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As obligate intracellular, vector-borne bacteria, rickettsiae must adapt to both mammalian and arthropod
host cell environments. Deciphering the molecular mechanisms of the interactions between rickettsiae and
their host cells has largely been hindered by the genetic intractability of these organisms; however, research in
other gram-negative pathogens has demonstrated that many bacterial determinants of attachment, entry, and
pathogenesis are extracytoplasmic proteins. The annotations of several rickettsial genomes indicate the
presence of homologs of the Sec translocon, the major route for bacterial protein secretion from the cytoplasm.
For Rickettsia typhi, the etiologic agent of murine typhus, homologs of the Sec-translocon-associated proteins
LepB, SecA, and LspA have been functionally characterized; therefore, the R. typhi Sec apparatus represents
a mechanism for the secretion of rickettsial proteins, including virulence factors, into the extracytoplasmic
environment. Qur objective was to characterize such Sec-dependent R. typhi proteins in the context of a
mammalian host cell infection. By using the web-based programs LipoP, SignalP, and Phobius, a total of 191
R. typhi proteins were predicted to contain signal peptides targeting them to the Sec translocon. Of these
putative signal peptides, 102 were tested in an Escherichia coli-based alkaline phosphatase (PhoA) gene fusion
system. Eighty-four of these candidates exhibited signal peptide activity in E. coli, and transcriptional analysis
indicated that at least 54 of the R. typhi extracytoplasmic proteins undergo active gene expression during
infections of HeLa cells. This work highlights a number of interesting proteins possibly involved in rickettsial

growth and virulence in mammalian cells.

Epidemic typhus, murine typhus, and Rocky Mountain and
other spotted fever rickettsioses are some of the devastating
human diseases caused by pathogenic rickettsiae. Yet, despite
more than a century of research, rickettsial virulence factors
have not been precisely defined. The genetic intractability of
these obligate intracellular, arthropod-borne bacteria has been
a fundamental impediment in defining the critical mechanisms
behind rickettsial pathogenesis. However, the use of genomic
information and heterologous experimental systems have
opened new platforms for rickettsial research and have been
responsible for most of the current knowledge regarding the
functional roles of rickettsial proteins, including putative viru-
lence factors.

Although the mechanisms of rickettsial attachment, entry,
phagosome escape, and infection-induced cellular injury are
poorly understood, research in Escherichia coli and other
gram-negative pathogens has demonstrated that a majority of
the bacterial determinants involved in these processes are sur-
face and secreted proteins, many of which are exported out of
the bacterial cytoplasm through the Sec secretion system (1, 9,
15, 38, 41, 42). In E. coli, the Sec apparatus maintains a protein
translocation channel in the bacterial inner membrane. The
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core of this channel is formed by the integral membrane pro-
teins SecY, SecE, and SecG, and the Sec complex is completed
by at least three other membrane proteins (SecD, SecF, and
YajC) and a peripherally associated ATPase (SecA) (13, 38).
Bacterial proteins secreted via the Sec system are synthesized
in the cytoplasm as protein precursors containing an amino-
terminal signal peptide. Molecular chaperones direct these
unfolded preproteins to the SecYEG channel, and after trans-
location into the periplasm, the signal peptide is cleaved by the
appropriate membrane-bound signal peptidase: signal pepti-
dase I (LepB) for nonlipoproteins and signal peptidase II
(LspA) for lipoproteins (37). The translocated protein then
folds into its mature conformation and either remains in the
periplasm or is further translocated through the outer mem-
brane into the extracellular environment as a membrane-
bound or free protein (37).

Genomic analyses indicate that the rickettsiae contain all of
the functional components of the Sec system (12). For Rick-
ettsia typhi, the causative agent of murine typhus, Dreher-
Lesnick et al. reported the transcription of secA-B, secD-G,
secY, IspA, and lepB during in vitro infections in mammalian
(L.929) cells at both 25°C and 37°C (10). In addition, Rahman
et al. found that the R. typhi homologs of the two signal pep-
tidases lepB and IspA, as well as the secA-encoded ATPase,
were able to complement E. coli mutants lacking each of these
genes (32-34). Therefore, based on these results and the
known importance of the Sec translocon for other gram-neg-
ative pathogens, we hypothesized that the Sec system repre-
sents a mechanism by which R. typhi proteins, including poten-
tial virulence factors, are secreted into the extracytoplasmic
environment. The objective of this study was to identify and
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characterize such Sec-dependent R. typhi extracytoplasmic pro-
teins in the context of a mammalian in vitro model of infection.

Because the N-terminal signal sequences of Sec-dependent
preproteins have a distinct tripartite amino acid composition
(31), various computer programs (e.g., LipoP, SignalP, and
Phobius) have been designed to identify proteins containing
these signal peptides. In silico prediction of signal peptides
combined with the laboratory-based E. coli alkaline phos-
phatase (PhoA) assay have been used to identify bacterial
signal-peptide-containing extracytoplasmic proteins (20). In
particular, this assay has been used to successfully identify
extracytoplasmic proteins in several bacteria, including Pseudo-
monas aeruginosa (20), Helicobacter pylori (5), Bacillus subtilis
(28), Actinobacillus actinomycetemcomitans (46), and the intra-
cellular bacterium Mycobacterium tuberculosis (49). In this
communication, we report the use of web-based algorithms to
screen the entire R. fyphi strain Wilmington genome for open
reading frames (ORFs) predicted to encode proteins contain-
ing signal peptides. The putative signal peptides identified
were then tested using the E. coli-based PhoA assay. Quanti-
tative, real-time reverse transcription PCR (RT-qPCR) was
then used to measure the gene expression profiles of those R.
typhi extracytoplasmic proteins (recognized through the PhoA
fusion assay) during an in vitro infection in HeLa cells to
identify proteins with potential roles in infection and virulence
in the mammalian host.

MATERIALS AND METHODS

In silico analysis of R. typhi signal peptides. Amino acid sequences for all
predicted ORFs of the Rickettsia typhi strain Wilmington genome (GenBank
accession no. AE017197) (23) were analyzed for the presence of an N-terminal
signal sequence by using the following programs: SignalP version 3.0 with hidden
Markov model (HMM) and neural network (NN) algorithms (4), LipoP version
1.0 (17), and Phobius (18). All R. typhi protein annotations referred to in this
work are based on those designated by McLeod et al. (23).

Growth, maintenance, and isolation of R. typhi. All work with live rickettsiae
was performed in a biosafety level 3 facility. R. typhi strain Wilmington organisms
were propagated in low-subculture (<25 passages) HeLa cells (ATCC number
CCL-2), maintained in Dulbecco’s modification of Eagle’s medium supple-
mented with 5% heat-inactivated fetal bovine serum and kept at 34°C with 5%
CO,. When the desired level of R. typhi infection was reached, the rickettsiae
were partially purified from the host cells. The infected HeLa cells were lysed by
sonication, using two 30-s pulses at setting 6.5 with a Fisher Scientific model 100
sonic dismembrator. After sonication, the suspension was spun at 1,000 X g at
4°C for 5 min to pellet the host cell debris. The rickettsiae-containing superna-
tant was then spun at 17,000 X g at 4°C for 10 min to pellet the R. typhi. The
rickettsial pellet was washed one to three times in 1 ml ice-cold sucrose-phos-
phate-glutamate buffer (SPG: 218 mM sucrose, 3.76 mM potassium phosphate
monobasic, 7.1 mM potassium phosphate dibasic, 4.9 mM potassium glutamate).
The viable R. fyphi organisms were then quantified using a LIVE/DEAD
BacLight bacterial viability kit (Molecular Probes), per the manufacturer’s in-
structions. The purified rickettsiae were then either used immediately for infec-
tions or frozen at —80°C in SPG.

R. typhi genomic DNA extraction. Partially purified R. typhi pellets were incu-
bated at 90°C for 15 min, after which the heat-killed bacteria were taken into a
biosafety level 2 laboratory. R. typhi genomic DNA was extracted using a Wizard
genomic DNA purification kit (Promega), following the manufacturer’s instruc-
tions for isolation of genomic DNA from gram-negative bacteria. Each DNA
preparation was tested for the presence of R. typhi DNA by PCR, using degen-
erate primers for the rickettsial 17-kDa gene (forward primer, 5'-GCT CTT
GCA ACT TCT ATG TT-3'; reverse primer, 5'-CAT TGT TCG TCA GGT
TGG CG-3'). PCR amplicons were sequenced to confirm the presence of R. typhi
genomic DNA.

Site-directed mutagenesis of pJDT vectors. The BamHI restriction site in the
alkaline phosphatase gene fusion vectors pJDT1, pJDT2, and pJDT3 (kindly
provided by Robert Hancock from the University of British Columbia) (24) was
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transformed into a Mfel site using a QuikChange site-directed mutagenesis kit
(Stratagene). For the pJDT2 vector, the extra nucleotide following the original
BamHI site was also altered to prevent the introduction of a stop codon prior to
the ‘phoA gene. Mutagenesis was achieved using the primers listed in Fig. 1B and
following the manufacturer’s instructions, with the resulting plasmids named
pJDT1-SDM, pJDT2-SDM, and pJDT3-SDM.

Alkaline phosphatase gene fusion assays. For each putative R. typhi signal
peptide to be tested, primers were designed to amplify the genomic DNA se-
quence encoding the signal peptide, with flanking Sacl, BamHI, or Mfel restric-
tion sites incorporated into the primers. The primer pairs for each signal peptide
are listed in Table S2 in the supplemental material, with the size of most signal
peptide amplicons being <200 bp. The resulting amplicons were sequentially
digested with the appropriate restriction enzymes. For some signal peptide am-
plicons, it was necessary to first clone the PCR products into the pCR4-TOPO
vector using a TOPO TA cloning kit (Invitrogen).

Digested signal peptide amplicons were then ligated to the appropriate pJDT
vector to result in an in-frame gene fusion between the signal peptide and the
'phoA gene (see schematic of vectors in Fig. 1A) and transformed into chemically
competent DHSa E. coli (Invitrogen). Transformants were recovered and
screened for PhoA activity on indicator LB agar containing 90 pg/ml 5-bromo-
4-chloro-3-indolyl phosphate (BCIP, the chromogenic PhoA substrate), 75 mM
Na,HPO, (to repress endogenous phosphatase activity), and 100 pwg/ml ampicil-
lin. Plasmids from blue (indicating PhoA activity) and white (indicating lack of
PhoA activity) clones were purified and sequenced using primers that flank the
insertion site (forward primer, 5'-CAG GAA ACA GCT ATG AC-3'; reverse
primer, 5'-CGC TAA GAG AAT CAC GCA GAG C-3) to confirm that in-
frame gene fusions were generated with no other sequence mutations.

HeLa cell infections and R. typhi RNA extraction. R. fyphi organisms were
added to HeLa cells at a multiplicity of infection (MOI) of approximately 10;
infected cells were incubated at 37°C with 5% CO,. At four days postinfection,
the rickettsiae were isolated by partial purification for RNA extraction. The
resulting bacterial pellet was resuspended in the lysis buffer RLT Plus (supple-
mented with B-mecaptoethanol) from the AllPrep DNA/RNA mini kit (Qiagen).
RNA extraction was performed using the AllPrep kit, including the on-column
DNase treatment, per the manufacturer’s instructions. All RNA preparations
were checked for the presence of DNA contamination by PCR using primers
targeting the R. typhi rpsL (RT0119) gene (see primer sequences in Table S3 in
the supplemental material) and also the human B-actin gene (forward primer,
5'-ATG GGT CAG AAG GAT TCC-3'; reverse primer, 5'-GTG TGG TGC
CAG ATT TTC-3"). RNA samples verified to be free of DNA were then used
for real-time qRT-PCR (see below).

Real-time RT-PCR procedure and data analysis. A two-step, real-time RT-
qPCR technique was used. The RNA was first converted to cDNA using the
SuperScript III First-Strand Synthesis SuperMix for RT-qPCR (Invitrogen), fol-
lowing the manufacturer’s instructions. The resulting cDNA was used directly as
a template in the real-time qPCR samples, which were prepared using the SYBR
GreenER qPCR SuperMix Universal (Invitrogen) per the manufacturer’s in-
structions, but with adjustments of the samples for a total reaction volume of 10
wl. PCR cycles were performed in a Stratagene Mx3000P qPCR machine with the
following cycle program: 50°C for 2 min; 95°C for 10 min; 40 amplification cycles
of 95°C for 15 s, 55°C or 60°C (annealing temperature) for 60 s, and 72°C for 30 s
(fluorescence reading point); and a melting analysis of 95°C for 60 s, followed by
55°C for 30 s, with a fluorescence reading taken at every degree temperature
increase back up to 95°C. Primer pairs used are detailed in Table S3 in the
supplemental material. Amplicons from each qPCR primer pair were sequenced
to confirm specific amplification of the target cDNA. All primers used for gPCR
were purified using Illustra MicroSpin G-25 columns (GE Healthcare), per the
manufacturer’s directions. For every run, each sample was tested in triplicate
with a corresponding no-template (i.e., nuclease-free water as template) control
sample.

The data were corrected for the reference dye and background fluorescence
using the Stratagene MxPro analysis program. The efficiency of the primers in
each reaction tube was calculated as described by Ramakers et al. (35), whereby
a linear regression on the log(adjusted fluorescence) per cycle number was used
to estimate the efficiency of the primers for cDNA amplification. Any sample
with a primer efficiency value of less than 1.8 was not used in the analysis, as
primer pairs yielding an amplication efficiency below this level are not considered
accurate for quantification (22). In addition, any samples with product detected
in their corresponding no-template control or with nonspecific products and/or
primer dimers detected in the dissociation curve analysis were also not included
the final analyses. Threshold values (and thus the corresponding C; values) were
determined by the MxPro program, although all threshold values were manually
confirmed.
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A e phoA

pIDTI 5'- GAGCTC. .. GCTTCGAAGAOATCCGCTCAGGGCCATATTACT =3*
Ala Gln Gly Asp Ile Thr
pIDT2 8'~- GAGCTC. .. GCTTCGAAGGAZ? CMGCTCAGGGCCATATTACT -3
Axt - Ala Gln Gly Asp Ile Thr
pIDT3 - GAGCTC...GCTTCGARA GATCCHMEGCGCTCAGGGCCATATTACT -3'
I Lla Gln Gly Asp Ile Thr
‘phoA
pDTI-SDM 6&5'- GAGCTC. .. GCTTCGAACAATTGGCTCAGGGCCATATTACT -3'
Gln Leu Ala Gln Gly Asp Ile Thr
pIDT2-SDM 5'- GAGCTC GCTTCGAACAATTGEGC TCAGGGCCATATTACT -3
Asn Cys Ala Gln Gly Asp Ile Thr
pIDT3-SDM 5'- GAGCTC . GCTTCGAACAATTGATGCTCAGGGCCATATTACT -3
Ile Asp Ala Gln Gly Asp Ile Thr

B Template/Primer Primer Sequence (5'=3 3')
pJDT1/Forward GGG ATC CTC TAG AGT CGC TTC GAA CAA TTG GCT CAG GGC G
pIDT1/Reverse CGC CCT GAG CCA ATT GTT CGA AGC GAC TCT AGA GGA TCC C
pJDT2/Forward GAT TGC TTC GAA CAA TTG CGC TCA GGG CGA TAT TAC TGC ACC CG
pJDT2/Reverse CGG GTG CAG TAA TAT CGC CCT GAG CGC AAT TGT TCG ARG CAA TC
pIDT3/Forward GGC CGC ACT AGT GAT TGC TTC GAA CAA TTG ATG CTC AGG GCG
pIDT3/Reverse CGC CCT GAG CAT CAA TTG TTC GAAR GCA ATC ACT AGT GCG GCC

FIG. 1.

The alkaline phosphatase ('phoA) gene fusion vectors. (A) The composition of the pJDT and pJDT-SDM 'phoA gene fusion vectors.

Restriction sites are underlined, and nucleotides highlighted in gray boxes represent the extra nucleotides added to generate three different reading
frames. The first six amino acids of the "PhoA protein are listed below the DNA sequence, along with the two amino acids introduced by the BamHI
or Mfel sites and the frame-altering nucleotides. (B) The primers for site-directed mutagenesis of the pJDT vectors to convert the BamHI
restriction sites into Mfel sites. Altered nucleotides are in bold and underlined, and the Mfel sites are in green.

Because real-time RT-qPCR was used to answer a yes/no question regarding
gene expression and was not used to compare gene transcript levels between
different experimental conditions, the R. fyphi genes of interest were normalized
to the R. typhi rpsL gene only. This gene encodes the 30S ribosomal protein S12
and was chosen as the reference gene because of its known expression during
HeLa cell infections (our unpublished results). For each reaction, the quantity of
the initial template was calculated by dividing the threshold fluorescence value by
the efficiency raised to the C; cycle value (6). Samples with adjusted fluorescence
levels that were not able to cross the threshold value were considered not
expressed within this particular experimental system. For every run, each sample
was tested in triplicate; the three quantity values calculated for each sample were
averaged, and this average quantity was then divided by the average quantity for
the reference sample rpsL. The final expression value is therefore the relative
quantity of the gene of interest compared to that of the rpsL gene, with the
expression of rpsL thus set at one.

RESULTS

In silico analysis of R. typhi signal peptides. All proteins
predicted to be encoded by the R. typhi strain Wilmington
genome (23) were analyzed for the presence of an N-terminal
signal peptide using the programs LipoP version 1.0 (17), Pho-
bius (18), and SignalP version 3.0 with HMM and NN algo-
rithms (4). Between these four analyses, a total of 191 individ-
ual R. typhi proteins were predicted to contain signal peptides
(Table 1; also see Table S4 in the supplemental material),
comprising 23% of the total estimated protein repertoire of
this organism. However, of these 191 putative extracytoplasmic
proteins, only 50 were predicted by all four programs, indicat-

TABLE 1. R. typhi signal peptide predictions and PhoA assay results®

Signal peptide prediction by the following algorithms:

Total unique proteins

Signal Peptide Analysis

with predicted signal

Phobius LipoP 1.0 Sigé’gﬁf 0 Si(gH“;illl)vS‘O peptides
Proteins with predicted signal peptides 106 67 136 106 191
Signal peptides tested ('"PhoA assay) 74 58 77 73 102
Positive signal peptides 66 55 65 66 84
Percent positive signal peptides of 89% 95% 84% 90% 82%

those tested

“ For each algorithm used to identify putative R. typhi signal peptides, the predicted number of signal peptides, the number tested by PhoA fusions, and the number
found to function in E. coli are listed. The consolidated results for the total number of signal peptides identified across all the programs are presented in the final
column. Results stratified by all the different combinations of the algorithms are presented in Table S4 in the supplemental material.
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ing considerable variability in the results generated by the
different algorithms. LipoP, the only program to distinguish
between lipoprotein and nonlipoprotein signal sequences, des-
ignated 16 R. typhi ORFs to encode lipoproteins with signal
peptides cleaved by a type II signal peptidase; 12 of these
putative lipoproteins were predicted by all other algorithms to
be extracytoplasmic, although with almost no consensus re-
garding the signal peptide cleavage site. LipoP seemed to be
the most stringent of the prediction algorithms, identifying
only 67 extracytoplasmic proteins in the R. typhi proteome,
with only one signal peptide not predicted by any of the other
programs (see Table S4 in the supplemental material). In con-
trast, the most relaxed algorithm appeared to be the SignalP
NN model, which predicted 136 proteins to contain signal
peptides, 49 of which were not predicted by any other program.
The discrepant nature of these in silico results highlighted the
need for a biological system for experimental validation of
these signal peptide predictions.

Alkaline phosphatase gene fusion assays. To assess whether
or not the putative R. typhi signal peptides identified by the
LipoP, Phobius, and SignalP prediction algorithms were direct-
ing the export of their cognate proteins via the Sec translocon,
we utilized the E. coli phoA gene fusion assay (20, 24). This
system exploits two characteristics of PhoA: the enzyme is only
active after translocation through the Sec system into the
periplasm, and the phosphatase activity can be easily detected
with the addition of a chromogenic substrate (BCIP) to the
bacterial medium (20, 24). In this assay, DNA encoding signal
peptides of interest is inserted just upstream of and in frame
with the E. coli phoA gene lacking its native signal peptide
sequence (annotated as 'phoA). The resulting fusion protein
thus contains the N-terminal signal peptide of interest fused to
the 'PhoA moiety, and the function of the putative signal
peptide can be assessed by monitoring its ability to direct the
"PhoA moiety to the Sec apparatus for translocation into the
periplasm, allowing for phosphatase activity, resulting in dark-
blue bacterial colonies.

We tested 102 of the 191 putative signal peptides predicted
by the different computer algorithms. This subset comprised
the 50 signal peptides predicted by all four programs and an
additional 52 signal peptides from proteins annotated as hy-
pothetical that were predicted by any program (see Table S1 in
the supplemental material). Because 30% of the R. typhi pro-
teome is annotated as hypothetical (250/838 of the total pre-
dicted proteins) (23), we decided to follow up on any hypo-
thetical protein identified in our in silico screen, in an effort to
identify novel proteins with potential roles in rickettsial infec-
tion and virulence. We cloned the selected 102 putative signal
peptides to create in-frame fusions with ‘phoA using the pJDT
vector series first described by Mdluli et al. (24), and a second
series of vectors we created by using site-directed mutagenesis
to replace the BamHI site in the pJDT vectors with a Mfel site
(Fig. 1). After transformation into DH5« E. coli, we found that
84 (82%) of the putative R. typhi signal peptides tested were
able to successfully direct secretion of 'PhoA into the bacterial
periplasm, suggesting that their cognate proteins are likewise
secreted via the rickettsial Sec system (Tables 1 and 2).

Eighteen of the tested R. typhi signal peptides were not able
to direct Sec-dependent protein secretion; the resulting lack of
PhoA enzymatic activity thus yielded white E. coli colonies,
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and all but two of the nonfunctional signal peptides were from
hypothetical proteins. Based on the results from proteins with
known or proposed functions (i.e., those proteins not anno-
tated as hypothetical), the E. coli-based 'phoA gene fusion
system seemed to recognize R. typhi cytoplasmic and extracy-
toplasmic proteins appropriately, indicating that this assay can
serve as a useful resource for the identification of Sec-secreted
rickettsial proteins.

In vitro gene expression of R. typhi extracytoplasmic pro-
teins. To identify those Sec-dependent R. typhi proteins poten-
tially involved during mammalian infections, we analyzed the
corresponding gene expression during infections in HeLa cells.
The cells were infected with an MOI of approximately 10, and
the rickettsiae were isolated 4 days postinfection; following
RNA extraction, gene expression was analyzed using two-step,
real-time RT-qPCR. Due to either low efficiency or amplifica-
tion of nonspecific products, suitable qPCR primer pairs were
not obtained for 16 genes, which were therefore not analyzed
(see Table S5 in the supplemental material). However, of the
remaining 68 putative extracytoplasmic proteins identified by
the PhoA fusion assay, 54 corresponding genes were expressed
during the HeLa cell infections, while gene expression was not
detected for 14 of the Sec-dependent proteins (Fig. 2; also see
Table S5 in the supplemental material). When expression lev-
els of all analyzed genes were normalized to rpsL gene expres-
sion, the pal (RT0758) gene was the most highly expressed in
HeLa cells. Among the 10 genes with the highest relative
expression, 7 encoded hypothetical proteins, as well as rompB
(RT0699) and ompl (RT0150). Overall, a majority of the ex-
tracytoplasmic proteins exhibited gene expression during the in
vitro infections in HeLa cells, indicating that many of these
proteins, including many hypothetical proteins, could be play-
ing important roles in the context of mammalian infections.

DISCUSSION

The fundamental processes responsible for rickettsial infec-
tion, growth, and pathogenesis in humans are inadequately
understood at the molecular level. Here, we report the com-
bined use of a bioinformatics screen, an E. coli-based func-
tional assay, and analysis of cognate rickettsial gene expression
to define Sec-dependent R. typhi extracytoplasmic proteins that
could be involved in mammalian infections and virulence.

Our initial step was to perform an in silico screen with the
annotated R. typhi Wilmington genome (23) to identify pro-
teins predicted to contain an N-terminal signal peptide to
direct them to the Sec translocon. Of all the 191 R. typhi
proteins predicted to have signal peptides, we chose to further
examine 102 signal peptides that were either predicted by all
four programs or predicted by any program and annotated as
hypothetical. To assess the functionality of these putative sig-
nal peptides, we utilized an E. coli-based alkaline phosphatase
gene fusion system. By using this system, we found that 84 of
the 102 signal peptides tested were able to direct the Sec-
dependent secretion of 'PhoA into the periplasm, suggesting
that the cognate proteins of these signal peptides are also
extracytoplasmic in R. #yphi (Table 2). Sixty of these proteins
with functional signal peptides were annotated as hypothetical,
and the remaining 24 were proteins with an assigned homolog
and/or function. Among these 24 proteins were the R. typhi
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TABLE 2. PhoA assay results”

J. BACTERIOL.

Locus tag

Predicted protein product

Locus tag

Predicted protein product

PhoA-positive samples
RT0013

RT0015
RT0028

RT0029
RT0030
RT0043
RT0044
RT0052
RT0056
RT0057
RT0064
RT0080
RT0103
RT0136
RT0150
RTO0174
RT0178
RT0187
RT0188
RTO0216
RT0218
RT0222
RT0224
RT0247
RT0260
RT0263
RT0276

RT0279
RT0281

RT0286
RT0287
RT0291

RT0301
RT0312
RT0331
RT0338

RT0341
RT0348
RT0355
RT0358
RT0377
RT0379

PhoA-negative samples
RTO0011
RT0039
RT0047
RT0083
RTO0182
RT0199
RT0258
RT0319
RTO0347

Probable zinc/manganese ABC transporter
binding protein ZnuA

190-kDa antigen Scal

VirB6-like protein

VirB6-like protein

VirB6-like protein

Hypothetical protein”

Vac] lipoprotein

190-kDa antigen Sca2

Hypothetical protein

OmpW-like outer membrane protein
Rickettsial conserved hypothetical protein®
Rickettsial conserved hypothetical protein
Hypothetical protein

Conserved hypothetical protein”

Outer membrane protein Ompl

Probable lipoprotein

Rickettsial conserved hypothetical protein
Hypothetical protein

Rickettsial conserved hypothetical protein
Outer membrane protein TolC
Rickettsial conserved hypothetical protein
Hypothetical protein

Hypothetical protein

Rickettsial conserved hypothetical protein
Rickettsial conserved hypothetical protein
Cytochrome ¢/ heme protein FbcH
Hypothetical protein

Rickettsial conserved hypothetical protein

VirB9 protein of the type IV secretion
system

Rickettsial conserved hypothetical protein

Rickettsial conserved hypothetical protein

Outer membrane antigenic lipoprotein B
(NIpD)

Rickettsial conserved hypothetical protein

Hypothetical protein

Probable efflux transporter

Rickettsial conserved hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Rickettsial conserved hypothetical protein
d-Alanyl-d-alanine carboxypeptidase DacF
Possible periplasmic protein

Hypothetical protein
Rickettsial conserved hypothetical protein
Hypothetical protein
Hypothetical protein
Rickettsial conserved hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

PhoA-positive samples
RT0382

RT0383
RTO0388

RT0390
RT0393
RTO0395
RT0399
RT0406
RT0417
RT0438
RT0444
RT0445
RT0465
RT0475
RT0491
RT0492
RTO0546
RT0548
RTO0551
RT0561
RTO0565
RT0601
RT0667
RT0692
RT0694
RT0697
RT0699

RT0711
RT0733

RT0758
RT0761
RT0767

RT0773
RTO0775
RT0797
RT0807

RTO0810
RTO0815
RTO0816
RTO0821
RTO0825
RTO0858

PhoA-negative samples
RT0432
RT0459
RT0554
RT0563
RT0621
RTO0756
RTO0853
RT0862
RT0866

Hypothetical protein

Rickettsial conserved hypothetical protein

Soluble lytic transglycosylase domain-containing
protein

Carboxypeptidase IIW (LcdA)

Hypothetical protein

Rickettsial conserved hypothetical protein

Rickettsial conserved hypothetical protein

Hypothetical protein

Hypothetical protein

Cell surface antigen Sca3

Hypothetical protein

Rickettsial conserved hypothetical protein

Rickettsial conserved hypothetical protein

Rickettsial conserved hypothetical protein

Rickettsial conserved hypothetical protein

Rickettsial conserved hypothetical protein

Hypothetical protein

2-Octaprenyl-6-methoxyphenyl hydroxylase

Rickettsial conserved hypothetical protein

Hypothetical protein

Protein export protein PrsA

Hypothetical protein

Rickettsial conserved hypothetical protein

Rickettsial conserved hypothetical protein

Hypothetical protein

Hypothetical protein

Rickettsial outer membrane protein B (rOmpB/
ScaS5)

Conserved hypothetical protein

Rickettsial conserved hypothetical protein

Peptidoglycan-associated lipoprotein Pal
Hypothetical protein
Rickettsial conserved hypothetical protein

Rickettsial conserved hypothetical protein

Rickettsial conserved hypothetical protein

Hypothetical protein

Rickettsial conserved hypothetical protein
(phospholipase D; Pld)

Rickettsial conserved hypothetical protein

Possible outer surface protein

Possible outer surface protein

Rickettsial 17-kDa surface antigen

Hypothetical protein

Hypothetical protein

NADP-thioredoxin reductase TrxB1
Rickettsial conserved hypothetical protein
Rickettsial conserved hypothetical protein
Rickettsial conserved hypothetical protein
Possible permease

Hypothetical protein

Hypothetical protein

Conserved hypothetical protein
Hypothetical protein

“The R. typhi proteins with predicted N-terminal signal peptides that functioned in the PhoA system (84 PhoA-positive samples), as well as those putative signal
peptides that did not function in E. coli (18 PhoA-negative samples).

b “Hypothetical protein” refers to a predicted ORF with no database matches in any other organism.

¢ “Rickettsial conserved hypothetical protein” refers to a predicted ORF with matches only in other rickettsial sequences.

@ “Conserved hypothetical protein” refers to an ORF that has matches to proteins of unknown function in organisms other than rickettsiae.
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FIG. 2. Gene expression of R. typhi extracytoplasmic proteins in HeLa cells. HeLa cells were infected with R. typhi at an MOI of ~10, and the
bacteria were isolated for RNA extraction at 4 days postinfection. Two-step, real-time RT-qPCR was used to assess gene expression of the putative
R. typhi extracytoplasmic proteins relative to the rpsL gene. The mean relative expression and the standard errors are presented for each gene;
results are from three independent infections. Individual data points are listed in Table S5 in the supplemental material.

surface cell antigen (Sca) proteins Scal-3 and Sca5. These
proteins are thought to be autotransporters, which are Sec-
dependent proteins that direct their own translocation across
the outer membrane (25). Sca5 (rOmpB) has been shown to be
expressed on the surface of both spotted fever group and
typhus group rickettsiae (2, 14). The signal peptide from the R.
typhi 17-kDa surface antigen was positively identified by our
screen, and this lipoprotein has also been recognized on the
surface of spotted fever group and typhus group rickettsiae (2,
50). The R. typhi phopholipase D (PId) signal peptide was also
positive; this protein has been identified as a putative cell

surface virulence factor with a potential role in rickettsial es-
cape from the phagocytic vacuole (36, 48).

R. typhi signal peptides from a VirB9 homolog (RT0281)
and three VirB6-like proteins (RT0028-0030) were also found
to function in E. coli. These proteins are part of the type IV
secretion system; although this system is not yet well charac-
terized in rickettsiae, in the prototypical Agrobacterium Vir
type IV secretion system apparatus, translocation of both
VirB6 and VirB9 across the inner membrane has been char-
acterized as Sec dependent, with VirB6 localizing to the inner
membrane and VirB9 to the outer membrane (3, 47).
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Our screen also identified functional signal peptides from
proteins with characterized homologs in other bacteria, such
as the p-alanyl-pD-alanine carboxypeptidase DacF (RT0377),
which is known to be involved in Bacillus subtilis cell wall
synthesis and is thought to be extracytoplasmic, although this
has not yet been demonstrated experimentally (39). An FbcH
homolog (RT0263) was also identified; this protein is part of
the cytochrome bcl complex and has been found to contain an
N-terminal signal peptide and localize in the inner membrane
of the alphaproteobacterium Bradyrhizobium japonicum (44).
An R. typhi homolog of the carboxypeptidase IIW (LcdA;
RT0390) had a functional signal peptide. In Bacillus megate-
rium, LcdA is active in the membrane and has been shown to
both hydrolyze p-alanine from peptidoglycan and also incor-
porate diaminopimelate into the cell wall of Bacillus megate-
rium (8). Our screen also identified an R. fyphi homolog of the
lipoprotein NlpD (RT0291). Lipidation has been confirmed
for this protein in both E. coli and Bartonella bacilliformis, and
NlpD was shown to be immunogenic during human infections
with B. bacilliformis (16, 26), suggesting that it is surface ex-
posed.

The R. typhi outer membrane protein Ompl (RT0150) is
homologous to E. coli YaeT, which is part of an outer mem-
brane complex involved in outer membrane biogenesis (51).
The signal peptide from the R. typhi protein annotated as the
outer membrane porin OmpW (RT0057) was functional; in
Salmonella enterica serovar Typhimurium, this protein has
been shown to function as the outer membrane component of
an efflux pump system (11). Our screen also identified the R.
typhi homolog of the peptidoglycan-associated lipoprotein
(Pal; RT0758), which is anchored to the outer membrane and
recognized as a potential vaccine candidate from Haemophilus
influenzae (27). In addition, Pal is also known to be released
into serum by E. coli during sepsis (21).

Additional R. typhi proteins with functional signal peptides
were annotated as PrsA (RT0565), TolC (RT0216), Vac]
(RT0044), and ZnuA (RT0013). PrsA has been characterized
as a membrane-bound lipoprotein essential for growth and
protein secretion in Bacillus subtilis (45). TolC is a highly
studied protein in E. coli and other bacteria; this protein is
located in the outer membrane and forms a homotrimeric pore
spanning the periplasm for the direct export of substrates from
the bacterial cytoplasm (19). VacJ has been found to be a
surface-exposed lipoprotein in Shigella flexneri, with a potential
role in intracellular spreading (43), and ZnuA is a known
periplasmic zinc transporter in E. coli (52).

There were three R. typhi proteins with positive signal pep-
tides that had been annotated with putative functions that have
yet to be demonstrated experimentally: RT0381, RT0388, and
RT0548. RT0331 is annotated as a probable efflux transporter;
bacterial efflux proteins have been extensively studied and are
localized to the outer membrane (29). RT0388 is annotated as
a soluble lytic transgylcosylase; in gram-negative bacteria, lytic
transglycosylases are localized to the periplasm where they are
involved in the breakdown of peptidoglycan (40). RT0548 is
annotated as a 2-octaprenyl-6-methoxyphenyl hydroxylase; one
protein in E. coli characterized with this enzymatic function is
the UbiH protein involved in the generation of ubiquinone,
which is a membrane-associated biosynthetic pathway (53).

Among the 18 R. typhi putative signal peptides that were not
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capable of directing the Sec-dependent export of 'PhoA in E.
coli, 16 of these proteins are annotated as hypothetical. The
signal peptide from the R. typhi homolog of a NADP-thiore-
doxin reductase, TrxB, was also negative in our screen. This
enzyme is known to be cytosolic in E. coli (30); therefore, we
believe that this enzyme is also likely cytosolic in rickettsiae.
The remaining negative signal peptide from our screen was
from RT0621, annotated as a possible permease. Bacterial
permeases are characterized as being extracytoplasmic (7);
therefore, if this protein does in fact function as a permease, it
is possible that the permease exits the bacterial cytoplasm
through a non-Sec-dependent mechanism or that this sample
represents a false negative in our PhoA screen.

The Phobius, LipoP, and SignalP algorithms predict the
presence of N-terminal signal peptides based on the tripartite
structure of known signal peptides, which includes a positively
charged amino terminus (N region), a hydrophobic H region
that forms a membrane-spanning helix, and a polar carboxyl
terminus (C region) (31). Each prediction algorithm identified
this structure in the putative R. typhi extracytoplasmic proteins,
with the N region being dominated by lysine residues, the H
region mainly containing leucine residues, and the C region
rich in serine residues, with alanine being the most common
residue just prior to the predicted cleavage site (see Table S1
in the supplemental material for the sequences of the pre-
dicted cleavage sites). For the 102 R. typhi signal peptides that
we functionally tested, we found that the overall sequence
organization of those signal peptides that functioned in E. coli
was not different from those signal peptides that did not func-
tion. However, among the signal peptides that did not function
in the heterologous system, those identified by the Phobius and
SignalP HMM algorithms were identified as having glycine and
tyrosine residues, respectively, in the position just prior to the
predicted cleavage site.

Overall, the heterologous PhoA assay appeared to correctly
distinguish R. typhi signal peptides from cytoplasmic and Sec-
dependent proteins, indicating that this system can be a useful
tool in the study and identification of extracytoplasmic proteins
in other rickettsiae. Furthermore, based on the results of signal
peptides from the proteins with known or hypothesized func-
tions, we believe that our PhoA assay results from the 76
proteins annotated as hypothetical are highly accurate and that
this work has provided the first laboratory-based suggestion of
their subcellular localization.

In order to hone in on which of the Sec-dependent proteins
identified in the PhoA screen could be important during a
mammalian infection, we assessed their cognate gene tran-
scription during R. typhi infections in HeLa cells (Fig. 2; also
see Table S5 in the supplemental material). During these in
vitro infections, expression was detected for the corresponding
transcripts of the R. typhi extracytoplasmic proteins OmpW
(RT0057), Omp1 (RT0150), TolC (RT0216), FbcH (RT0263),
LedA (RT0390), NlpD (RT0291), Pal (RT0758), and the rick-
ettsial 17-kDa surface antigen (RT0821). The genes encoding
all of the tested Sca proteins (Scal-3 and Sca5) were expressed,
as were all of the virB6-like genes. Thirty-eight of the expressed
genes corresponded to R. typhi extracytoplasmic proteins an-
notated as hypothetical; of the 10 most highly expressed R.
typhi genes in our HeLa cell infections, 7 were hypothetical.
These 10 highly transcribed genes encoded the following
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proteins: Pal (RT0758; the most highly expressed in our
experimental system), RT0692 (hypothetical), RT0699 (Sca)),
RT0667 (hypothetical), RT0150 (Omp1), RT0222 (hypotheti-
cal), RT0561 (hypothetical), RT0286 (hypothetical), RT0064
(hypothetical), and RT0136 (hypothetical).

Overall, this work has identified a number of R. typhi extra-
cytoplasmic proteins with potential roles in mammalian infec-
tion and virulence. Because techniques that involve genetic
manipulation cannot readily be used to screen for essential,
accessory, and/or virulence-associated rickettsial proteins,
other avenues of research must be used for molecular charac-
terization of the rickettsiae and their interactions with host
cells. To identify proteins that could be involved in rickettsial
infection of mammalian cells, we focused on the identification
of the Sec-translocated extracytoplasmic proteins of R. typhi.
Starting with a bioinformatics screen to predict which R. typhi
proteins contained N-terminal signal peptides, we then as-
sessed the functionality of select R. #yphi putative signal pep-
tides in an E. coli-based gene fusion system. Finally, to deter-
mine the relevance of the proteins identified from in silico and
heterologous work, we examined their cognate gene transcrip-
tion by R. typhi during infections in HelLa cells. The data
generated from this combination of techniques form a signif-
icant contribution to the field of rickettsial molecular biology
and serve as a platform from which to launch future, in-depth
studies of specific proteins.
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