is
expressed during the infection process. Fluorescence microscopy
analyses of antibody-stained RARP-1 in infected Vero76 and
HeLa cells, as well as immunoblotting of subcellular proteins iso-
lated from R. typhi-infected Vero76 cells, show that RARP-1 is
secreted into host cells and localizes to the host cell cytoplasm. The
possible role of Anks in pathogenesis of intracellular bacteria has
been previously reported (1, 2). L. pneumophila AnkX, a secreted
dot/icm T4SS effector, localized to the host cell cytoplasm and
prevented the maturation of the Legionella-containing phago-
some during infection in macrophages by interfering with the mi-
crotubule-dependent vesicular transport (44). AnkA of A. phago-
cytophilum was shown to be translocated via the rvh T4SS into the
host cell cytoplasm and subsequently to the nucleus, where it
binds with the CYBB (cytochrome b beta chain) locus promoter by
forming complexes with AT-rich DNA sequences to downregu-
late the transcription of CYBB and other host defense genes (25).
While the functions of RARP-1 and its interacting host factors are
unknown, our data suggest that RARP-1 may have a role in inter-
acting with host cytoplasmic molecules for manipulating the host
cell processes to enhance the survival and growth of rickettsiae in
eukaryotic host cells.

FIG 6 RARP-1 is not secreted in the absence of the N-terminal signal peptide or the C-terminal ankyrin repeat. The WT E. coli C600 strain harboring
pTrc-RT0218 �SS or pTrc-RT0218 �ANK was grown to mid-log phase and induced with IPTG for recombinant protein expression. (A) The whole-cell lysate of
uninduced and induced cultures equivalent to an OD600 of 1.0 was loaded in each lane and subjected to SDS-PAGE for subsequent analysis by immunoblotting
using anti-RT0218 antibodies. The cell lysate of WT E. coli containing pTrc-lacZ was used as a negative control. (B) The culture supernatants were precipitated
with trichloroacetic acid, and a concentrated supernatant sample equivalent to 1.5 ml of culture medium was loaded in each lane and analyzed for the presence
of RARP-1 by immunoblot analysis using anti-RT0218 antibodies. The supernatant from the C600 strain carrying pTrc-RT0218 was used as a positive control.
Numbers indicate molecular masses (in kDa) of the ladder. The arrows indicate the expected positions of the proteins.
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The cotranscription of RT0218 (RARP-1) with adjacent genes
RT0217 (HP) and RT0216 (TolC) as a single polycistronic mRNA
during R. typhi infection in eukaryotic host cells suggests a possi-
ble functional linkage of these genes. Bioinformatics analysis
shows that RT0216 encodes a TolC homolog with extensive struc-
tural similarity to E. coli TolC. Based on these observations, we
hypothesized that RARP-1 is secreted by the bacteria into the ex-
tracellular milieu in a TolC-dependent manner. Using E. coli as a
heterologous system, we demonstrated that RARP-1 was secreted
by WT E. coli (C600 strain) into the culture medium, whereas the
isogenic tolC mutant was unable to secrete RARP-1, suggesting the
role of TolC in the transport of RARP-1 into the extracellular
milieu. However, the secretion by WT E. coli was not so efficient,
as most of the protein remained inside the cells, suggesting the
limited secretion of the protein by the heterologous transporter.
The identified immunogenic protein band was confirmed as
RARP-1 by MS analyses. The predicted molecular mass of recom-
binant RARP-1 is 70 kDa; however, our data indicated that
RARP-1 electrophoretically migrated on SDS-PAGE with an ap-
parent mass of �80 kDa, possibly due to the acidic nature of the
protein (pI 5.3), as it is not unusual that acidic proteins migrate
with altered masses (60).

Previous studies have shown the interchangeability of the T1SS
genes between various organisms (19, 56). Another study on the
twin-arginine translocation (Tat) pathway of Anaplasma mar-
ginale also shows the ability of its component genes to retain func-
tion in cross-species complementation using E. coli (43). RT0216
transcript expression during R. typhi infection in HeLa cells sug-
gests that its encoded protein may play a role in R. typhi growth
and pathogenesis (5). Interestingly, when R. typhi TolC was ex-
pressed along with RARP-1 in the E. coli tolC mutant strain,
RARP-1 was detected in the culture supernatant, suggesting that
R. typhi tolC complemented the tolC mutation in E. coli and re-
stored the RARP-1 secretion phenotype, similar to WT E. coli.
Noticeably, the tolC-complemented strain showed the presence of
a single RARP-1 band in the cell lysate compared to two RARP-1
bands observed in the tolC mutant strain carrying RT0218 solely.
This is likely due to increased stability of the protein in the pres-
ence of native R. typhi TolC. We corroborated the expression of
RARP-1 by MS analysis and of the RT0216, RT0217, and RT0218
genes by RT-PCR in the tolC-complemented E. coli strain.

In E. coli, TolC interacts both with the AcrA/AcrB or HlyB/
HlyD complex to constitute an efflux pump that expels detergents
and drugs (e.g., SDS and acriflavine) or proteins/toxins (e.g., he-
molysin A) from the cell cytoplasm, respectively (32, 33). How-
ever, the R. typhi TolC did not restore resistance to SDS in the
tolC-complemented strain, probably due to either the specificity
of the E. coli TolC protein for this substrate or the inability of R.
typhi TolC to function with the AcrA/AcrB efflux complex. Taken
together, these data show that R. typhi TolC restored the RARP-1
secretion in the tolC-complemented strain; however, it failed to
grow in SDS-containing medium, indicating that it partially com-
plemented the function of TolC in E. coli.

Typically, T1SS protein substrates lack a cleavable N-terminal
signal peptide, with proteins secreted directly from the bacterial
cytoplasm to the extracellular medium. In Gram-negative bacte-
ria, N-terminal signal peptide-containing proteins are formed as
inactive preproteins in the cytoplasm that are targeted to the IM
SecYEG complex, where signal peptides are cleaved by signal pep-
tidases during protein translocation to the periplasm (55). A pre-

vious study from our laboratory has shown that the N-terminal
signal peptide of RARP-1 fused to E. coli PhoA directed the protein
to the periplasm, indicating that RARP-1 is a Sec-dependent ex-
tracytoplasmic protein (5). In this study, we further demonstrate
that WT E. coli expressing RARP-1 �SS is unable to secrete the
protein into culture supernatant, verifying that the N-terminal
signal peptide is required for translocation of RARP-1 across the
IM via the Sec-dependent pathway to further engage the TolC-
dependent channel for secretion. Interestingly, a nonclassical
mechanism of protein secretion involving both the Sec translocon
and T1SS, wherein the secreted proteins in the periplasm are fur-
ther secreted extracellularly in a TolC-dependent manner, has
been previously reported for signal peptide-containing heat-sta-
ble enterotoxins STI and STII produced by enterotoxigenic E. coli
(24, 65, 66). Additionally, in silico analysis of RARP-1 with Secre-
tomeP, version 2.0 (8), also identified it to be a nonclassically
secreted protein.

Although the secretion signal of T1SS substrates is not clearly
understood, it has been shown that the proximal 100 aa residues of
the C terminus determine their secretion (16, 34). However, an-
other report has indicated that multiple regions throughout HasA,
a hemophore secreted by Serratia marcescens via the T1SS, are
involved in the assembly, stabilization, and function of the T1SS
(38). It has been previously reported that the last 50 amino acid
residues of T1SS substrates are usually rich in LDAVTSIF amino
acids and contain very few Cys residues (16). For RARP-1, 48% of
the last 50 aa residues consist of signature amino acid residues
LDAVTSIF and contain only three Cys residues, suggesting that a
T1SS signal could be present within the ANK repeat-containing
domain of RARP-1. Our data indicate that deletion of the C-ter-
minal ANK repeat region (102 aa) abolished secretion of RARP-1
into the culture supernatant. This suggests that the C-terminal
region is essential for the export of RARP-1 across the OM
through a TolC channel, functioning either through direct struc-
tural involvement of ANK repeats in the secretion process or by
acting as a signal sequence for targeting RARP-1 to the TolC-
dependent channel. Further studies are under way to identify the
minimum region of the ANK domain required for RARP-1 secre-
tion.

The molecular mechanisms of targeting the periplasmic
RARP-1 to the TolC channel and subsequent secretion remain
unknown. The structural similarity of R. typhi TolC with E. coli
TolC suggests its possible involvement in secreting proteins as a
tripartite transport system in combination with IM ATPase and
MFP. In enterotoxigenic E. coli, MacA/MacB, an ABC transporter,
and an MFP, have been reported to be essential for the transloca-
tion of STII from the periplasm to the cell exterior (64). In silico
analyses indicated the presence of T1SS components in the R.
typhi genome: AprD (RT0305, a putative alkaline proteinase se-
cretion ATP-binding protein) and AprE (RT0304, a putative alka-
line proteinase secretion protein) that have 21% and 24% identity
to E. coli HlyB and HlyD, respectively, and 42.1% and 28.2% iden-
tity with Neorickettsia risticii AprD (NRI_0040, type I secretion
system ATPase) and AprE (NRI_0899, secretion protein, HlyD
family), respectively. Also, an ortholog of the E. coli multidrug
transporter protein EmrB (RT0146) and two copies of the Bcr
(RT0591 and RT0693) are annotated in the R. typhi genome (39).
Alternatively, it is tempting to speculate that RARP-1 is secreted
via the novel Sec-TolC pathway, analogous to the type Vb (auto-
transporter) pathway, where the accessory pore-forming �-barrel
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protein analogous to the OM structure of TolC is required for the
protein secretion (31).

In conclusion, we propose a model for the secretion pathway of
RARP-1 (Fig. 7). The precursor RARP-1 is synthesized in the cy-
toplasm and translocated across the IM via the Sec translocase,
with the N-terminal signal peptide cleaved during this process.
The periplasmic protein, potentially by interacting with unknown
periplasmic and IM proteins of the T1SS, triggers the recruitment
of TolC to assemble the functional secretion channel and is se-
creted through the TolC across the OM into the extracellular en-
vironment. Further research will identify the role of additional
proteins involved in the secretion process, as well as the function
of RARP-1 in host cells. As the RT0218 and RT0216 locations are
conserved in the genome of Rickettsia spp., we speculate that
RARP-1 orthologs from other rickettsial species may also be se-
creted through a TolC-dependent secretion system and that this
pathway may be utilized for the secretion of potential virulence-
associated proteins involved in the intracellular survival of rick-
ettsiae.
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