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Lipoprotein processing by the type II signal peptidase (SPase II) is known to be critical for intracellular
growth and virulence for many bacteria, but its role in rickettsiae is unknown. Here, we describe the analysis
of IspA, encoding a putative SPase II, an essential component of lipoprotein processing in gram-negative
bacteria, from Rickettsia typhi. Alignment of deduced amino acid sequences shows the presence of highly
conserved residues and domains that are essential for SPase II activity in lipoprotein processing. The
transcription of IspA4, Igt (encoding prolipoprotein transferase), and lepB (encoding type I signal peptidase),
monitored by real-time quantitative reverse transcription-PCR, reveals a differential expression pattern during
various stages of rickettsial intracellular growth. The higher transcriptional level of all three genes at the
preinfection time point indicates that only live and metabolically active rickettsiae are capable of infection and
inducing host cell phagocytosis. IspA and Igt, which are involved in lipoprotein processing, show similar levels
of expression. However, lepB, which is involved in nonlipoprotein secretion, shows a higher level of expression,
suggesting that LepB is the major signal peptidase for protein secretion and supporting our in silico prediction
that out of 89 secretory proteins, only 14 are lipoproteins. Overexpression of R. typhi IspA in Escherichia coli
confers increased globomycin resistance, indicating its function as SPase II. In genetic complementation,
recombinant Isp4 from R. typhi significantly restores the growth of temperature-sensitive E. coli Y815 at the

nonpermissive temperature, supporting its biological activity as SPase II in prolipoprotein processing.

Rickettsiae are gram-negative, obligate intracellular bacteria
that are transmitted to their mammalian hosts by arthropod
vectors such as ticks, fleas, and lice. Some members of the
genus Rickettsia are responsible for the most-severe bacterial
diseases of humans and have been classified as select agents
with potential use as tools for bioterrorism. Currently, diagno-
sis of rickettsial infections is difficult. No reliable protective
vaccine and only a few antibiotics to treat rickettsiae are avail-
able (4, 13, 33). Little is known about rickettsial gene function
because of the intrinsic difficulty in working with these obligate
intracellular bacteria and their genetic intractability (31, 40).

The genomes of several rickettsial species have been se-
quenced and have provided many insights into their biology (3,
19, 21-23); however, the molecular basis of pathogenesis re-
mains an important area of research for rickettsiae. Several
bacterial virulence factors point to the importance of secreted
proteins in pathogenesis. Secreted and extracytoplasmic pro-
teins are of particular importance, because this subset of pro-
teins are involved in many essential cellular processes, includ-
ing adherence, virulence, immunogenicity, environmental
sensing, and host-pathogen interactions, and are potential tar-
gets of therapeutic interest (10, 17).

The major route of bacterial protein secretion from the
cytoplasm is the Sec pathway (7). Bacterial proteins trans-
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ported through the Sec translocon are synthesized as prepro-
teins with an amino-terminal extension known as the signal or
leader peptide. The signal peptide is required for the targeting
of preproteins to the membrane for translocation by Sec ma-
chinery. During the translocation process, the signal peptides
of nonlipoproteins are cleaved off by the type I signal peptidase
(SPase I), while those of lipoproteins are cleaved off by the
type II signal peptidase (SPase II) (9, 24, 25, 29). Thus, SPases
play a key role in the transport of proteins across membranes
in all organisms (24, 25). The major difference between signal
peptides of lipoproteins and nonlipoproteins is the presence of
a conserved consensus sequence called a “lipobox” of four
amino acids in lipoprotein signal peptides. The carboxyl-ter-
minal amino acid of the lipobox is a universally conserved
cysteine at position +1. The cysteine residue of the lipobox is
modified by diacylglyceryl transferase (Lgt). Diacylglyceryl
modification is a prerequisite for the specific cleavage of the
signal peptide from prolipoprotein by SPase II (25, 35, 36).
Like the SPase I family, SPase II members are membrane-
bound proteases. Type II signal peptidases have been identi-
fied in many gram-negative and gram-positive bacteria, includ-
ing Mycoplasma. However, SPase II has not been found in
archaea or eukaryotes (25). Lipoprotein processing by SPase II
has been reported to be essential for the viability of gram-
negative bacteria (11, 41), but it has been shown to be dispens-
able for the growth of many gram-positive bacteria (34, 37, 38).
Processing of lipoproteins by SPase II plays an important role
in the virulence of Streptococcus pneumoniae and Mycobac-
terium tuberculosis (27, 34) and has been shown to be critical
for the intracellular growth of many bacterial pathogens (32,
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34). In addition, bacterial lipoproteins are reported to initiate
both innate and adaptive immune responses in humans (1).
Based on these findings, LspA, a membrane-bound protease, is
considered an attractive target for chemotherapy (34).

The annotation of published rickettsial genome sequences
reveals the presence of bacterial Sec translocon homologs (3,
19, 21-23). However, the genes specifically involved in rickett-
sial protein secretion remain uncharacterized. In order to elu-
cidate the mechanism of protein secretion and their role in
rickettsial virulence, we are interested in characterizing the
genes involved in the rickettsial Sec pathway. In this effort, we
reported (30, 31) our work on the putative lepB and secA
genes, encoding the SPase I and ATPase, respectively, of rick-
ettsiae. In this communication, we report a detailed transcrip-
tional and functional characterization of IspA4, which encodes a
putative SPase II from Rickettsia typhi, the causative agent of
murine typhus.

MATERIALS AND METHODS

Bacterial strains and host cells. R. typhi strain Wilmington (ATCC VR-144)
was used in this study. E. coli strain Y815 was used for functional complemen-
tation. E. coli strain Y815 is temperature sensitive due to a point mutation in the
signal peptidase II gene and also carries an IPTG (isopropyl-B-p-thiogalacto-
pyranoside)-inducible /pp gene for the major outer membrane lipoprotein (also
known as Braun’s lipoprotein) on the low-copy-number plasmid pHY001, which
contains a tetracycline resistance marker (41).

Mouse subcutaneous connective tissue NCTC clone 929 cells (ATCC CCL-1)
were used as host cells for rickettsial culture. The NCTC clone 929 cells were
grown in Dulbecco’s modified minimal essential medium with 4.5 g of glucose/
liter with glutamine (Biofluids Inc., Rockville, MD) supplemented with 5% fetal
bovine serum (Gemini, Calabasas, CA) at 37°C and 5% CO, in an air atmo-
sphere.

Genomic DNA extraction. Propagation and partial purification of R. typhi from
host (NCTC clone 929) cells were performed as previously described (31).
Genomic DNA of R. typhi was extracted with the Wizard genomic DNA purifi-
cation kit (Promega, Madison, WI).

Cloning of IspA gene. The IspA gene, encoding SPase II from R. typhi and E.
coli, was cloned by PCR into expression vector pMW119 under a lac promoter
(2). Primers used in PCR are shown in Table 1 and were designed based on the
genome sequences available in the GenBank database (www.ncbi.nlm.nih.gov).
Primers AZ3321 (BamHI) and AZ2793 (EcoRI) were used to amplify a 723-bp
fragment of R. typhi IspA with Herculase DNA polymerase (Stratagene, La Jolla,
CA) and cloned into pMW119 to generate pMWRTIspAS. A 533-bp fragment
containing the entire open reading frame (ORF) of IspA from E. coli strain
MC4100 (30) was amplified by using primers AZ2357 (the BamHI) and AZ2358
(EcoRI) and cloned into pMW119 to generate pMWECIspA19. The constructed
plasmids pMWRTIspAS and pMWECIspA19 were confirmed by sequencing.

The sequence of the IspA gene and deduced amino acid sequence from R. typhi
were analyzed with MacVector 7.1.1 software (Genetics Computer Group, Inc.,
Madison, WI). Sequence comparisons to those available in GenBank were per-
formed with BLAST (www.ncbi.nlm.nih.gov).

Complementation assay and expression of rickettsial SPase II in E. coli. The
constructed plasmids pMWRTIspAS and pMWECIspA19 and the vector
pMW119 were transformed into E. coli Y815 (temperature-sensitive) cells.
Transformants were selected on antibiotic medium 3 (AM3) agar containing
ampicillin (100 pg ml~") and tetracycline (10 pg ml~') and incubated at 30°C for
3 days. For the complementation by CFU assay, the transformants actively
growing at 30°C in AM3 broth containing ampicillin (100 g ml~") and tetracy-
cline (10 pg ml~") were plated onto two series of AM3 agar containing ampicillin
(100 wg ml™), tetracycline (10 pg ml~'), and IPTG (0.6 mM). The plates were
incubated at either the permissive (30°C) or the nonpermissive (42°C) temper-
ature for colony formation. The colonies were counted after 72 h of incubation
to determine the percentage of growth at 42°C with respect to growth at 30°C.

For the globomycin resistance assay, E. coli Top10 cells (Invitrogen-Life Tech-
nologies, Carlsbad, CA) were transformed with the constructed plasmids
pMWRTIspAS5 and pMWECIspA19 or the vector pMW119. Transformants were
grown to stationary phase in Luria-Bertani (LB) medium containing ampicillin
(100 pg ml™1). Stationary-phase cultures were diluted 50-fold in LB medium
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TABLE 1. Primers used in PCR

Primer Sequence® (5’ to 3') I\;l;csliioot;(le
AZ2357 TAAggatccCTGATGAGTCAATCG 427-450*
AZ2358 GTCAGCATCgaattcGGCAGGG 938-957*
AZ2793 gaattcTGGTCCTGCTGTTGATAGAC  501542-5015677
AZ3321 ggatccATGAATGATCTCATTATTTA  500845-5008767

AAAAAC

AZ3598 ATTTAAGATGGAAGCCAGGC 500961-500980
AZ3599 GTCAAAGACAGCCCCTCTAC 501213-5012327
AZ3593 CCACCAGGTTATTTTTGTTG 21833-21852F

AZ3594 GAAAGGACAGAGGTTGGGAC 22113-22132F

AZ3617 GTCCATTTTCAATCTCTTGG 109638-109657F
AZ3618 TGAAATGACATACCGCCTTC 109871-1098907F
AZ3641 GTTCGGAATTACTGGGCGTA 780639-780658+
AZ3642 AATTAAACCGCATGCTCCAC 780252-780271+
AZ3458 500846-500876F

ggatccTCTATGATCTCATTATTTAA
AAAAC

“ Nucleotides modified to generate restriction sites are in lowercase type.
b based on the E. coli IspA gene (GenBank accession no. X00776); T, based
on the R. typhi genome sequence (accession no. NC_006142).

containing ampicillin (100 pg ml~") and incubated at 37°C for 8 h with shaking.
The exponentially growing cells were diluted 10-fold in LB medium containing
ampicillin (100 wg ml~') and IPTG (1 mM) with various concentrations of
globomycin and were incubated at 37°C for 18 h with shaking. The cell density
was measured by spectrophotometer at 600 nm.

All experiments were performed at least three times, and statistical analyses
were performed with Microsoft Excel software.

To analyze the synthesis of R. typhi SPase II in E. coli, the 722-bp fragment
containing the entire ORF of IspA4 from R. typhi was amplified by using primers
AZ3458 (BamHI) and AZ2793 (EcoRI) and cloned at the BamHI and EcoRI
sites of pTrcHisA vector, which contains an N-terminal Hiss tag under the trc
(trp-lac) promoter (Invitrogen-Life Technologies, Carlsbad, CA), to generate the
plasmid pTrcHisRTIspA127. As a positive control, a 533-bp fragment containing
the entire ORF of IspA from E. coli was amplified by using primers AZ2357
(BamHI) and AZ2358 (EcoRI) and was cloned similarly in pTrcHisA vector
to generate the plasmid pTrcHisEClspA7. The constructed plasmids pTrcHis
RTIspA127 and pTrcHisEClspA7 were confirmed by sequencing. The synthesis
of recombinant SPase II proteins in the transformed E. coli Top10 cells (Invitro-
gen-Life Technologies, Carlsbad, CA) was detected by Anti-HisG monoclonal
antibody (Invitrogen-Life Technologies) with a WesternBreeze chemilumines-
cent immunodetection kit (Invitrogen-Life Technologies), as described previ-
ously (30, 31).

Isolation of RNA from rickettsiae grown at various time points. To titer the
partially purified R. typhi from infected host cells (monolayer of NCTC clone
929), freshly isolated (partially purified) R. typhi was mixed with Live/Dead
BacLight bacterial viability stain (Molecular Probes, Eugene, OR), according to
the manufacturer’s instructions. Rickettsiae were counted with a hemacytometer
under fluorescence (excitation, 480 nm; emission, 500 nm) on a Nikon H550L. A
monolayer of NCTC clone 929 cells was infected with R. typhi at a multiplicity of
infection of (approximately) 90 rickettsiae per cell. Rickettsia-infected NCTC
clone 929 cells were incubated in Dulbecco’s modified minimal essential medium
supplemented with 5% fetal bovine serum at 37°C and 5% CO, for various time
points (0, 1, 4, 8, 24, 48, and 120 h). In our experimental design, 0 h indicates the
preinfection time point of rickettsiae to host cells. Rickettsia-infected host cells
were harvested by scraping the culture and mechanically rupturing them by
passage through a 27-gauge needle to release the intracellular rickettsiae. To
enrich for rickettsiae, large host cell fragments were removed by centrifugation
(500 X g for 5 min at 4°C). The supernatant was centrifuged at 14,000 X g for 10
min at 4°C to pellet the partially purified rickettsiae. The rickettsial pellet was
immediately resuspended in TRIzol reagent (Invitrogen, Carlsbad, CA) for RNA
isolation, according to manufacturer’s instructions. The rickettsial RNA was
DNase treated to remove contaminating DNA by using Turbo DNA-free
(Ambion, Austin, TX), according to the manufacturer’s recommendations. The
DNase-treated rickettsial RNA was purified by the RNeasy MinElute cleanup kit
(QIAGEN, Valencia, CA), according to the manufacturer’s protocol.

Real time qRT-PCR for gene expression analyses. To analyze rickettsial gene
expression during the various stages of the infection cycle, two-step real-time
quantitative reverse transcription-PCR (qRT-PCR) was performed on RNA
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Box A Box B
Rf MTIKPIHAKNNIRAITHKTSMFLLLKKLYITFARSSRIIITLVIIDQLSKWWEFIDDLRWKPGLMLKVTSFLNMVYTWNYGISFGLMREYYQYSNAIFLIT 100
Rr MTEFTIMLPLLKKLYLTFARSSRIIITLVIIDQLSKWWEINNLRWKPGLMLKVTSEFLNMVYTWNYGISFGLMREYYQYSNAIFLIT 85
Rs MTFTIMLPLLKKLYLTFARSSRIIITLVIIDQLSKWWEIDNLRWKPGLMLKVTSFLNMVYTWNYGISFGLMREYYQYSNAIFLIT 85
Rc MTEFTIMLPLLKKLYLTFARSSRIIITLVIIDQLSKWWEFIDNLRWKSGLMLKVTSFLNMVYTWNYGISFGLMREYYQYSNAIFLIT 85
Ra MCLLIKKLYLTFARSTSIIITLVIIDQLSKWWEIDNLRWTPGLMLKVTSFLNMVYTWNYGISFGLMREYYQYSNAIFLIT 80
Rcan MLLLLKKIYLTFARSSRIIITLVIIDQLSKWWEIDNLRWKPGLMLKVTAFLNMVYTWNYGISFGLMREYYQYSNAVFILT 80
Rb MILSFKKLYLTFARSSRIIITLVIIDQLTKWWEINNLRWKPGLTLKVTSFLNMVYTWNYGISFGLMRDYYQYSNIVFLIT 80
Rp MISLLKKLYFTFSRSSRIIITLVIIDQLTKWWEINNLRWKPGLMLKVTSVLNMVY TWNYGISFGLMREYYQYSNTIFLIT 80
Rt MISLFKKLYFTFSRSSRIIITLVIIDQLTKWWEINNLRWKPGLMLKVTSILNMVYTWNYGISFGLMREYYQYSNAIFLIT 80
Ec MSQSICSTGLRWLWLVVVVLIIDLGSKYLILQONF--ALGDTVPLFPSLNLHYARNYGAAFSFLADSGGWQRWEFAGT 75
Box C Box D Box E
Rf NTLIVCYLYYLMIRSKTIGSFA--GYSFVIGGAVGNLIDRFFRGAVFDFIHFHYQONYSFPVFNLADCFITIGVIILIEDYYSTKKVIEEKAKGNYDNAQI 198
Rr NTIIVCYLYYLMIRSKTIGSFA--GYSFVIGGAVGNLIDRFFRGAVFDFIHFHYQONYSFPVFNLADCFITIGVIILIEDYYSTKKVIEEKAKGNYDNAQI 183
Rs NTIIVCYLYYLMIRSKTIGSFA--GYSFVIGGAVGNLIDRFFRGAVFDFIHFHYONYSFPVFNLADCFITIGVIILIEDYYSTKKVIEEKAKGNYDNAQI 183
Rc NTIIVCYLYYLMIRSKTIGSFA--GYSFVIGGAVGNLIDRFFRGAVFDFIHFHYQONYSFPVEFNLADCFIIIGVIILIEDYYSTKKVIEEKAKGNYDNAQI 183
Ra NTLIVCYLYYLMIRSNTIGSFA--GYSFVIGGAVGNLIDRCFRGAVFDFIHFHYHNYSFPVFNLADCFITIGVIILIEDYDNTKKVIEEKIKGNYDNAQI 178
Rcan NSIIVCYLYYLMVCSKTIRGFA--GYSFVIGGAVGNLIDRLFRGAVFDFIHFYYKNYSFPVFNLADCFITIGVIILIEDYYSTKKIIEEKAKEHYDNAQI 178
Rb NTIIVCYLYYLMMSSKTIGGFA--GYSFVIGGAIGNLIDRSFRGAVFDFIHFYYQDYSFPVEFNLADCFITLGVIILVEDYYSAKKNIEEKAKENYDKAQI 178
Rp NMIIVCYLYYLMICSKTIGSFA--GYSFVIGGAIGNLIDRFCRGAVFDFIHFHYRNYSFPVFNLADCFITLGVIILMEDYFSTKKVIEETSKGNYDNLQI 178
Rt NMIIVCYLYHLMICSKTIGSEFV--GYNFVIGGAIGNLIDREFCRGAVFDFIHFHYRNYSFPVFNLADCFITLGVIILIEDYFSTKKVIEETSKENEDNLQI 178
Ec AIGISVILAVMMYRSKATQKLNNIAYALIIGGALGNLFDRLWHGEFVVDMIDFYVGDWHFATFNLADTAICVGAALIVLEGFLPSRAKKQ 164
*  * * kK
Total # A.A. MW (kDa) pl Identity with Rt
Rf EAMAEKIRNAGHNGDDIVN 217 25.24 9.36 75%
Rr EAMAEKIRNTDKGGNDKIASLQN 206 23.97 9.39 82%
Rs EAMAEKTIRNTDKGGNDKIASLON 206 23.97 9.29 82%
Rc EAMAEKIRNTDKGGNDKIASLQON 206 23.97 9.29 81%
Ra EAMAEKIRNTDQGGNDKV 196 22.74 8.19 82%
Rcan KAMAEKTIRNTDHNGDNKI 196 23.00 9.35 80%
Rb EAMAEKIRNAPQGDNDKI 196 22.85 9.02 81%
Rp EVMAEKIRHTDHDSKI 194 22.82 9.24 91%
Rt EAMAAKIRNTDHVSNDKI 196 23.01 9.27 100%
Ec 164 18.16 8.99 22%

FIG. 1. Alignment of deduced amino acid sequences of the Isp4 genes from R. typhi (Rt) (GenBank accession no. NC_006142), R. prowazekii
(Rp) (GenBank accession no. AJ235271), R. bellii (Rb) (GenBank accession no. NZ_AARC01000001), R. canadensis (Rcan) (GenBank accession
no. NZ_AAFF01000001), R. akari (Ra) (GenBank accession no. NZ_AAFE01000001), R. conorii (Rc) (GenBank accession no. NC_003103), R.
sibirica (Rs) (GenBank accession no. AABW01000001), R. rickettsii (Rr) (GenBank accession no. NZ_AADJ01000001), R. felis (Rf) (GenBank
accession no. NC_007109), and E. coli (Ec) (GenBank accession no. X00776). Molecular masses and isoelectric points were computed with
MacVector 7.1.1 software. The conserved amino acid domains (boxes A through E) are shown in bold. The catalytic residues are marked by

asterisks.

samples isolated from rickettsiae at different time points of infection to host cells.
First-strand cDNA was synthesized with 1 pg of RNA isolated at different time
points postinfection by using the SuperScript III First-Strand Synthesis Supermix
for qRT-PCR kit (Invitrogen) according to the manufacturer’s recommenda-
tions. For real-time quantitative PCR (QPCR), the cDNA synthesized was am-
plified with the SYBR greenER qPCR Supermix universal kit (Invitrogen) ac-
cording to the instructions of the manufacturer. The specific primers used (Table
1) in qPCR for R. typhi genes were AZ3593 and AZ3594 for lepB, AZ3598 and
AZ3599 for IspA, AZ3617 and AZ3618 for Igt, and AZ3641 and AZ3642 for 16S
rRNA. Cycling conditions used were as follows: 1 cycle at 50°C for 2 min; 1 cycle
at 95°C for 10 min; 40 cycles at 95°C for 15 s, 56°C for 30 s, and 60°C for 30 s;
and 1 cycle for the dissociation curve. qPCR amplification and detection were
performed on an MX3000P thermal cycler (Stratagene, La Jolla, CA).

Controls for the RT-PCRs included amplifications without reverse transcrip-
tase to account for genomic DNA contamination. Controls to detect reagent
contamination included amplifications without template.

To analyze and quantify the gene expression data generated by real-time
qRT-PCR, we used the Q-Gene software tool with amplification efficiency cor-
rection (20). For standard curve plotting, a gel-purified standard DNA template
representing each target and reference gene was diluted in series from 10'° to 10°
copies and used for real-time qPCR as described above. The amplification
efficiency for each target (lepB, IspA, or Igt) and reference (16S rRNA) gene was
derived from a standard curve plotted as the cycle threshold (Cy) versus copies.
To account for target gene transcript fluctuations between time points that might
arise due to rickettsial burden (rickettsia/host cell and total number of rickettsia),
which would confound the accuracy of our reported measurements, we normal-
ized each target gene raw C value by its corresponding 16S raw C value. The
means for the normalized C; values are reported as mean normalized expression
(MNE) and plotted as MNE versus rickettsial growth (in hours) (see Fig. 2).

The time course experiment for rickettsial growth in host cells was performed
three times, and the real time qRT-PCR on RNA isolated in each time course
experiment was repeated twice. Statistical analyses were performed with Mi-

crosoft Excel software with the XLStat add-in. Briefly, a single-factor analysis of
variance (ANOVA) with Tukey’s (HSD) post hoc multiple comparisons proce-
dure was used to test for significant differences at the 5% level for each gene
over time.

RESULTS

Sequence analysis of rickettsial SPase II homolog. The de-
duced amino acid sequences of Isp4 among rickettsiae showed
a very high degree of identity (ranging from 75% to 91%);
however, the identity with the SPase II of E. coli was very low
(around 22%) (Fig. 1). Alignment of the deduced amino acid
sequences of LspA shown in Fig. 1 revealed the presence of
five highly conserved domains (boxes A, B, C, D, and E) that
are considered to be essential for the enzymatic activity of
bacterial SPase II (6, 25, 38). The first conserved domain (box
A) contains the aspartic acid (D) that is necessary for enzyme
stability and function. Box B carries the invariable asparagine
(N) and glycine (G) residues. The third domain (box C) con-
tains asparagines and an aspartic acid that are critical for the
SPase II activity. Additionally, aspartic acid is proposed to be
one of the catalytic residues at the active sites. In box E,
asparagine, alanine (A), and aspartic acid are considered to
play important roles in prelipoprotein processing.

Kinetics of rickettsial Isp4A expression during different
stages of growth in host cells. To understand the role of SPase
II in rickettsial host cell infection, transcription pattern of IspA
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Change in the level of Mean normalized expression of target genes
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FIG. 2. Kinetics of lepB, Igt, and IspA transcription during the R.
typhi life cycle in in vitro host (NCTC clone 929) cells determined by
two-step real-time qRT-PCR. The MNEs (= standard errors) of the
target genes (lepB, lgt, and IspA) were calculated relative to the ex-
pression of the reference (16S rRNA) gene by Q-Gene software with
amplification efficiency correction. At the top, the change in the level
of MNE at different times of growth for each target gene is given with
respect to that of the preinfection time point (0 h), set at 1.00. The
expression levels of Igt and IspA at 24 and 48 h postinfection were
found to be significantly different (P < 0.05 [single-factor ANOVA])
from those at 1 to 8 h postinfection. However, there is a lack of
statistical significance to support the same for lepB, which may be due
to variations in expression levels.

at various stages of growth in vitro was investigated by two-step
real-time qRT-PCR. In this study of the transcription pattern
of R. typhi IspA, we also monitored the expression kinetics of R.
typhi Igt (encoding prolipoprotein diacylglyceryl transferase)
and lepB (encoding SPase I) for the comparative analyses of
transcription of the key genes involved in lipoprotein and non-
lipoprotein processing and transportation through the Sec
pathway. It is observed from the transcription pattern shown in
Fig. 2 that all three genes were differentially expressed at
various stages of growth of R. #yphi in host cells. The level of
transcription of all three genes at the preinfection time point is
higher and is followed by a decrease until 8 h postinfection.
After the doubling time of rickettsiae (after 8 h postinternal-
ization), the expression level of all three genes increased and
peaked at 48 h postinfection. At 120 h postinfection, the in-
fected host cells begin to detach from the surface of the culture
flask, indicating lysis of host cells by R. typhi, and at that time
all three genes show a decrease in expression. It is also ob-
served from Fig. 2 that the transcription patterns of IspA and
lgt, which are involved in lipoprotein secretion, are similar over
the entire time course monitored in this study. However, the
expression pattern of lepB is higher than those of the other two
genes (IspA and lgr), suggesting that bacterial SPase I is the
major signal peptidase for the processing of secretory proteins
through the Sec pathway (24, 25).

Overexpression and functional activity of R. typhi IspA in E.
coli. The functional activity of R. typhi IspA, encoding SPase II,
was tested by a globomycin resistance assay in E. coli. Globo-
mycin is a cyclic peptide antibiotic that inhibits the growth of
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FIG. 3. Globomycin resistance assay for R. typhi IspA. E. coli cells
carrying the designated plasmids were incubated in the presence of
various concentrations of globomycin, and growth of the cultures was
measured as the optical density at 600 nm (ODy). The mean ODg,
+ standard error is plotted against the globomycin concentration.

gram-negative bacteria, such as E. coli. Gram-negative organ-
isms are sensitive to globomycin due to inhibition of murein
prolipoprotein processing to lipoprotein. The accumulation of
unprocessed prolipoprotein in the inner membrane is consid-
ered to be the cause of the bacterial inability to grow in pres-
ence of this antibiotic (8, 14, 15). Globomycin inhibits pro-
lipoprotein processing by acting as a substrate analog of the
signal sequence, specifically binding and inhibiting SPase II
activity in a noncompetitive manner (8, 15). The overexpres-
sion of IspA genes from both gram-negative and gram-positive
bacteria has been reported to increase the level of globomycin
resistance in E. coli and is generally used to demonstrate the
functional activity of IspA homologs from many bacterial spe-
cies (6, 26, 28). We used a globomycin resistance assay in E.
coli to demonstrate the functional activity of the R. typhi IspA
homolog. The SPase II activity of IspA from R. typhi was as-
sayed by using the plasmids pMWECIspA19 (positive control,
carrying the full-length ORF of E. coli IspA) and pMWRTIspAS
(carrying the full-length R. #yphi IspA) and the vector plasmid
pMW119 (negative control). It is observed from Fig. 3 that the
growth of E. coli cells harboring pMW119 plasmid (negative con-
trol) rapidly decreased in the presence of a concentration of
globomycin higher than 12.5 wg ml~*. The growth of E. coli cells
carrying pMWECIspA19 or pMWRTIspAS over that of E. coli
cells harboring pMW119 for globomycin treatment from 25 pg
ml ™" to 200 wg ml~" was found to be statistically significant (P <
0.05) by Student’s ¢ test. The significant globomycin resistance
growth demonstrates that R. #yphi IspA, encoding SPase II, is
functionally active in E. coli.

The expression of the recombinant R. typhi SPase 11 in E. coli
was detected by Western blot analysis (Fig. 4). A band of
approximately 27.13 kDa was detected for E. coli Top10 cells
carrying plasmid pTrcHisRTIspA127 (Fig. 4, lane2); that band
was not detected for negative control expression (Fig. 4,
lanel). For the positive control, the higher expression of E. coli
SPase II (Fig. 4, lane3, a band of 22.29 kDa) may have resulted
from codon bias for protein translation in E. coli.

The in vivo functional activity of R. typhi IspA in E. coli was
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FIG. 4. Western blot analysis of the expression of R. typhi SPase 11
in E. coli Top10 cells. Total proteins from E. coli cells carrying the
appropriate plasmid were probed with anti-HisG monoclonal anti-
body. Lane 1, total proteins from E. coli Top10/pTrcHisA; lane2, total
proteins from E. coli Top10/pTrcHisRTIspA127; lane3, total proteins
from E. coli Top10/pTrcHisECIspA7. Arrows indicate the sizes of
Bio-Rad Kaleidoscope prestained marker bands (32.1 and 17.5 kDa).
The minor bands below the 17.5-kDa bands in lanes 2 and 3 may have
resulted from the degradation of recombinant SPase II or nonspecific
binding in the total proteins.

further investigated by genetically complementing the E. coli
strain Y815. E. coli strain Y815, which has a point mutation in
the SPase II gene, is temperature sensitive in growth in the
presence of IPTG due to the accumulation of prolipoprotein.
Strain Y815 has been used to demonstrate the complementa-
tion ability of many bacterial SPase II (26, 28, 38). E. coli strain
Y815 was transformed with pMWECIspA19 (positive control),
PMWRTIspAS, and pMW119 (negative control). The temper-
ature-sensitive growth of the resulting transformants was
tested by CFU assay. In this assay, E. coli strain Y815 showed
no growth at the nonpermissive temperature of 42°C, and
the vector plasmid pMW119 (negative control) was unable
to restore growth. However, E. coli strain Y815 carrying
PMWECIspA19 (positive control, carrying the full-length
OREF of E. coli IspA) or pMWRTIspAS5 (carrying full-length
R. typhi IspA) showed a significant (P < 0.05 [Student’s ¢
test]) restoration of growth at 42°C by 21.5 + 5.3% or 4.7
1.3% (compared to that at 30°C), respectively, indicating the
functional activity of R. typhi SPase II in E. coli.

DISCUSSION

In continuation of our efforts to elucidate the mechanism of
rickettsial protein secretion through the Sec translocon and the
genes involved in this multicomponent biological process of
bacteria, we report in this communication the sequence, tran-
scriptional analysis, and functional characterization of IspA
from R. typhi, encoding a putative SPase II. Type II SPases
have been identified in all rickettsial species in which the ge-
nomes have been sequenced and are found to possess highly
conserved domains required for functional activity. SPase II
members are considered to be an unusual class of aspartic acid
proteases (25). Sequence alignment of rickettsial SPase II with
that of E. coli showed the presence of Asn, Asp, and Ala
residues in boxes C and D (marked by asterisks in Fig. 1),
which are critical for the catalytic activity of bacterial LspA. R.
typhi SPase II shows maximum identity (91%) with the se-
quence of R. prowazekii SPase II, which is a member of the
typhus group rickettsiae. However, the SPase II from R. typhi
and little known R. canadensis, which is considered to be an-
other member of the typhus group (18), showed 80% identity,
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similar to that observed between R. fyphi and non-typhus-
group rickettsiae.

Rickettsiae enter host cells by induced phagocytosis in
nonphagocytic cells in an unknown mechanism, followed by
rapid escape from the phagosome (within 30 min postinfec-
tion) into the host cytoplasm. Rickettsiae undergo massive
replication (8 to 48 h postinfection) in the host cytoplasm, and
further growth results in host cell death and release of rickett-
siae (12, 13, 39). The higher MNE level at the preinfection
time point for all three target genes, lepB, Igt, and IspA, in-
volved in protein secretion supports the biological finding that
only live and metabolically active rickettsiae are capable of
inducing host cell phagocytosis (13) and escape from the
phagosome into host cytosol within 30 min postinfection (32,
34). During intracellular living (1 to 8 h postinfection) of rick-
ettsiae, the expression of the target genes remains relatively
lower. The increase in the transcription levels of the target
genes after 8 h and the peak at 48 h postinfection suggests that
the lepB, Igt, and IspA genes are involved in protein secretion
during rickettsial replication in host cells.

Using the SignalP, version 3.0, neural network and hidden
Markov model tools (5) and the LipoP, version 1.0 (16), soft-
ware package, we identified a total of 89 secretory proteins
with a putative signal peptide sequence out of the 838 anno-
tated ORFs from the R. typhi genome (19). Of the 89 predicted
secretory proteins, 14 are recognized as putative lipoproteins
(data not shown). This in silico prediction of secretory non-
lipoproteins and lipoproteins and the higher transcriptional
level of lepB compared to Igt and IspA at all of the growth
points examined in this study suggest that the SPase I encoded
by lepB is involved in the processing of more secretory proteins
than is SPase II.

The overexpression of IspA from E. coli or R. typhi in E. coli
cells results in increased globomycin resistance, indicating that
both SPases II were properly synthesized and are functional in
E. coli. In genetic complementation experiments, the E. coli
IspA gene restores the growth of temperature-sensitive E. coli
strain Y815 at the nonpermissive temperature (42°C) at a rate
approximately fivefold higher than that by R. typhi IspA. The
complementation assay indicates that the biological activity of
the recombinant SPase II from R. typhi is relatively low but
significantly functional in E. coli for prolipoprotein processing.
The globomycin assay showed that the SPase II from either R.
typhi or E. coli confers a similar level of globomycin resistance
to E. coli. These data suggest that globomycin binding to SPase
II in the globomycin resistance assay and the processing of
prolipoprotein by SPase II in the genetic complementation
assay are two independent cellular activities (8, 15, 26). Al-
though the functional domains are conserved, the overall low
identity (22%) of R. typhi SPase II with that of E. coli may
explain the low genetic complementation in the complex
multicomponent lipoprotein secretion pathway of E. coli.

In conclusion, this work describes, for the first time, a rick-
ettsial LspA homolog with highly conserved domains for bac-
terial SPase II activity. Our data show the differential expres-
sion of R. typhi IspA and its functional activity. Further work is
necessary to elucidate the role of LspA in the secretion of
rickettsial virulence factors.
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