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In this study, we characterized candidate rare outer membrane (OM) proteins with apparent molecular
masses of 19, 27, 38, and 38.5 kDa, which had been identified previously in OM fractions from Treponema
pallidum (J. D. Radolf et al., Infect. Immun. 63:4244-4252, 1995). Using N-terminal and internal amino acid
sequences, a probe for the 19-kDa candidate was PCR amplified and used to screen a T. pallidum genomic
library in Lambda Zap II. The corresponding gene (¢/p) encoded a homolog for periplasmic thioredoxin-like
proteins (Tlp), which reduce c-type cytochromes. A degenerate oligonucleotide derived from the N terminus of
the 27-kDa protein was used to PCR amplify a duplex probe from a T. pallidum genomic library in pBluescript
II SK+. With this probe, the corresponding gene (ppiB) was identified and found to code for a presumptive
periplasmic cyclophilin B-type peptidyl prolyl cis-trans isomerase (PpiB). We postulate that PpiB assists the
folding of proteins within the T. pallidum periplasmic space. The N terminus of the 38-kDa candidate was
blocked to Edman degradation. However, internal sequence data revealed that it was basic membrane protein
(Bmp), a previously characterized, signal peptidase I-processed protein. Triton X-114 phase partitioning
revealed that despite its name, Bmp is hydrophilic and therefore likely to be periplasmic. The final candidate
was also blocked to Edman degradation; as before, a duplex probe was PCR amplified with degenerate primers
derived from internal sequences. The corresponding gene (glpQ) coded for a presumptively lipid-modified
homolog of glycerophosphodiester phosphodiesterase (GlpQ). Based upon findings with other treponemal
lipoproteins, the hydrophilic GlpQ polypeptide is thought to be anchored by N-terminal lipids to the periplas-
mic leaflet(s) of the cytoplasmic membrane and/or OM. The discovery of T. pallidum periplasmic proteins with
potentially defined functions provides fresh insights into a poorly understood aspect of treponemal physiology.
At the same time, however, these findings also raise important issues regarding the use of OM preparations

for identifying rare OM proteins of T. pallidum.

Syphilis is a sexually transmitted infection caused by the
noncultivatable spirochetal pathogen Treponema pallidum. Be-
ginning as an ulcer (chancre) at the site of inoculation (usually
in the genital area), untreated disease typically progresses
through secondary (disseminated), latent, and tertiary (recru-
descent) stages (37). Despite the availability of effective anti-
microbial therapy for nearly 5 decades, syphilis remains a sig-
nificant public health problem in both industrialized and
underdeveloped countries (40, 44). Most recently, genital ul-
cers caused by syphilis have been recognized as cofactors for
the sexual transmission of human immunodeficiency virus (20).
These trends emphasize the need to identify protective immu-
nogens of 7. pallidum in order to develop a safe and effective
syphilis vaccine.

Like all spirochetes, T. pallidum is a highly motile bacterium
composed of an outer membrane (OM) which surrounds a
periplasmic space, a peptidoglycan-cytoplasmic membrane
(CM) complex, and a protoplasmic cylinder; within the
periplasmic space are the endoflagella, the structures respon-
sible for the bacterium’s distinctive motility (30). It is well
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established that the OMs of T. pallidum and gram-negative
bacteria differ markedly with respect to physical properties,
composition, and molecular architecture (12, 42, 47, 48, 62).
One of the most important differences is the strikingly lower
density of integral membrane proteins in the T. pallidumm OM
(10, 42, 47). The paucity of surface-exposed proteins is be-
lieved to explain at least in part how T. pallidum, an extracel-
lular pathogen, so successfully evades the robust humoral im-
mune responses it evokes during persistent infection (4, 25). In
contrast to the protein-deficient OM, the majority of T. palli-
dum cell envelope constituents, including integral membrane
proteins, appear to be associated with the peptidoglycan-CM
complex (17, 42, 47, 48). Interestingly, comparatively little is
known about the soluble periplasmic constituents of 7. palli-
dum (42, 55).

Since the discovery of rare T. pallidum OM proteins by
freeze-fracture electron microscopy (48, 62), molecular char-
acterization of these morphological entities has been an im-
portant goal of syphilis research (10, 47). The recent develop-
ment of improved methodologies for the fractionation of T.
pallidum and isolation of OMs has been considered a major
advance toward this objective (11, 47, 49). When protocols for
isolating T. pallidum OMs were developed, however, it was not
known which, if any, of the OM-associated polypeptides visu-
alized by sodium dodecyl sulfate-polyacrylamide gel electro-
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TABLE 1. Key oligonucleotides used in this study

Designation Sequence

Description

tlp-5'NT  5'-GCNGAYGTIGCICAYAAYGCIGAYGTNCC-3'
tlp-3'IN  5'-TTICCNCKNGCDATRAA-3’

tlp-prime  5'-ACCAGGTCGGAACGGAACACAAGG-3’

ppi-5'NT  5'-GARGARAARATGGTIMGIGARGARGG-3’

glp-5'IN  5'-GGNTAYGTNCCNGA-3’

glp-3'IN  5'-TANGTYTGNACRTANAC-3'

bmp-5B  5'-GCGGGATCCGTGAATTTATTCCGGCGTGAGCC-3’

bmp-3'E  5'-GCGAATTCTCACCAGTCGAGCACCTTGCCG-3’

T7 5'-GTAATACGACTCACTATAGGGCGAA-3'
T3 5'-GCAATTAACCCTCACTAAAGGGAAC-3’

Degenerate primer corresponding to Tlp N terminus

Degenerate primer corresponding to Tlp internal sequence

Oligonucleotide used for #lp primer extension

Degenerate primer corresponding to PpiB N terminus

Degenerate primer corresponding to GlpQ internal sequence

Degenerate primer corresponding to GlpQ internal sequence

Forward primer used to generate Bmp fusion; also contains
BamHI site

Reverse primer used to generate Bmp fusion; also contains EcoRI
site

Reverse primer used to generate ppiB duplex probe

Reverse primer used to generate ppiB probe

phoresis (SDS-PAGE) were authentic rare OM proteins, nor
did there exist immunologic reagents specific for suspected
rare OM proteins. As an alternative approach, OM-associated
proteins which appeared to be highly enriched in OM fractions
(and thus thought more likely to be rare OM proteins) were
identified and slated for subsequent genetic characterization
(10, 11, 49). In this study, we used microsequence analysis as
the basis for molecular analysis of four of these candidate rare
OM proteins, three of which were found to be newly recog-
nized treponemal polypeptides. Somewhat surprisingly, all
four candidates appear to be periplasmic constituents rather
than integral OM proteins. The discovery of T. pallidum
periplasmic proteins with potentially defined functions pro-
vides fresh insights into a poorly understood aspect of trepo-
nemal physiology. At the same time, however, these findings
also raise important issues regarding the use of OM prepara-
tions for identifying rare OM proteins of 7. pallidum.

MATERIALS AND METHODS

Bacterial strains, vectors, and construction of 7. pallidum genomic libraries.
T. pallidum was propagated by intratesticular inoculation of New Zealand White
rabbits, harvested from testes at room temperature in an enriched medium (56),
and purified by Percoll density gradient centrifugation (26). Escherichia coli XL-2
(Stratagene, La Jolla, Calif.), SOLR (Stratagene), and INVaF’ (Invitrogen, San
Diego, Calif.) were used for all cloning experiments and were cultivated in Luria
broth with or without 100 g of ampicillin per ml. PCR products were cloned into
plasmid vector pCR 2.1 (Invitrogen) or pProEx-HTb (Gibco/BRL, Bethesda,
Md.). Two T. pallidum genomic libraries were used in this study. One was
constructed in Lambda Zap II (Stratagene) as previously described (61). The
second was produced from a partial Sau3Al digest of T. pallidum DNA; frag-
ments of between 0.4 and 3 kb were gel purified and ligated into the BamHI site
of pBluescript II SK+.

Isolation of T. pallidum OMs and protein microsequence analysis. T pallidum
OMs were obtained by a previously described plasmolysis-based fractionation
procedure (49). Amino acid sequence analysis was performed at the University
of Texas Southwestern Medical Center Protein Chemistry Core Facility.
Polypeptides in OMs from 4 X 10'! treponemes were separated by SDS-PAGE
(as described below), transferred to a polyvinylidene difluoride membrane, and
stained with Ponceau S. Bands were excised for amino acid microsequencing by
automated Edman degradation (38). The internal amino acid sequence was
obtained after either trypsin or LysC digestion of the protein and separation of
the resultant peptides by high-performance liquid chromatography as previously
described (1).

Nucleotide sequence analysis. The nucleotide sequences of double-stranded
DNA templates were determined by the dideoxy chain termination method of
Sanger et al. (52) with an automated DNA sequencer (model 373A; Applied
Biosystems Inc., Foster City, Calif.) and a PRISM ready reaction DyeDeoxy
terminator cycle sequencing kit (Perkin-Elmer, Foster City, Calif.). Both DNA
strands were sequenced to ensure accuracy. To rule out possible chimeric rear-
rangements during the construction of T. pallidum libraries, PCR was used to
confirm the arrangement and contiguity of open reading frames (ORFs), as
predicted by the sequence data. Nucleotide and deduced amino acid sequences
were analyzed by using the MACVECTOR sequence analysis package (version
4.1.1; International Biotechnologies, Inc., New Haven, Conn.), Sequence Editor
(version 1.0.3; Applied Biosystems), and the University of Wisconsin Genetics
Computer Group package (version 8.1) (19). Sequence homologies were deter-

mined by using the BLAST server of the National Center for Biotechnology
Information. Multiple-sequence alignments of the various 7. pallidum OM-as-
sociated proteins and their homologs were performed by using the Genetics
Computer Group PILEUP and BESTFIT algorithms with gap weights of 3.0 and
gap length weights of 0.1. Potential transcriptional terminators were identified by
using the algorithm of Brendel and Trifonov (13).

Primer extension. RNA for primer extension analysis was extracted from
approximately 10'° freshly harvested T. pallidum spirochetes by using the Ultra-
spec RNA isolation system (Cinna/Biotecx Laboratories Inc., Houston, Tex.).
Primer extension was performed as previously described (45, 63).

Generation of recombinant Bmp. The portion of basic membrane protein
(Bmp) encoding amino acids 30 to 361 (18) was amplified from 7. pallidum DNA
with primer pair bmp-5'B and bmp-3'E (Table 1) and directionally cloned into
the BamHI and EcoRlI sites of pProEx-HTB. The resulting Hiss-Bmp fusion was
purified with a nickel resin and then cleaved with rTEV protease according to the
instructions of the manufacturer (Gibco/BRL).

Generation of anti-Bmp antiserum. Two 6-week-old Sprague-Dawley rats
were primed by intraperitoneal injection with 15 pg of Bmp in a 1:1 mixture of
phosphate-buffered saline (PBS; pH 7.4) and Freund’s complete adjuvant. This
was followed 4 and 6 weeks later by intraperitoneal booster injections consisting
of 10 pg of antigen in a 1:1 mixture of PBS and Freund’s incomplete adjuvant.

Triton X-114 phase partitioning. 7. pallidum (10°) was solubilized for 2 h with
agitation at 4°C in 1 ml of 2% Triton X-114 in PBS. The insoluble material was
removed by centrifugation for 15 min in a microcentrifuge, and the supernatant
was phase separated as previously described (14). The proteins in the aqueous
and detergent-enriched phases were concentrated by acetone precipitation prior
to SDS-PAGE.

SDS-PAGE and immunoblot analysis. Samples were boiled for 5 min in final
sample buffer consisting of 62.5 mM Tris-HCI (pH 6.8), 10% glycerol, 5%
(vol/vol) 2-mercaptoethanol, and 0.001% bromophenol blue prior to electro-
phoresis through 2.4% stacking and 12.5% separating SDS-polyacrylamide gels.
Gels were either stained with Coomassie brilliant blue or transferred electro-
phoretically to 0.2-pm-pore-size nitrocellulose (Schleicher and Schuell, Keene,
N.H.) for immunoblotting. Immunoblots were incubated with a 1:500 dilution of
rat anti-Bmp antiserum, followed by sequential incubations with 1:1,000 dilutions
of horseradish peroxidase conjugates of goat anti-rat and rabbit anti-goat immu-
noglobulins (Zymed Laboratories, Inc., South San Francisco, Calif.). Blots were
developed with 4-chloro-1-naphthol as the substrate.

Nucleotide sequence accession numbers. The GenBank accession numbers for
the T. pallidum genomic fragments containing the tlp, ppiB, and glp genes are
U95250, U97573, and U95744, respectively.

RESULTS AND DISCUSSION

Candidate rare OM proteins in 7. pallidum OM fractions.
Because of the paucity of information and reagents for poten-
tial OM proteins in 7. pallidum, we began our molecular char-
acterization studies by identifying a subset of OM-associated
proteins which appeared to be enriched in OM fractions com-
pared to cell cylinders and whole cells (49). These molecules,
the candidate rare OM proteins (Fig. 1), were selected for
further analysis on the assumption that one or more may be the
low-density intramembranous particles visualized during
freeze-fracture electron microscopy of intact treponemes and
T. pallidum OM preparations (48, 49). TpLRR, a candidate
with an apparent SDS-PAGE mobility of 26 kDa, has already
been characterized and localized to the periplasmic space (55).
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FIG. 1. Polypeptide profile of T. pallidum OM fractions. T. pallidum OMs,
obtained from 7 X 10° spirochetes, were separated on an SDS-12.5% polyacryl-
amide gel and stained with silver. Asterisks on the left indicate previously iden-
tified candidate OM proteins (49). The designations on the right are those for
previously characterized T. pallidum polypeptides (8, 28, 42, 55) and the three
novel candidates (Tlp, PpiB, and GlpQ) characterized in this study. Molecular
mass markers (in kilodaltons) are shown on the left.

Although it was a major constituent in our OM fractions (Fig.
1), Tromp1 (8) was not designated a candidate in our prior
study because it did not appear to be enriched in OM fractions
(49). This assignment is supported by recent evidence that
Trompl is anchored to the 7. pallidum CM by an uncleaved
signal peptide, where it most likely functions as a substrate-
binding protein component for an ABC transporter (hence,
the alternative designation of transport-related operon protein
A or TroA [Fig. 1]) (2, 28). To pursue the analysis of additional
candidates, automated Edman degradation was used to obtain
amino acid sequence information from the OM-associated
proteins with apparent molecular masses of 19, 27, 38, and 38.5
kDa (designated Tlp, PpiB, Bmp, and GlpQ, respectively [Fig.
1]).

Thioredoxin-like protein (Tlp). Both N-terminal and inter-
nal (a LysC digestion product) sequences were obtained for
the 19-kDa OM-associated protein (Fig. 2A). No matches were
found for either in protein databases, suggesting that they were
derived from a novel treponemal polypeptide. Degenerate for-
ward and reverse primers tlp-5'NT and tlp-3'IN (Table 1),
respectively, were used to amplify a 323-bp fragment from T.
pallidum chromosomal DNA. Nucleotide sequence analysis of
this fragment revealed that the coding sequences immediately
downstream from the forward and reverse primers were exact
matches for amino acids which had been identified by micro-
sequencing but not included in the primers (Fig. 2A). This
confirmed that the amplicon was in fact derived from the gene
of interest. The PCR product was used to screen a T. pallidum
genomic library in Lambda Zap II.

A single 200-amino-acid ORF was identified within the
858-bp sequence obtained from the insert of one hybridizing
clone. However, this ORF’s translational start (the ATG at bp
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77 to 79) was deemed to be problematic because there was no
ribosomal binding site (RBS) immediately upstream and the
predicted 33-amino-acid leader sequence was atypical in sev-
eral respects for a signal peptide (60). Therefore, primer ex-
tension (with oligonucleotide tlp-primer [Table 1]) was per-
formed to help determine whether this ATG was the true
translational start. As shown in Fig. 3, the start of transcription
was found to be the same A at bp 77 which originally had been
thought to be part of the translational start codon. Based upon
this finding, the GTG at bp 122 to 124 was selected as the
probable translational start (Fig. 2A). It is worth noting that
two other T. pallidum proteins (Tpp47 and TpN50) are be-
lieved to be synthesized from GTG translational start codons
(27, 63). The revised ORF (Fig. 2A) codes for a polypeptide of
185 amino acids, including an 18-amino-acid signal peptide.
The mature polypeptide has a calculated molecular weight of
18,548 and a theoretical pI of 8.3. Searches of the region
upstream from the predicted RBS failed to identify any se-
quences which were good matches for consensus o', 6°2, ™%,
and o*® promoter elements. It was noted, however, that the
6-bp sequence at positions 65 to 70 matched the ¢>® (¢° or
RpoS) consensus at 4 of 6 positions (Fig. 2A) (57). No good
rho-independent transcriptional termination signals were
found downstream of the coding sequence.

A BLASTP search revealed that the 19-kDa protein showed
a high degree of sequence relatedness to known or presump-
tive prokaryotic disulfide oxidoreductases. The best matches
were with ORFX14 of Bacillus subtilis (51% similar and 28%
identical), TIpA of Bradyrhizobium japonicum (52% similar
and 29% identical), and HelX of Rhodobacter capsulatus (54%
similar and 31% identical). The latter two are periplasmic
proteins which have previously been shown to be essential for
the biogenesis of c-type cytochromes, which also are periplas-
mic (6, 36). The prediction of functional similarities between
these polypeptides and the 19-kDa T. pallidum OM-associated
protein was strengthened by the identification in the trepone-
mal homolog of a sequence (W-C-P-P-C-R) at amino acids 81
to 86 (Fig. 2A) which matches the consensus (W-C-X-P-C-R)
for the active site of a prokaryotic thioredoxin (6). Further-
more, when a multiple-sequence alignment was performed, it
was apparent that the putative active sites of Tlp and the B.
japonicum and R. capsulatus homologs were similarly located
within the central, most highly conserved regions of the pro-
teins (data not shown). Based upon these findings and pending
further biochemical and/or genetic complementation studies,
the OM-associated protein was designated Tlp (for thiore-
doxin-like protein). By using the algorithm of Kyte and
Doolittle (34), hydrophilicity analysis revealed that the mature
protein is predominantly hydrophilic (Fig. 2B). Therefore, like
its gram-negative homologs, Tlp is presumed to be a periplas-
mic protein.

If the tlp gene product functions as predicted by its sequence
homologies, then T. pallidum should also express periplasmic
c-type cytochromes. In this regard, it is interesting that c-type
cytochromes are induced in E. coli during cultivation under
anaerobic, nonfermentative conditions (58). T. pallidum is mi-
croaerophilic and therefore may constitutively express such
c-type cytochromes (41). In a prior study, we demonstrated
that the polypeptide portion of the 17-kDa lipoprotein im-
munogen of T. pallidum (Tpp17), which is located within the
periplasmic space (17), consists of disulfide-bonded multimers
(1). Disulfide bond formation within the periplasmic space of
E. coli and other gram-negative bacteria is catalyzed by an-
other class of oxidoreductase, represented by the protein DsbA
(5), which lacks overall sequence homology with thioredoxins
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FIG. 2. Molecular analysis of Tlp, a processed 19-kDa thioredoxin-like protein of 7. pallidum. (A) Nucleotide and deduced amino acid sequences. The proposed
o°% and Shine-Dalgarno (SD) sequences are underlined. The site of transcriptional initiation, as determined by primer extension reaction (Fig. 3), is indicated by an
arrow labeled mRNA. The SPasel cleavage site is indicated by a vertical arrow labeled SP1. The peptide sequences obtained by automated Edman degradation are
underlined; the amino acids in boldface were used to design the degenerate primers tlp-5'NT and tlp-3'IN (Table 1). The amino acids corresponding to the putative
enzymatic active site are boxed. Asterisks indicate the translational stop codon. (B) Hydrophilicity analysis of Tlp by the algorithm of Kyte and Doolittle (34) with a
window size of 7. Hydrophobic regions are below the baseline, and hydrophilic regions are above the baseline.
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FIG. 3. Determination of the transcriptional start of the #[p gene. Shown are
the primer extension product of the fl[p mRNA and the sequencing ladder of the
homologous region of the t#lp gene coding strand. Lanes loaded with individual
dideoxy sequencing reaction mixtures are labeled A, C, G, and T. The arrow
indicates the position of the primer extension product in relation to the sequenc-
ing ladder.

(6). Thus, the T. pallidum periplasmic space is predicted to
contain two types of oxidoreductases.

Peptidyl prolyl cis-trans isomerase (PpiB). Only the N-ter-
minal sequence (without database matches) was obtained for
the 27-kDa protein (Fig. 4B). Using a degenerate oligonucle-
otide probe derived from this sequence (ppi-5'NT [Table 1]),
we were unable to identify Lambda Zap II clones containing
the corresponding gene. To circumvent this problem, we uti-
lized an alternative PCR-based strategy to obtain a larger,
duplex probe (32, 33). First, a genomic library was constructed
by ligating 0.4- to 3-kb fragments from a partial Sau3AlI digest
of T. pallidum DNA into pBluescript II SK+. Next, two sepa-
rate PCRs were performed with ppi-5'NT as the forward
primer and the reverse primers derived from the T3 and T7
promoters of the vector (Table 1). A 222-bp amplicon contain-
ing a 74-amino-acid ORF was obtained with the ppi-5'NT-T7
primer pair. Immediately downstream from the sequence cor-
responding to primer ppi-5'NT was the portion of the N ter-
minus not included in the primer, thereby confirming that the
amplicon was derived from the gene of interest. This fragment
was used to screen the T. pallidum Lambda Zap II library. Four
complete ORFs and a truncated fifth ORF (Fig. 4A) were
identified within the 3,400-bp sequence obtained from a clone
which hybridized with the probe.

The ORF corresponding to the 27-kDa protein had a high
degree of sequence similarity to numerous peptidyl proline
cis-trans isomerases (PPIases), a ubiquitous group of prokary-
otic and eukaryotic enzymes which contribute to protein fold-
ing by catalyzing cis-trans isomerization about proline residues
(22). Among prokaryotic enzymes, the strongest matches were
for the cyclophilin B PPIases of Mycobacterium tuberculosis
(62% similar and 51% identical), Mycobacterium leprae (61%
similar and 46% identical), and B. subtilis (67% similar and

T. PALLIDUM CANDIDATE RARE OUTER MEMBRANE PROTEINS

4183

47% identical); hence, the designation PpiB was given to the
treponemal homolog. The translational start for the trepone-
mal ppiB gene product was predicted to be either the ATG at
positions 92 to 95 or the GTG at positions 104 to 106. The
former start seemed to be preferable because it yielded a
better RBS (Fig. 4B). With this start, the ORF codes for a
polypeptide of 215 amino acids, the first 24 of which comprise
a typical cleaved signal peptide. The molecular mass and pI of
the mature protein were predicted to be 20,598 Da and 8.3,
respectively, indicating that PpiB migrates somewhat aber-
rantly during SDS-PAGE (Fig. 1). No promoter elements were
identified upstream of the RBS, and no obvious transcriptional
terminator signals were identified downstream from the ppiB
OREF. By hydrophilicity analysis, PpiB is mainly hydrophilic
(Fig. 4C); therefore, the protein is predicted to be periplasmic.
Although the PPlase activity of the T. pallidum protein re-
mains to be demonstrated, it is tempting to speculate that like
its homologs, this enzyme functions within the periplasmic
space to facilitate proper folding of T. pallidum cell envelope
constituents.

BLASTP searches identified homologs for the other three
complete ORFs and one incomplete ORF which flanked ppiB
(Fig. 4A). The ORF designated jag codes for a 191-amino-acid
polypeptide which is 56% similar and 33% identical to the
protein encoded by the B. subtilis jag gene, which is found in a
sporulation locus. The ORF designated gidB encodes a 222-
amino-acid protein with a high degree of sequence similarity to
glucose-inhibited division B protein (GidB) (53% similar and
32% identical to GidB of E. coli, the best match). The 218-
amino-acid ORF designated ppe is 62% similar and 45% iden-
tical to the pentose-5-phosphate-3-epimerase (Ppe) of a Syn-
echocystis sp. A 60-kDa hypothetical inner membrane protein
of Haemophilus influenzae was the best match (67% similar and
41% identical) for the 167-amino-acid truncated ORF desig-
nated 60imp. However, a good match (56% similar and 28%
identical) was also made with the product of SpolllJ, a sporu-
lation gene which is immediately upstream of and transcrip-
tionally linked to jag in B. subtilis (21). Interestingly, unlike the
gidB genes of E. coli (15), B. subtilis (43), Pseudomonas putida
(43), and Borrelia burgdorferi (GenBank accession no. Z12160
and X95668), the gidB gene in T. pallidum is not linked to a
gidA homolog (which has yet to be identified). The locations of
these two genes within the 7. pallidum chromosome are of
considerable importance because of their proximity in other
bacteria to oriC, the chromosomal origin of replication (43). It
must be emphasized that the arrangement of the genes de-
picted in Fig. 4A was confirmed by PCR analysis with 7. pal-
lidum DNA as the template.

Bmp. The N terminus of the 38-kDa protein was blocked to
Edman degradation. Surprisingly, internal sequences for three
LysC digestion products (data not shown) were exact matches
for Bmp, a T. pallidum polypeptide previously shown by Dallas
and coworkers to be processed by signal peptidase I (SPasel)
(18). From an examination of the published sequence, glu-
tamine was predicted to be the first amino acid of the mature
protein (18). N-terminal glutamines can cyclize to pyrogluta-
mate, which is not susceptible to Edman degradation (23).
Because of T. pallidum’s abundance of lipoproteins, it is often
assumed that a protein with a blocked N terminus is lipid
modified. The finding for Bmp sounds a cautionary note
against such assumptions.

Bmp was reported to be a membrane protein because it was
recovered in a putative T. pallidum membrane fraction (18).
However, those experiments were performed well before the
development of contemporary methods for fractionating 7.
pallidum. Furthermore, it has never been determined whether
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Nucleotide number

70
CAACGCTGCATGGGATCAGTGGGGTAGAGACCAGAAGTGAGGGGGAAGGGCTTTACAAGCAGGTGCGGGT

140
GTGTCACACCGGGGGTGCGATATGAATACGCAGGTGTGGCGCGTCTGTGTGCGGGGTGATGTTGTTCTGCT
sD M N T Q VWU R V CV GV M L F C>

210
TCGTTGGCAGGATCGGGTGTGCGGAGGAAAAAATGGTACGCGAGGAAGGGTTGGCGGTCGCTGACGGTAT
F VvV G R I G C 1&4E E K M v R E E GL A V A D G I>

SP1 280

ATATGCGGTAATGGAAACAAATCGGGGAACGATTGTTCTCTCGCTTTTTTTTGAAAAGGCGCCGCTTACG
Yy A VM ETNR G T I VL 8§ L F F E K A P L T>

350
GTGTGTAATTTTGTGGGGTTAGCAGAGGGAACGTTGGCGEGTGTGCAAGGGTCGTCCTTTTTATCAGGGGT
v ¢ N F VG L A EGTULAV CE KGR P F Y Q G

420
TAACGTTTCACCGTGTTATCAAAGATTTTATGATCCAGGGGGGAGACCCGCAGGGAAATGGGACGGGAGG
L T F H RV I KDVFMTI OQGGD P OQGNG T G G

490
TCCTGGCTATCAATTCCCCGATGAATGTGATCCTGCGTTGCGACACGACAGCCCAGGAGTGTTGTCAATG
P G Y 9 F P DECDU®PATLRHEDS P G V L S M

560
GCGAATGCAGGACCAGGAACGAACGGTTCGCAGTTTTTTATTACCCACGTGGCTACGCCGTGGTTGGATG
AANAG P G T NG S QF F I T HV A T P W L D>

630
GAAAGCATACCGTGTTTGGCAAAGTCGTTGAGGGTATGCGAAGTGGTGCATGCAATTATAGCGGGAGATAC

G K H T VvV F G K V V EGMEV V HA I I A G D T>

700
GATTCGCTCACTCAAAATAGTGCGCCGTGGTGCGGCAGCGAAGCGTTTTGTCTGCGATCAGGCGCAGTTC
I R S L K I vV R R G A A A KR F V C D Q A Q F>

770
GACCAGCTGCGAAAACGGGTATCCGCAGCGTCCAAATAATGGGCATGCCGTTTGTATGTTCTCCTCTCTG
D Q L R K R V 8§ A A § K ***
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FIG. 4. Molecular analysis of PpiB, a T. pallidum cyclophilin B peptidyl prolyl cis-trans isomerase homolog. (A) Schematic diagram of ppiB and flanking genes.
60imp, jag, gidB, and ppe denote T. pallidum homologs for (i) a gene encoding an H. influenzae hypothetical 60-kDa inner membrane protein, (ii) the spolllJ-associated
gene of B. subtilis, (iii) the glucose-inhibited division protein B gene of E. coli, and (iv) the pentose-5-phosphate-3-epimerase gene of E. coli, respectively. Arrows
indicate the directions of transcription. (B) Nucleotide and deduced amino acid sequences of ppiB and the corresponding protein. The proposed Shine-Dalgarno (SD)
sequence is underlined. The SPasel cleavage site is indicated by a vertical arrow labeled SP1. The peptide sequences obtained by automated Edman degradation are
underlined; the amino acids in boldface were used to design the degenerate primer ppi-5'NT (Table 1). Asterisks indicate the translational stop codon. (C)
Hydrophilicity analysis of PpiB with a window size of 7; hydrophobic regions are below the baseline, and hydrophilic regions are above the baseline.

Bmp possesses the amphiphilicity characteristic of an integral
membrane protein. To address this issue, we used a monospe-
cific polyclonal antiserum to probe 7. pallidum whole cells
after solubilization in Triton X-114 and phase partitioning
(14). As shown in Fig. 5, Bmp partitioned exclusively into the
aqueous phase. Consistent with this finding, Kyte-Doolittle
analysis predicted that Bmp is predominantly hydrophilic (data
not shown). These two pieces of information, coupled with the
knowledge that Bmp is processed by SPasel, suggest that it too
is periplasmic.

Bmp was discovered in the mid-1980s by screening a T.
pallidum genomic library with human syphilitic serum (18).
During that period of treponemal research, it was uncommon
to find matches in databases for newly sequenced 7. pallidum
genes and proteins. Consequently, it was of interest to see
whether a putative function for Bmp could be deduced by
searching contemporary databases; no significant matches
were found. This situation, that is, a lack of homology with
proteins in the database, pertains to a number of other T.
pallidum proteins which were also originally identified by their
reactivities with syphilitic serum (42).

Glycerophosphodiester phosphodiesterase (GIpQ). The N
terminus of the 38.5-kDa protein was blocked to Edman deg-
radation. However, sequences for two internal tryptic frag-
ments were obtained (Fig. 6B). With degenerate primers de-
rived from these sequences (glp-5'IN and glp-3'IN [Table 1]),
a 509-bp fragment was amplified. After sequence analysis con-
firmed that the amplicon was derived from the gene of interest,
it was used to screen the Lambda Zap II genomic library.
Three complete ORFs were identified within the 2,204-bp se-
quence obtained from the insert of the hybridizing clone se-
lected for further analysis (Fig. 6A).

The 356-amino-acid ORF corresponding to the 38.5-kDa
OM-associated protein (Fig. 6B) was an extremely strong
match for the glycerophosphodiester phosphodiesterase
(GlpQ) of H. influenzae (75% similar and 55% identical) and
that of E. coli (72% similar and 51% identical). This enzyme,
a member of the glp regulon involved in the catabolism of

WC D A |

45-

30-

FIG. 5. Amphiphilic analysis of native Bmp. T pallidum (10°) was solubilized
in 2% Triton X-114 and phase partitioned. Polypeptides in whole cells (WC),
detergent-enriched phase (D), aqueous phase (A), and Triton X-114-insoluble
material (I) were separated on an SDS-12.5% polyacrylamide gel, transferred to
nitrocellulose, and immunoblotted with a 1:500 dilution of rat anti-Bmp anti-
serum generated with recombinant Bmp. Molecular mass markers (in kilodal-
tons) are shown on the left.

glycerol and glycerol-3-phosphate (G3P), hydrolyzes deacy-
lated phospholipids to alcohol plus G3P (35, 39). A weaker,
though still highly significant, match was obtained for the re-
cently described Borrelia hermsii GlpQ (63% similar and 41%
identical), which interestingly was also identified in OMs ob-
tained from that spirochete (53, 54). The T. pallidum GlpQ
polypeptide has a typical 20-amino-acid signal sequence termi-
nated by a putative SPasell cleavage site (L-V-A-G-C) (Fig.
6B); lipid modification is also consistent with the protein’s N
terminus being blocked to Edman degradation. Cleavage of
this signal peptide results in a mature protein of 38,957 Da
(exclusive of lipids), which, like Tlp, PpiB, and Bmp, is pre-
dicted to be relatively basic (theoretical pI of 9.12). In E. coli,
GlpQ is synthesized as a precursor containing an SPasel cleav-
age site (59). The H. influenzae enzyme has previously been
shown to be lipid modified, and that of B. hermsii is presumed
to be a lipoprotein (31, 54). As shown in Fig. 6C, Kyte-
Doolittle analysis revealed that the GlpQ of T. pallidum is
highly hydrophilic (Fig. 6C).

Ninety-nine base pairs upstream from the translational start
codon of GlpQ was a 216-amino-acid ORF with homology to a
number of bacterial phosphatidylglycerophosphate synthases
(PgsA), enzymes which catalyze the committed step in the
biosynthesis of acidic phospholipids (50) (Fig. 6A). The best
match was for the PgsA protein of B. subtilis (58% similar and
32% identical). Hydrophilicity analysis predicted that similar
to the PgsA of E. coli (50), the treponemal homolog possesses
multiple hydrophobic domains consistent with a polytopic in-
tegral CM protein (data not shown). No promoter elements
could be identified in front of glpQ. However, appropriately
located putative o’° promoter elements were found upstream
of the pgsA translational start (data not shown). This finding,
along with the lack of a transcriptional terminator in the in-
tergenic region, suggests that glpQ and pgsA4 are transcription-
ally linked. In E. coli, B. subtilis, H. influenzae, and B. hermsii,
the glpQ gene is in close proximity to the gene (glpT) which
codes for the G3P transporter, whereas pgs4 (which is not a
member of the glp regulon) is located elsewhere on the chro-
mosomes of the respective organisms (7, 24, 29, 54, 59). Given
that G3P cannot passively traverse the CM, the existence of a
T. pallidum homolog for GlpQ leads us to predict that the
spirochete that causes syphilis also possesses a GlpT homolog.
Because only 39 bp downstream of glpQ were sequenced, no
statements about linkage with other members of the glp regu-
lon or the presence of transcriptional terminators can be made.

The ORF upstream of pgsA codes for a 67-amino-acid pro-
tein with a high degree of sequence relatedness to ribosomal
protein L31 (Fig. 6A); the strongest match (77% similar and
55% identical) was for the H. influenzae homolog. The pres-
ence of possible ¢’° promoter elements in front of this ORF
suggests that it is separately transcribed from the putative
PpgsA/glpQ operon (data not shown).

T. pallidum OM fractions and the quest for rare OM pro-
teins—a reappraisal. The primary objective of this study was
to determine whether one or more candidates in our OM
preparations are bona fide rare OM proteins of T. pallidum.
Three of the candidates, Tlp, PpiB, and Bmp, do in fact possess
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70
ACTGAAGGTAGGATCAGCGCTCAGTGGAGATATGCGGCGTGCTACTATGCACGGTGACGATCTGTGCATT

140
CTATAACAGGGGAGGAGAGAAGTTTATGCGGGGAACATATTGTGTGACGCTTTGGGGGGGGGTGTTTGCG
sD M RRG T Y C VT L W G G V F A>

210

GCA'TGGTTGCAGGCTGTIGCGTCCGAACGTATGATAGTTGCGTATCGGGGCGCTGCAGGATATGTGCCCG
AlL VvV A G C|]A S E R M I V A Y R G A A G Y V P>

280
AGCACACCTTTGCCTCGAAAGTTCTTGCTTTTGCACAAGGAGCAGATTACCTGCAGCAGGATGTCGTGCT
E H T F A S KV L A F A Q G ADVY L Q Q D V V L>

350
TTCAAAGGATAATCAGCTTATCGTAGCGCAAAGCCATATTCTGGATAATATGACTGACGTGGCAGAAAAA
S K D NQ L I VA Q S H I LD NM_MMTDV A E K>

420
TTTCCACGCCGGCAGCGTGCGGATGGGCATTTCTATGTCATAGATTTTACGGTAGAAGAACTTTCCCTCC
F P R R Q R A DGHU F Y V I DV F TV EE L S L>»

490
TCCGTGCAACCAATAGTTTCTATACGCGCGGTAAGCGACATACGCCGGTGTATGGCCAGCGCTTTCCTCT
L R A T NS F Y TR G K RHT PV Y G Q R F P L>

560
TTGGAAGCCTGGTTTTAGGCTGCACACTTTTGAAGAGGAGTTGCAGTTTATCCGTGGGTTGGAACAGACA
W K P G F R L HTF E EEL Q F I R G L E Q T>

630
ACCGGGAAAAAGATTGGAATTTACTCTGAAATAAAGGTGCCGTGGTTTCATCATCAGGAAGGAAAAGACA
T G K K I G I Y 8 E I KV P W F HHQ E G K D>

700
TCGCAGCGCTTACCCTCGCTCTGTTGAAAAAATACGGTTACCAAAGTCGATCGGATCTAGTGTATGTGCA
I A AL TULAULULI KU KY GY Q S R S D UL V Y V 0O

770
AACGTATGATTTTAACGAGCTGAAGCGTATCAAACGAGAACTTTTACCAAAGTACGAAATGAACGTGAAG
T ¥ D F N EL K R I KREULUL P K Y E M N V K>

840
CTGATTCAGCGTGTTGCTTACACAGATCAACGTGAAACACAGGAGAAGGACTCGCGTGGGAAATGGATAA
L I Q¢ RV A Y T D OQIRETQEI KD S R G K W I>

910
ACTACAATTACAATTGGATGTTTGAGCCCGGTGGTATGCAGAAAATAGCAAAATATGCAGACGGCGTGGG
N Y NY NWMU FE P G G M Q K I A K Y A DG V G

980
TCCTGACTGGAGGATGCTCATAGAGAATGAATGGTCGAAGGTGCGCGCTGTTCGCCTGAGTCCGATGGTT
P D WRMUL I ENEW S KV G A YV RUL S P M V>

1050
TCTGCAATCCAAGATGCGAAATTGGAATGTCATGTGCACACGGTACGGARAGARACACTGCCTAGCTACG
S A I 9 D A K VL ECHV HTVRI KETUL P S Y>

1120
CGCGCACCATGGACGAGATGTTTTCCATTTTGTTCAAACAGACGGGCGCAAACGTGGTGCTCACGGATTT
A R TMDEMY F S I L F K Q T G ANV V L T D F>

1190
TCCTGATCTTGGGGTAAAGTTTCTGGGCAAACCCGCCCGCTATTGACCGGCTTCTGTGTAGTCCAGGCGA
P DL GV K F L G K P A R Y ***
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FIG. 6. Molecular analysis of gipQ, the glycerophosphodiester phosphodiesterase gene. (A) Schematic diagram of glpQ and upstream genes encoding phosphati-
dylglycerophosphate synthase (pgsA4) and 50S ribosomal protein L31 (rL31). Arrows indicate the directions of transcription. (B) Nucleotide and deduced amino acid
sequences of glpQ. The proposed Shine-Dalgarno (SD) sequence is underlined. The putative GlpQ SPasell processing site is boxed. The peptide sequences obtained
by automated Edman degradation of internal tryptic fragments are underlined. The amino acids in boldface were used to design the degenerate primers glp-5'IN and
glp-3'IN (Table 1). Asterisks indicate the translational stop codon. (C) Hydrophilicity analysis of GlpQ with a window size of 7; hydrophobic regions are below the

baseline, and hydrophilic regions are above the baseline.

some properties typical of OM proteins of gram-negative bac-
teria. All three are synthesized with leader peptides cleaved by
SPasel, and all three lack hydrophobic stretches long enough
to act as typical CM-spanning domains (46). Nevertheless, the
sequence homology data for Tlp and PpiB and the Triton
X-114 phase partitioning results for Bmp indicated that all
three are almost certainly periplasmic. As a putative lipopro-
tein, GlpQ would be amphiphilic due to the lipid modification
of its N terminus; as with other spirochetal lipoproteins (47),
its hydrophilic polypeptide presumably lacks transmembrane
domains and is extrinsic to the lipid bilayer.

Given the considerable time and effort required to geneti-
cally analyze these proteins, it was indeed disappointing that
none appears likely to be a rare OM protein. On the other
hand, prior to this work, little was known about nonlipidated
periplasmic proteins in 7. pallidum (42). Findings here and
elsewhere suggest that this is probably due to the fact that
these proteins are relatively low in abundance as well as poorly
immunogenic during syphilitic infection (42, 47). With the ex-
ception of the flagellar proteins, Tlp and PpiB are the first
nonlipidated periplasmic proteins with putative physiological
roles to be described for the syphilis spirochete (42). As noted
earlier, the expression of treponemal Tlp and GlpQ homologs
also implies the existence of physiologically linked genes. The
availability of the 7. pallidum genomic sequence in the near
future will determine whether these predictions are accurate.

If these four candidate polypeptides are not rare OM pro-
teins, why were they found in OM fractions? One potential
explanation is that each possesses one or more domains which
foster a stable association with the OM. With respect to GlpQ,
this would occur if the polypeptide was lipid anchored to either
the periplasmic or external leaflet of the OM. Although GlpQ
is periplasmic in E. coli (35), it is worth noting that in H.
influenzae, GlpQ (protein D) is believed to be surface exposed
in addition to being lipid modified (31, 39, 51). For two of the
nonlipoproteins, Tlp and PpiB, hydrophilicity analyses re-
vealed small hydrophobic domains which conceivably could
facilitate stable OM associations. However, the alternative ex-
planation, namely, that these candidates are contaminants
from the periplasm (i.e., Tlp, PpiB, and Bmp) or CM (i.e.,
GlpQ), also merits consideration. It is already known that T.
pallidum OM fractions obtained by either of the two published
procedures (11, 49) contain small amounts of periplasmic and
CM contaminants. As shown in Fig. 1, these contaminants may
appear to be major OM constituents when relatively large
amounts of OMs are subjected to SDS-PAGE analysis. More-
over, distinguishing between authentic OM constituents and

contaminants becomes truly problematic when previously un-
characterized, low-abundance proteins are being examined.
This uncertainty is compounded by the fact that the only reli-
able method so far for detecting rare OM proteins, freeze-
fracture electron microscopy, does not permit accurate esti-
mates of the number of distinct OM protein species or their
relative abundances in whole treponemes or OM fractions. In
other words, it may be assumed incorrectly that rare OM
proteins are enriched sufficiently in OM fractions to be easily
detectable by SDS-PAGE and therefore easily distinguishable
from periplasmic and CM contaminants.

The recognition of these caveats and of their attendant risks
for misidentification of rare OM proteins has given rise to
divergent interpretations of the molecular data generated by
fractionation-based studies of candidate OM proteins. One
viewpoint is that 7. pallidum has multiple OM proteins, many
of which are among the candidates identified in OM prepara-
tions (10). Two of them, Trompl and Tromp2, have already
been described, and a third, Tromp3, is currently under inves-
tigation (8-10, 16). The alternative viewpoint, supported by
studies here and elsewhere (2, 28, 47, 55), is that most (perhaps
all) of the candidate OM proteins identified thus far are de-
rived from cellular compartments other than the OM. The
inability so far to localize native Tromps in 7. pallidum and our
recent finding that Tromp2 possesses sequence relatedness
(49% similarity and 23% identity) to FlaA (3) are also consis-
tent with this interpretation. The resolution of these discordant
notions is clearly of considerable importance for our under-
standing of T. pallidum membrane biology and its relationship
to syphilis pathogenesis.

If most candidate OM proteins are contaminants, then a
critical question is whether the use of OM preparations re-
mains a viable strategy for characterizing rare OM proteins.
This question has two possible answers. The first is affirmative,
provided that approaches can be developed to improve our
ability to select candidates for subsequent molecular charac-
terization and cellular localization. The alternative possibility
is that the low abundances of rare OM proteins in 7. pallidum
and/or OM fractions preclude the accumulation of bona fide
OM proteins in amounts sufficient for microsequencing. The
presence of unidentified extremely-low-abundance polypep-
tides in OM preparations (Fig. 1) lends credence to this pos-
sibility. If this turns out to be the case, then an entirely different
approach, most likely one employing computer-based analysis
of the T. pallidum genomic sequence to identify candidate
molecules, will be needed in the ongoing search for rare OM
protein(s) of the syphilis spirochete.



4188 SHEVCHENKO ET AL.

ACKNOWLEDGMENTS

We are indebted to Clive Slaughter, Steve Afendis, and Carolyn
Moomaw for protein microsequencing and to Taissia Popova for as-
sistance with the primer extension analysis of #p. We also express our
gratitude to Steven J. Norris (University of Texas Health Sciences
Center, Houston) for generously providing a Lambda Zap II T. palli-
dum genomic library and to Michael V. Norgard for his support and
many valuable suggestions.

This research was supported in part by Public Health Service grant
AI-26756 to J.D.R. J.D.R. was the recipient of an American Heart
Association Established Investigatorship Award.

REFERENCES

1. Akins, D. R., B. K. Purcell, M. Mitra, M. V. Norgard, and J. D. Radolf. 1993.
Lipid modification of the 17-kilodalton membrane immunogen of Trepo-
nema pallidum determines macrophage activation as well as amphiphilicity.
Infect. Immun. 61:1202-1210.

2. Akins, D. R., E. Robinson, D. V. Shevchenko, C. Elkins, and J. D. Radolf.
1997. Trompl, a putative rare outer membrane protein, is anchored by an
uncleaved signal sequence to the Treponema pallidum cytoplasmic mem-
brane. J. Bacteriol. 179:5076-5086.

3. Akins, D. R., D. V. Shevchenko, and J. D. Radolf. Unpublished observations.

4. Baker-Zander, S. A., E. W. Hook III, P. Bonin, H. H. Handsfield, and S. A.
Lukehart. 1985. Antigens of Treponema pallidum recognized by IgG and IgM
antibodies during syphilis in humans. J. Infect. Dis. 151:264-272.

. Bardwell, J. C. 1994. Building bridges: disulphide bond formation in the cell.
Mol. Microbiol. 14:199-205.

. Beckman, D. L., and R. G. Kranz. 1993. Cytochromes c¢ biogenesis in a
photosynthetic bacterium requires a periplasmic thioredoxin-like protein.
Proc. Natl. Acad. Sci. USA 90:2179-2183.

. Beijer, L., R. P. Nilsson, C. Holmberg, and L. Rutberg. 1993. The glpP and
glpF genes of the glycerol regulon in Bacillus subtilis. J. Gen. Microbiol.
139:349-359.

. Blanco, D. R., C. I. Champion, M. M. Exner, H. Erdjument-bromage, R. W.
Hancock, P. Tempst, J. N. Miller, and M. A. Lovett. 1995. Porin activity and
sequence analysis of a 31-kilodalton Treponema pallidum subsp. pallidum
rare outer membrane protein (Trompl). J. Bacteriol. 177:3556-3562.

. Blanco, D. R., C. I. Champion, M. M. Exner, E. S. Shang, J. T. Skare,
R. E. W. Hancock, J. N. Miller, and M. A. Lovett. 1996. Recombinant
Treponema pallidum rare outer membrane protein 1 (Tromp1) expressed in
Escherichia coli has porin activity and surface antigenic exposure. J. Bacte-
riol. 178:6685-6692.

10. Blanco, D. R., J. N. Miller, and M. A. Lovett. 1997. Surface antigens of the
syphilis spirochete and their potential as virulence determinants. Emerg.
Infect. Dis. 3:11-20.

11. Blanco, D. R., K. Reimann, J. Skare, C. I. Champion, D. Foley, M. M. Exner,
R. E. W. Hancock, J. N. Miller, and J. N. Lovett. 1994. Isolation of the outer
membranes from Treponema pallidum and Treponema vincentii. J. Bacteriol.
176:6088-6099.

12. Bourell, K. W., W. Schulz, M. V. Norgard, and J. D. Radolf. 1994. Treponema
pallidum rare outer membrane proteins: analysis of mobility by freeze-frac-
ture electron microscopy. J. Bacteriol. 176:1598-1608.

13. Brendel, V., and E. N. Trifonov. 1984. A computer algorithm for testing
potential prokaryotic terminators. Nucleic Acids Res. 12:4411-4427.

14. Brusca, J. S., and J. D. Radolf. 1994. Isolation of integral membrane proteins
by phase partitioning with Triton X-114. Methods Enzymol. 228:182-193.

15. Burland, V., G. Plunkett III, D. L. Daniels, and F. R. Blattner. 1993. DNA
sequence and analysis of 136 kilobases of the Escherichia coli genome:
organizational symmetry around the origin of replication. Genomics 16:551—
561.

16. Champion, C. I, D. R. Blanco, M. M. Exner, H. Erdjument-bromage,
R. E. W. Hancock, P. Tempst, J. N. Miller, and M. A. Lovett. 1997. Sequence
analysis and recombinant expression of a 28-kilodalton Treponema pallidum
subsp. pallidum rare outer membrane protein (Tromp2). J. Bacteriol. 179:
1230-1238.

17. Cox, D. L., D. R. AKins, S. F. Porcella, M. V. Norgard, and J. D. Radolf. 1995.
Treponema pallidum in gel microdroplets: a novel strategy for investigation
of treponemal molecular architecture. Mol. Microbiol. 15:1151-1164.

18. Dallas, W. S., P. H. Ray, J. Leong, C. D. Benedict, L. V. Stamm, and P. J.
Bassford. 1987. Identification and purification of a recombinant Treponema
pallidum basic membrane protein antigen expressed in Escherichia coli. In-
fect. Immun. 55:1106-1115.

19. Devereux, J., P. Haeberli, and O. Smithies. 1984. A comprehensive set of
sequence analysis programs for the VAX. Nucleic Acids Res. 12:387-395.

20. Dickerson, M. C., J. Johnston, T. E. Delea, A. White, and E. Andrews. 1997.
The causal role for genital ulcer disease as a risk factor for transmission of
human immunodeficiency virus. An application of the Bradford Hill criteria.
Sex. Transm. Dis. 23:429-440.

21. Errington, J., L. Appleby, A. Daniel, H. Goodfellow, S. R. Partridge, and
M. D. Yudkin. 1992. Structure and function of the spolllJ gene of Bacillus

wn

=2

~

o

o

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

INFECT. IMMUN.

subtilis: a vegetatively expressed gene that is essential for 8¢ activity at an
intermediate stage of sporulation. J. Gen. Microbiol. 138:2609-2618.
Galat, A. 1993. Peptidylproline cis-trans-isomerases: immunophilins. Eur.
J. Biochem. 216:689-707.

Gerbl-Rieger, S., J. Peters, J. Kellerman, F. Lottspeich, and W. Baumeister.
1991. Nucleotide and derived amino acid sequences of the major porin of
Comamonas acidovorans and comparison of porin primary structures. J.
Bacteriol. 173:2196-2205.

Gopalakrishnan, A. S., Y.-C. Chen, M. Temkin, and W. Dowhan. 1986.
Structure and expression of the gene locus encoding the phosphatidylglyc-
erophosphate synthase of Escherichia coli. J. Biol. Chem. 261:1329-1338.
Hanff, P. A., T. E. Fehniger, J. N. Miller, and M. A. Lovett. 1982. Humoral
immune response in human syphilis to polypeptides of Treponema pallidum.
J. Immunol. 129:1287-1291.

Hanff, P. A., S. J. Norris, M. A. Lovett, and J. N. Miller. 1984. Purification
of Treponema pallidum, Nichols strain, by Percoll density gradient centrifu-
gation. Sex. Transm. Dis. 11:275-286.

Hardham, J. M., and L. V. Stamm. 1994. Identification and characterization
of the Treponema pallidum tpn50 gene, an ompA homolog. Infect. Immun.
62:1015-1025.

Hardham, J. M,, L. V. Stamm, S. F. Porcella, J. G. Frye, N. Y. Barnes, J. K.
Howell, S. L. Mueller, J. D. Radolf, G. M. Weinstock, and S. J. Norris.
Identification and transcriptional analysis of a Treponema pallidum operon
encoding a putative ABC transporter system, an iron-activated repressor
protein homolog, and a glycolytic pathway enzyme homolog. Gene, in press.
Hood, D. W., M. E. Deadman, T. Allen, H. Masoud, A. Martin, J. R. Brisson,
J. C. Venter, J. C. Richards, and E. R. Moxon. 1996. Use of the complete
genome sequence information of Haemophilus influenzae strain RD to in-
vestigate lipopolysaccharide biosynthesis. Mol. Microbiol. 22:951-965.
Hovind-Hougen, K. 1983. Morphology, p. 3-28. In R. F. Schell and D. M.
Musher (ed.), Pathogenesis and immunology of treponemal infection. Mar-
cel Dekker, New York, N.Y.

Janson, H., L. O. Heden, and A. Forsgren. 1992. Protein D, the immuno-
globulin D-binding protein of Haemophilus influenzae, is a lipoprotein. In-
fect. Immun. 60:1336-1342.

Klesney-Tait, J., T. J. Hiltke, I. Maclver, S. M. Spinola, J. D. Radolf, and
E. J. Hansen. 1997. The major outer membrane protein of Haemophilus
ducreyi consists of two OmpA homologs. J. Bacteriol. 179:1764-1773.
Kroll, J. S., P. R. Langford, J. R. Saah, and B. M. Loynds. 1993. Molecular
and genetic characterization of superoxide dismutase in Haemophilus influ-
enzae type b. Mol. Microbiol. 10:839-848.

Kyte, J., and R. F. Doolittle. 1982. A simple method for displaying the
hydropathic character of a protein. J. Mol. Biol. 157:105-132.

Larson, T. J., M. Ehrmann, and W. Boos. 1983. Periplasmic glycerophos-
phodiester phosphodiesterase of Escherichia coli, a new enzyme of the glp
regulon. J. Biol. Chem. 258:5428-5432.

Loferer, H., M. Bott, and H. Hennecke. 1993. Bradyrhizobium japonicum
TIpA, a novel membrane-anchored thioredoxin-like protein involved in the
biogenesis of cytochrome aa3 and development of symbiosis. EMBO J.
12:3373-3383.

Lukehart, S. A., and K. K. Holmes. 1994. Syphilis, p. 726-737. In E. Braun-
wald, K. J. Isselbacher, R. G. Petersdorf, J. D. Wilson, J. B. Martin, and A. S.
Fauci (ed.), Harrison’s principles of internal medicine, 13th ed. McGraw Hill
Book Company, New York, N.Y.

Matsudaira, P. 1987. Sequence from picomole quantities of proteins elec-
troblotted onto polyvinylidene difluoride membranes. J. Biol. Chem. 262:
10035-10038.

Munson, R. S., Jr., and K. Sasaki. 1993. Protein D, a putative immunoglob-
ulin D-binding protein produced by Haemophilus influenzae, is glycerophos-
phodiester phosphodiesterase. J. Bacteriol. 175:4569-4571.

Nakashima, A. K., R. T. Rolfs, M. L. Flock, P. Kilmarx, and J. R. Greenspan.
1996. Epidemiology of syphilis in the United States, 1941-1993. Sex. Transm.
Dis. 23:16-23.

Norris, S. J., J. N. Miller, J. A. Sykes, and T. J. Fitzgerald. 1978. Influence
of oxygen tension, sulthydryl compounds, and serum on the motility and
virulence of Treponema pallidum (Nichols strain) in a cell-free system. Infect.
Immun. 22:689-697.

Norris, S. J., and the Treponema pallidum Polypeptide Research Group.
1993. Polypeptides of Treponema pallidum: progress toward understanding
their structural, functional, and immunologic roles. Microbiol. Rev. 57:750—
779.

Ogasawara, N., and H. Yoshikawa. 1992. Genes and their organization in the
replication origin region of the bacterial chromosome. Mol. Microbiol. 6:
629-634.

Perine, P. L. 1994. Sexually transmitted diseases in the tropics. Med. J. Aust.
160:358-363.

Porcella, S. F., K. Hagman, T. G. Popova, J. D. Radolf, and M. V. Norgard.
1996. A mgl-like operon in Treponema pallidum, the syphilis spirochete.
Gene 177:115-121.

Pugsley, A. P. 1993. The complete general secretory pathway in gram-neg-
ative bacteria. Microbiol. Rev. 57:50-108.

Radolf, J. D. 1995. Treponema pallidum and the quest for outer membrane



VoL. 65, 1997

48.

49.

50.

5L

52.

53.

54.

55.

proteins. Mol. Microbiol. 16:1067-1073.

Radolf, J. D., M. V. Norgard, and W. W. Schulz. 1989. Outer membrane
ultrastructure explains the limited antigenicity of virulent Treponema palli-
dum. Proc. Natl. Acad. Sci. USA 86:2051-2055.

Radolf, J. D., E. J. Robinson, K. W. Bourell, D. R. Akins, S. F. Porcella, L. M.
Weigel, J. D. Jones, and M. V. Norgard. 1995. Characterization of outer
membranes isolated from Treponema pallidum, the syphilis spirochete. In-
fect. Immun. 63:4244-4252.

Raetz, C. R. H., and W. Dowhan. 1990. Biosynthesis and function of phos-
pholipids in Escherichia coli. J. Biol. Chem. 265:1235-1238.

Ruan, M. R., M. Akkoyunlu, A. Grubb, and A. Forsgren. 1990. Protein D of
Haemophilus influenzae. A novel bacterial surface protein with affinity for
human IgD. J. Immunol. 145:3379-3384.

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74:5463-5467.
Schwan, T. G., M. E. Schrumpf, B. J. Hinnebusch, D. E. Anderson, Jr., and
M. Konkel. 1996. GlpQ: an antigen for serological discrimination between
relapsing fever and Lyme borreliosis. J. Clin. Microbiol. 34:2483-2492.
Shang, E. S., J. T. Skare, H. Erdjument-bromage, D. R. Blanco, P. Tempst,
J. N. Miller, and M. A. Lovett. 1997. Sequence analysis and characterization
of a 40-kilodalton Borrelia hermsii glycerophosphodiester phosphodiesterase
homolog. J. Bacteriol. 179:2238-2246.

Shevchenko, D. V., D. R. Akins, E. Robinson, M. Li, T. G. Popova, D. L. Cox,
and J. D. Radolf. 1997. Molecular characterization and cellular localization
of TpLRR, a processed leucine-rich repeat protein of Treponema pallidum,
the syphilis spirochete. J. Bacteriol. 179:3188-3195.

Editor: J. G. Cannon

T. PALLIDUM CANDIDATE RARE OUTER MEMBRANE PROTEINS

56.

57.

58.

59.

60.

61.

62.

63.

4189

Stamm, L. V., R. L. Hodinka, P. B. Wyrick, and P. J. Bassford, Jr. 1987.
Changes in the cell surface properties of Treponema pallidum that occur
during the in vitro incubation of freshly extracted organisms. Infect. Immun.
55:2255-2261.

Tanaka, K., S. Kusano, N. Fujita, A. Ishihama, and H. Takahashi. 1995.
Promoter determinants for Escherichia coli RNA polymerase holoenzyme
containing sigma 38 (the rpoS gene product). Nucleic Acids Res. 23:827-834.
Thony-Meyer, L., F. Fischer, P. Kunzler, D. Ritz, and H. Hennecke. 1995.
Escherichia coli genes required for cytochrome ¢ maturation. J. Bacteriol.
177:4321-4326.

Tommassen, J., K. Eiglmeier, S. T. Cole, P. Overduin, T. J. Larson, and W.
Boos. 1991. Characterization of two genes, glpQ and ugpQ, encoding glyc-
erophosphoryl diester phosphodiesterases of Escherichia coli. Mol. Gen.
Genet. 226:321-327.

von Heijne, G. 1990. The signal peptide. J. Membr. Biol. 115:195-201.
Walker, E. M., J. K. Howell, Y. You, A. R. Hoffmaster, J. D. Heath, G. M.
Weinstock, and S. J. Norris. 1995. Physical map of the genome of Treponema
pallidum subsp. pallidum (Nichols). J. Bacteriol. 177:1797-1804.

Walker, E. M., G. A. Zampighi, D. R. Blanco, J. N. Miller, and M. A. Lovett.
1989. Demonstration of rare protein in the outer membrane of Treponema
pallidum subsp. pallidum by freeze-fracture analysis. J. Bacteriol. 171:5005—
5011.

Weigel, L. M., M. E. Brandt, and M. V. Norgard. 1992. Analysis of the
N-terminal region of the 47-kilodalton integral membrane lipoprotein of
Treponema pallidum. Infect. Immun. 60:1568-1576.



