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extraction, suggesting that Tromp2 may also be anchored to a
subsurface location. Expression of Tromp2 in Escherichia coli
resulted in its exclusive targeting to the outer membrane and
its surface exposure. These findings indicate that Tromp2 is a
membrane-spanning outer membrane protein, the second such
protein to be identified for T. pallidum.

Based on freeze fracture analysis, the outer membrane of
the pathogenic spirochete Treponema pallidum subsp. pallidum
(herein referred to as T. pallidum) contains an extremely low
content of membrane-spanning proteins (28, 39). It has been
speculated that this property contributes to the chronicity of
syphilitic infection by permitting T. pallidum to evade host
immune defenses. Due to the low molar concentration of T.
pallidum rare outer membrane proteins (TROMPs), their
identification and isolation has been challenging. Recently, we
described a novel procedure for the isolation and purification
of the outer membrane of T. pallidum along with the identification of its constituent proteins, including 31- and 28-kDa
species (5). The 31-kDa protein, termed Tromp1, has been
cloned, sequenced, and expressed. Both native and recombinant Tromp1 (rTromp1) have porin activity, confirming that it
is a membrane-spanning outer membrane protein (3, 4).
In this study, we describe the cloning, sequencing, and expression of the gene encoding the 28-kDa outer membrane
protein, designated Tromp2. Antiserum generated to rTromp2
was used to identify native Tromp2 in cellular fractionations.
Results of immunoblot analysis after Triton X-114 extraction
and phase separation of T. pallidum indicated that Tromp2 was
detected prominently in the detergent phase, consistent with a
hydrophobic outer membrane protein. Tromp2 was also detected in the protoplasmic cylinders following Triton X-114

MATERIALS AND METHODS
Bacterial strains, plasmids, and media. T. pallidum subsp. pallidum, Nichols
strain, was maintained by testicular passage in New Zealand White rabbits as
described previously (22). T. pallidum used for all experiments was extracted
from infected animals as previously described (5) and washed once in phosphatebuffered saline, pH 7.4 (PBS). The plasmids Bluescript KS (Stratagene, La Jolla,
Calif.) and pET17b (Novagen, Inc., Madison, Wis.) were used as vectors for
cloning, sequencing, and expression of tromp2. E. coli DH5a (Bethesda Research
Laboratories, Inc., Gaithersburg, Md.) was used as the host strain for transformation with Bluescript KS recombinant plasmid DNA. E. coli BL21 DE3 pLysE
(Novagen, Inc.) was used as the host strain for transformations with pET17b
recombinant plasmid DNA. E. coli PLK-F9 (Stratagene) was used as the host
strain for infection with the lambda Zap II phage vector. E. coli SOLR (Stratagene) was used as the host strain for infection with in vivo-excised filamentous
lambda Zap II. E. coli transformants were grown at 378C in Luria-Bertani (LB)
liquid medium or on LB agar containing 100 mg of ampicillin per ml and 34 mg
of chloramphenicol per ml (LB/amp/cam; Sigma Chemical Co., St. Louis, Mo.).
Isolation, cloning, and sequencing of the tromp2 gene. The 28-kDa Tromp2
protein was prepared and sequenced as previously described for Tromp1 (4).
Analysis of two peptides, designated 28-A and 28-B, yielded the sequences
SDYEIP and DFYVFFDO, respectively. The underlined region of peptide 28-B
was used to generate an oligonucleotide having 128-fold degeneracy to be used
in identifying the gene encoding the 28-kDa protein.
Approximately 1011 T. pallidum cells were used to prepare genomic DNA as
previously described (7) for Southern blot analysis (20) and isolation of the
tromp2 gene as follows. The oligonucleotide 26-B was labeled at its 59 end with
[g-32P]ATP (5,000 Ci/mmol; Amersham Corp., Arlington Heights, Ill.) and T4
polynucleotide kinase and then purified over a Biospin 6 column (Bio-Rad
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In this study, we report the cloning, sequencing, and expression of the gene encoding a 28-kDa Treponema
pallidum subsp. pallidum rare outer membrane protein (TROMP), designated Tromp2. The tromp2 gene encodes a precursor protein of 242 amino acids including a putative signal peptide of 24 amino acids ending in
a type I signal peptidase cleavage site of Leu-Ala-Ala. The mature protein of 218 amino acids has a calculated molecular weight of 24,759 and a calculated pI of 7.3. The predicted secondary structure of Tromp2 shows nine
transmembrane segments of amphipathic beta-sheets typical of outer membrane proteins. Recombinant Tromp2
(rTromp2) was expressed with its native signal peptide, using a tightly regulated T7 RNA polymerase expression vector. Under high-level expression conditions, rTromp2 fractionated exclusively with the Escherichia coli
outer membrane. Antiserum raised against rTromp2 was generated and used to identify native Tromp2 in
cellular fractionations. Following Triton X-114 extraction and phase separation of T. pallidum, the 28-kDa
Tromp2 protein was detected prominently in the detergent phase. Alkali and high-salt treatment of purified
outer membrane from T. pallidum, conditions which remove peripherally associated membrane proteins,
demonstrated that Tromp2 is an integral membrane protein. Whole-mount immunoelectron microscopy of
E. coli cells expressing rTromp2 showed specific surface antibody binding. These findings demonstrate that
Tromp2 is a membrane-spanning outer membrane protein, the second such protein to be identified for
T. pallidum.
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into New Zealand White male rabbits without the addition of adjuvant. Four
weeks after the initial immunization, the rabbits were boosted by the same routes
with similar prepared material. Serum obtained was adsorbed 10 times with
whole-organism preparations of BL21 DE3 pLysE/pET17b.
Serum from syphilitic rabbits immune to challenge (immune rabbit serum
[IRS]) was acquired after 6 months from animals infected intratesticularly with
4 3 107 T. pallidum cells. IRS was adsorbed 10 times with sonicated and wholeorganism preparations of BL21 DE3 pLysE/pET17b.
Alkali and salt treatment of purified outer membrane from T. pallidum. The
isolation and purification of the T. pallidum outer membrane were performed as
previously described (5). Approximately 109 T. pallidum outer membrane equivalents were used for each reaction. The outer membrane was concentrated by
centrifugation at 47,800 3 g for 45 min followed by resuspension in 200 ml of
either 1% SDS, 0.1 M Na2CO3 (pH 11.5), 0.1 N NaOH (pH 11.0), or 1 M NaCl.
Following incubation for 15 min at room temperature, the samples were centrifuged at 47,800 3 g for 45 min. The supernatants were carefully removed, and the
proteins were acetone precipitated and resuspended in 15 ml of FSB. The pellets
were resuspended in 15 ml of 23 FSB. All samples were analyzed by SDS-PAGE
and immunoblotting as described below.
Black lipid bilayer experiments using rTromp2 gel purified from E. coli outer
membranes. Outer membrane fractions prepared as described above from E. coli
cells expressing rTromp2 and E. coli cells harboring a nonrecombinant pET17b
plasmid control were solubilized at room temperature for 30 min in SDS-PAGE
sample buffer consisting of 0.2% SDS, 10% glycerol, and 0.01% bromophenol
blue in 62.5 mM Tris buffer, pH 6.8. Following SDS-PAGE, the 25- to 28-kDa
region of each gel lane, determined from prestained molecular weight protein
standards (Gibco BRL), was excised with a scalpel, cut into small pieces, and
eluted overnight at 48C in 250 ml of 0.1% Triton X-100 and 100 mM NaCl. Ten
microliters from each eluted sample was separated by SDS-PAGE, transferred to
polyvinylidene difluoride nylon membranes as previously described (37), and
then probed with the adsorbed rTromp2 antiserum. Antibody-antigen binding on
immunoblots was detected with anti-rabbit immunoglobulin conjugated to horseradish peroxidase (Amersham, Buckinghamshire, United Kingdom) and the
enhanced chemiluminescence system of Amersham. Dilutions in 1 M KCl of the
remaining 240-ml samples were tested for porin activity with the black lipid
bilayer assay as described previously (1, 4, 5, 16). Pore-forming ability was
assessed by applying a voltage of 50 mV across the lipid bilayer to which samples
were added and measuring increases in conductance.
Triton X-114 extraction of T. pallidum cells. Triton X-114 extraction and phase
separation of 109 T. pallidum cells were carried out as previously described (8).
Briefly, organisms were incubated for 2 h at 48C in 1 ml of 1% Triton X-114 in
PBS, pH 7.2. Following incubation, the suspension was centrifuged for 20 min at
13,000 3 g in order to pellet the insoluble protoplasmic cylinders. Added to the
supernatant was 100 ml of 10% Triton X-114, to give a final detergent concentration of 2%. The supernatant was then incubated at 378C for 5 min, and the
aqueous and detergent phases were separated by centrifugation at 13,000 3 g for
5 min. Aqueous and detergent phases were extracted three times with 1% Triton
X-114 and PBS, respectively. Protein contained in the final aqueous and detergent phases was precipitated with 10 volumes of ice-cold acetone and resuspended in FSB. Equal amounts of each fraction were analyzed by SDS-PAGE
and immunoblotting as described above.
Immunoelectron microscopy. Whole-mount immunoelectron microscopy was
performed with E. coli cells expressing rTromp2 as follows. Five milliliters of
LB/amp/cam was inoculated with 100 ml of an overnight culture of the BL21 DE3
pLysE tromp2 transformant or a BL21 DE3 pLysE nonrecombinant pET17b
control. The cultures were grown in a shaker at 378C to an OD600 of 0.4, at which
time the cultures were induced with IPTG at a final concentration of 1 mM and
grown for an additional 2 h. After incubation, the cultures were centrifuged at
13,000 3 g for 5 min followed by resuspension of the pellets in 5 ml of PBS. The
cells from a total of 0.2 OD600 units from each suspension were pelleted by
centrifugation at 13,000 3 g for 5 min, resuspended into 50 ml of PBS, and
combined with 50 ml of adsorbed IRS. The mixtures were then incubated at 378C
in a shaker for 3 h followed by three washes involving centrifugation and resuspension in 1 ml of PBS and a final resuspension in 50 ml of PBS. For immunoelectron microscopy, Parlodion (Mallinckrodt, Inc., St. Louis, Mo.) and carboncoated 300-mesh copper grids (Ted Pella Inc., Tustin, Calif.) were floated for 15
min on 50 ml of specimen drops. The grids were washed once in PBS and then
blocked by incubation at room temperature in 0.5% bovine serum albumin
(Sigma Chemical Co.)–PBS. After the blocking step, the grids were washed three
times in PBS followed by incubation for 1 h at room temperature in goat
anti-rabbit immunoglobulin conjugated to 10-nm-diameter colloidal gold particles (Amersham) diluted 1:10 in 0.01% bovine serum albumin–PBS. The grids
were then washed five times in SCM buffer (0.15 M NaCl, 10 mM CaCl2, 10 mM
MgCl2) and two times in double-distilled water, negatively stained for 2 s in 1%
uranyl acetate, washed an additional time in double-distilled water, and then
examined in an electron microscope (JEOL 100 CX) at an 80-kV accelerating
voltage. The average number and standard deviation of bound gold particles on
test and control E. coli cells were determined by counts made from 10 organisms.
Nucleotide sequence accession number. The DNA sequence reported here has
been deposited in GenBank under the accession number U65743.
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Laboratories, Hercules, Calif.). The membrane was hybridized overnight at 378C
in hybridization buffer containing 106 cpm per ml of labeled probe. The filter was
washed at 458C in 3.0 M tetramethylammonium chloride (Aldrich)–50 mM Tris
(pH 8.0)–2.0 mM EDTA–1% sodium dodecyl sulfate (SDS) as previously described (40). EcoRI fragments of T. pallidum genomic DNA in the molecular
weight range identified by Southern blot analysis with the oligonucleotide 28-B
were ligated into the arms of the lambda ZAP II vector (Stratagene). Following
ligation of the DNA, the library was packaged, plated, and amplified according
to the manufacturer’s recommendations. Approximately 10,000 plaques were
plated, transferred to filters in duplicate, and processed as previously described
(20). The oligonucleotide 28-B was radiolabeled as described above and used for
plaque hybridizations. Positive recombinant pBluescript SK(2) clones were recovered by in vivo excision according to the manufacturer’s instructions. Following restriction mapping, appropriate DNA fragments were subcloned into
pBluescript KS and sequenced by primer walking on both strands, using the
dideoxynucleotide chain termination method described by Sanger et al. (31).
DNA and protein sequence analysis. The DNA sequence was analyzed by the
DNA Strider version 1.0 program (21). Homology searches were performed with
the FASTA and Profilesearch programs, which are found in the University of
Wisconsin Genetics Computer Group, Inc., package, version 7.0 (10). Hydrophobicity and beta-moment analysis were determined by using the Moment
program at the laboratory of David Eisenberg, Molecular Biology Institute,
University of California at Los Angeles (11).
Synthetic oligonucleotides and PCR. Oligonucleotides were synthesized with
an Applied Biosystems model 470B automated DNA synthesizer (Foster City,
Calif.). PCR was used to amplify the tromp2 gene. For generating a PCR product
encoding Tromp2 including its signal peptide, the primers used were 59-GGAA
TTCCATATGAAACAGGGCTGTTTTATG-39 and 59-CCGGAATTCTCATT
TGCCGCTCTCTCCTTCC-39 containing NdeI and EcoRI restriction endonuclease sites, respectively. PCR was performed according to the manufacturer’s
instructions by using AmpliTaq (GeneAmp; Perkin-Elmer Cetus, Foster City,
Calif.) and a programmable thermal controller (TTC-100; M. J. Research Inc.,
Watertown, Mass.). Briefly, 50-ml PCR mixtures were incubated with 5 ml of
recombinant phage stock containing the tromp2 gene as the template, 0.5 mM
primers, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2 mM MgCl2, 0.001% (wt/vol)
gelatin, 200 mM each deoxynucleotide triphosphate, and 1.25 U of AmpliTaq.
After being overlaid with 50 ml of mineral oil, the PCR mixtures were incubated
for 30 cycles, beginning with an initial denaturation step of 2 min at 948C
followed by 30 s at 948C, 30 s at 588C, 30 s at 728C, and a final extension step of
728C for 10 min. The amplification products were analyzed by agarose gel
electrophoresis and purified with Geneclean II (Bio-101, La Jolla, Calif.).
Cloning of tromp2 for expression in E. coli. The tromp2 PCR products described above were ligated into pET17b (Novagen, Inc.) previously digested with
NdeI and EcoRI. The resulting constructs were transformed into E. coli BL21
DE3 pLysE (Novagen, Inc.) with cells made competent by CaCl2 as previously
described (20).
E. coli fractionation of cells expressing rTromp2. The outer membrane, inner
membrane, and soluble fractions were isolated from E. coli expressing rTromp2
containing its export signal peptide. One hundred microliters of a 5-ml overnight
culture of a BL21 DE3 pLysE tromp2 transformant (optical density at 600 nm
[OD600] 5 2.1) was used to inoculate 5 ml of LB/amp/cam. The culture was
grown to an OD600 of 0.5 and then induced with IPTG (isopropyl-b-D-thiogalactopyranoside) at a final concentration of 1 mM for 2 h. Organisms were
centrifuged at 3,000 3 g for 15 min, and the pellet was resuspended into 5 ml of
PBS, frozen at 2208C, and then thawed at room temperature. The bacteria were
disrupted by three passages through a French pressure cell at a gauge setting of
600. The resulting disrupted bacterial suspension was centrifuged at 13,000 3 g
for 1 min in order to remove unbroken cells and then for 30 min to pellet the
total membrane fraction (the supernatant was saved and represents the total
soluble fraction). The membrane pellet was then resuspended in 1 ml of 2%
Triton X-100 in PBS and incubated for 1 h at 48C followed by 1 h at room
temperature. After incubation, the suspension was centrifuged at 13,000 3 g for
30 min. The resulting supernatant represents the inner membrane Triton X-100soluble fraction. The outer membrane pellet was washed once in 1 ml of PBS and
recentrifuged as described above. The final outer membrane pellet was resuspended into 20 ml of PBS. Purity of the inner and outer membrane fractions with
this protocol has been shown recently with antisera to the E. coli outer membrane protein OmpA and the E. coli inner membrane protein F1F0 ATPase C
subunit, respectively (4). Samples were prepared for SDS-polyacrylamide gel
electrophoresis (PAGE) by boiling for 10 min in a final sample buffer (FSB)
consisting of 4% SDS, 10% 2-mercaptoethanol, 10% glycerol, and 0.01% bromophenol blue in 62.5 mM Tris buffer, pH 6.8, or by incubating at room temperature for 30 min in 0.2% SDS, 10% glycerol, and 0.01% bromophenol blue in
62.5 mM Tris buffer, pH 6.8. Samples were then separated by SDS-PAGE
(12.5% acrylamide gels) and transferred to polyvinylidene difluoride membranes
(Millipore, Bedford, Mass.) as previously described (37).
Antisera. Antisera against E. coli outer membranes with and without rTromp2
were generated as follows. Outer membrane fractions were prepared from nonrecombinant and tromp2 recombinant in E. coli as described above. Approximately 100 mg of rTromp2 in E. coli outer membrane, as determined by SDSPAGE Coomassie blue-stained visualization, and a similar amount of control
outer membrane material were inoculated subcutaneously and intramuscularly
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RESULTS
Cloning of the tromp2 structural gene. To isolate the tromp2
gene, a mixed oligonucleotide was generated based on amino
acid sequences obtained from tryptic digestion of the native
28-kDa outer membrane protein. The mixed oligonucleotide
hybridized to a 4.2-kb EcoRI restriction fragment identified by
Southern blot analysis of T. pallidum genomic DNA (data not
shown). DNA fragments in the size range of 3 to 5 kb were
excised from the agarose gel and ligated into the lambda ZAP
II vector (Stratagene). After plating, hybridization using again
the mixed oligonucleotide identified four positive plaques
which were converted to the pBluescript SK(2) recombinant
plasmid by in vivo excision. All four clones contained the same
4.2-kb EcoRI insert. One clone, designated pTpT2-d, was chosen for further analysis. A partial restriction map of pTpT2-d
was constructed, and Southern analysis with the mixed oligonucleotide identified a region of hybridization to a 1.1-kb
BamHI-EcoRI fragment (data not shown).
DNA sequence analysis. DNA sequence analysis of the
4.2-kb insert revealed an open reading frame of 726 bp encoding a 242-residue protein of 27,216 Da (Fig. 1). A ShineDalgarno ribosome-binding sequence was identified 12 bp upstream from the ATG start codon (Fig. 1). As shown in Fig.

2A, Kyte-Doolittle hydropathy analysis of the deduced amino
acid sequence showed that the primary sequence was predominantly hydrophilic except for a 24-residue hydrophobic Nterminal region consistent with an export signal peptide. This
putative signal peptide terminates in a typical leader peptidase
I cleavage site of leucine-alanine-alanine (38), indicating that
Tromp2 is not a lipoprotein. The processed Tromp2 protein of
218 residues would have a calculated mass of 24,759 Da and a
calculated pI of 7.3. A search of the GenBank database did not
reveal any significant amino acid sequence homologies.
Further analysis of the mature protein sequence revealed
characteristics in common with other gram-negative outer
membrane proteins. Secondary structure analysis identified
nine regions of amphipathic beta-sheets, most (six of nine) of
which were reflected as peaks by hydrophobic-moment analysis
(Fig. 2B). As shown in Fig. 3, a topological outer membrane
model of Tromp2 with nine membrane-spanning regions which
conform to an alternating patter of hydrophobic residues is
proposed.
Localization of Tromp2 in T. pallidum cells following Triton
X-114 extraction and phase separation. Triton X-114 extraction of T. pallidum cells was carried out as described previously
under conditions which have demonstrated the complete sol-
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FIG. 1. Nucleotide sequence of the T. pallidum tromp2 gene. The deduced amino acid sequence is shown below the nucleotide sequence. The putative ribosomebinding site is indicated by the double-underlined sequence. Sequences obtained from the tryptic peptides are indicated by the single-underlined regions. The vertical
arrow indicates the putative position of signal peptide processing.
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ubilization of the T. pallidum outer membrane and the release
of some inner membrane-anchored lipoproteins (8, 29). A
characteristic of integral membrane proteins, including outer
membrane proteins from gram-negative bacteria, is their selective partitioning into the Triton X-114 detergent phase (36).

As shown in Fig. 4B, anti-rTromp2 serum detected Tromp2 in
whole-cell extracts (lane W) and in the detergent-phase fraction (lane D). Unlike Tromp1 (Fig. 4C, lane A), a small
amount of Tromp2 was also detected in the aqueous phase
(Fig. 4B, lane A), suggesting that the hydrophobic nature of
Tromp2 is sensitive to these extraction conditions, and was
presumably no longer folded in a hydrophobic conformation.
Again unlike Tromp1 (Fig. 4C, lane P), a small amount of
Tromp2 also remained with the protoplasmic cylinders (Fig.
4B, lane P). These findings indicate that Tromp2 is a protein
which has hydrophobic properties consistent with those of
other outer membrane proteins.
Evidence that Tromp2 is an integral membrane protein. To
demonstrate that Tromp2 was integrated rather than peripherally associated with the outer membrane of T. pallidum,
purified outer membranes were treated with alkali and high
salt concentrations, conditions which release nonintegral membrane proteins while leaving the membrane lipid bilayer structure intact (14, 18, 35). Immunoblot analysis of soluble fractions and insoluble membrane fractions revealed that Tromp2
remained anchored to the insoluble membrane fraction (Fig. 5,
lanes P) when treated with 0.1 M Na2CO3, 0.1 N NaOH, and
1.0 M NaCl. By comparison, when membranes were solubilized
with 1% SDS, Tromp2 was found in the soluble fraction (lane
S). As a further test, the same blot was incubated with antiTromp1 serum which showed results identical to those of
Tromp2 (data not shown). These findings further demonstrate
that Tromp2 and Tromp1 are integral membrane proteins.
Expression and fractionation of Tromp2 in E. coli cells. In
order to determine if rTromp2 expressed in E. coli cells can
target the outer membrane, the tromp2 gene, including its
signal peptide, was cloned into the expression plasmid pET17b
and transformed into E. coli BL21 DE3 pLysE. Based on
immunoblot analysis with anti-rTromp2 serum and IRS,
overexpression under the control of an inducible T7 promoter resulted in high levels of nontoxic expression of

FIG. 3. Proposed topology of Tromp2. Sequences within the rectangle indicate nine membrane-spanning regions having amphipathic beta-sheet structures.
Sequences above the rectangle indicate six surface-exposed loops. Sequences below the rectangle indicate regions exposed to the periplasmic space.
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FIG. 2. Kyte-Doolittle and beta-moment plots of the derived amino acid
sequence of Tromp2. (A) Kyte-Doolittle analysis. Positive values indicate regions
of hydrophobicity. (B) Beta-moment plot. Horizontal bars are predicted regions
where transmembrane segments may occur in Tromp2.
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FIG. 4. Immunoblot analysis of Triton X-114-extracted and phase-partitioned material from 109 T. pallidum cells. W, whole organisms; P, protoplasmic
cylinders; A, Triton X-114 aqueous-phase proteins; D, Triton X-114 detergentphase proteins. Shown are an amido black-stained immunoblot (A), the immunoblot probed with a 1:1,000 dilution of anti-rTromp2 serum (B), and the
immunoblot shown in panel B stripped of antibody and reprobed with a 1:1,000
dilution of anti-rTromp1 serum (C). The numbers to the left of each blot are the
molecular masses of protein standards (in kilodaltons).

rTromp2 (Fig. 6A, lane 2, and Fig. 6B, lane WO). Both native
and recombinant Tromp2 migrated at the same molecular
mass, although a small amount of rTromp2 was observed at a
slightly higher form, which may represent the unprocessed
form in E. coli. Following E. coli fractionation, rTromp2 was
exclusively detected in the outer membrane fraction (Fig. 6B,
lane OM) and not in the soluble (lane SOL) or inner membrane (lane IM) fractions. When low concentrations of SDS at
room temperature were used to solubilize the outer membrane, two higher forms of rTromp2 at approximately 50 and
75 kDa (Fig. 6B, lane OM, 0.2% SDS) resulted.
Black lipid bilayer analysis of rTromp2 isolated from the
E. coli outer membrane. Because sufficient amounts of native
Tromp2 for the porin assay cannot be obtained at this time, we
tested the recombinant form for porin activity. rTromp2 was
isolated from E. coli outer membranes by low-concentration
SDS solubilization followed by separation by SDS-PAGE. Under these conditions, E. coli porins migrate at approximately 97
to 110 kDa due to their SDS-stable trimer conformation. The
25- to 28-kDa region of SDS-PAGE-separated E. coli outer
membranes, from both the nonrecombinant control and
rTromp2-expressing clone, were excised and eluted into 0.1%
Triton X-100 and 100 mM NaCl. The recovery of rTromp2 was
confirmed by immunoblot analysis (data not shown). The
rTromp2-containing sample and the control sample were
tested for porin activity by the black lipid bilayer assay (1, 4, 5,
16). Unlike native Tromp1 or rTromp1 (3, 4), the addition of
the sample containing rTromp2 to the model membrane system resulted in only a small number of insertional events (data
not shown). A similar and greater amount of control sample
showed no porin activity. While some activity was demonstrated for rTromp2, the total number of insertional events for
rTromp2 was considerably less than expected for the amount
of protein present in the sample. Therefore, a definitive statement as to whether Tromp2 is a porin protein cannot be made
at this time.
Surface antigenic exposure of rTromp2 expressed in E. coli.
The detection of surface-exposed rTromp2 epitopes on E. coli
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FIG. 5. Immunoblot of alkali and high-salt concentration treatments of purified T. pallidum outer membrane. The outer membrane was treated with 1.0 M
NaCl, 0.1 M Na2CO3 (pH 11.5), and 0.1 N NaOH (pH 11.0) followed by
centrifugation to separate soluble material (S) from the membrane-pelleted (P)
material. As a solubilization control, the outer membrane was treated with 1%
SDS. The samples were separated on an SDS–12.5% polyacrylamide gel, transferred to Immobilon-P, and incubated with a 1:1,000 dilution of anti-rTromp2
serum. Molecular masses (in kilodaltons) of prestained protein markers are
indicated on the left.
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cells was investigated by whole-mount immunoelectron microscopy. As shown in Fig. 7B, adsorbed IRS bound to the
surface of E. coli cells expressing rTromp2 (average and standard deviation of 31.8 6 4.07 gold particles/organism). The
specificity of this reaction was demonstrated by the limited
amount of antibody binding to E. coli cells harboring a nonrecombinant plasmid control (average and standard deviation of
1.1 6 0.73 particles/organism) (Fig. 7A).
DISCUSSION
The outer membranes of spirochetes and gram-negative bacteria function as selective permeable barriers, allowing the
entrance of nutrients into the cell and at the same time pro-

tecting the cell from the harsh environment. The outer membrane of T. pallidum is unusual compared to those of gramnegative bacteria in that it contains 100-fold less membranespanning protein. Our recent ability to isolate and purify the
outer membrane of T. pallidum (5) has been a crucial step
forward in the characterization of its protein constituents as
well as in providing a foundation for future understanding of
the molecular basis of syphilis pathogenesis. In that study,
porin activity was demonstrated in the purified outer membrane of T. pallidum. Based on the fact that most porin proteins have molecular masses between 28 and 48 kDa (25), we
focused on the isolation of two outer membrane protein constituents of 28 and 31 kDa in size. We recently reported on the
cloning of the gene encoding the 31-kDa rare outer membrane
protein, designated Tromp1, and demonstrated that purified
native Tromp1 and rTromp1 showed porin activity (3, 4).
In this study, we report the cloning, sequencing, and expression of the 28-kDa rare outer membrane protein of T. pallidum, designated Tromp2. As was the case with Tromp1, conventional N-terminal amino acid sequence analysis of Tromp2
was not possible, due to the extremely small amount of
Tromp2 in the outer membrane. In fact, we estimate that the
amount of Tromp2 in the outer membrane of T. pallidum is
three- to fourfold less than that of Tromp1. In order to obtain
an amino acid sequence, internal peptide sequences were generated with as little as 10 pmol of trypsin-digested Tromp2.
The amino acid sequences obtained from Tromp2 were used to
make degenerate mixed oligonucleotides for use as probes to
identify and ultimately clone the tromp2 gene from a T. pallidum genomic library.
The tromp2 gene encodes a protein whose deduced amino
acid sequence and secondary structure is consistent with that of
an outer membrane protein. First, the predicted N-terminal
amino acid sequence is a typical procaryotic signal peptide
ending in a leader peptidase I cleavage site (38), allowing
export through the inner membrane. Next, application of the
Kyte-Doolittle algorithm indicates no strongly hydrophobic regions of the mature Tromp2 sequence, as is the case for gramnegative outer membrane proteins as well as for the two previously described pathogenic spirochetal outer membrane
porin proteins, OmpL1 from Leptospira kirschneri and Tromp1
(4, 15). Last, a beta-moment plot of the mature sequence of
Tromp2 predicted nine membrane-spanning amphipathic beta-sheet segments, similar to those found for other gram-negative outer membrane proteins, including porins (19).
Unlike rTromp1 expression (3), overexpression of rTromp2
containing its native signal peptide in E. coli was not lethal.
Results of immunoblot analysis showed that T7 RNA polymerase-induced conditions resulted in the stable expression,
export, and exclusive outer membrane localization of rTromp2.
By comparison, we have previously shown that rTromp1, which
also localizes to the outer membrane, was detected in the
soluble fraction of E. coli preparations (3). Thus, in this regard,
rTromp2 was much more efficient in outer membrane targeting
than rTromp1. The use of IRS to detect rTromp2 in these
experiments indicates that native Tromp2 is recognized by the
host immune response during the course of rabbit syphilitic
infection. We have also found by immunoblot analysis that
serum from syphilitic humans recognizes rTromp2 (data not
shown). However, like Tromp1, Tromp2 is also relatively weakly antigenic compared to the more abundant and strongly antigenic lipoproteins and endoflagellar proteins of T. pallidum.
Evidence to support the outer membrane location of
Tromp2 was demonstrated by Triton X-114 detergent extraction and phase separation of whole T. pallidum cells. It was
found that Tromp2 fractionated preferentially into the deter-
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FIG. 6. Expression of rTromp2. The gene encoding the Tromp2 protein,
including its signal peptide, was cloned into the pET17b plasmid and expressed
in E. coli cells. (A) Comparison of native Tromp2 and rTromp2. The immunoblot
contains 109 T. pallidum cells (lane 1), 5 3 108 E. coli cells expressing rTromp2
(lane 2), and 5 3 108 E. coli cells harboring a nonrecombinant plasmid control
(lane 3). (B) Fractionation of E. coli cells expressing rTromp2. The immunoblot
contains 5 3 108 E. coli whole organisms expressing rTromp2 (WO), 5 3 108 cell
equivalents of the soluble fraction (SOL), 1 3 109 cell equivalents of the inner
membrane fraction (IM), 1 3 109 cell equivalents of the outer membrane fraction (OM), and 1 3 109 cell equivalents of the outer membrane fraction solubilized at room temperature in 0.2% SDS (OM 0.2% SDS). The immunoblots in
panels A and B were probed with a 1:1,000 dilution of anti-rTromp2 serum and
IRS, respectively. The numbers to the left of each blot are the molecular masses
of protein standards (in kilodaltons).
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FIG. 7. Surface antigenic exposure of rTromp2 expressed in E. coli cells. Whole-mount immunoelectron microscopy was used to detect surface-exposed epitopes
of rTromp2. E. coli cells were incubated in serum from a syphilitic rabbit immune to challenge reinfection. Antibody bound to the surface of E. coli cells was detected
by anti-rabbit immunoglobulin G conjugated to 10-nm-diameter colloidal gold particles. (A) E. coli cells harboring a nonrecombinant plasmid control; (B) E. coli cells
expressing rTromp2. Bars, 0.2 mm.
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tein (28, 39), a finding which has explained the surface antigenic inertness (9, 13, 17, 26, 28) of this spirochete and its
relative resistance to bactericidal antibody (2, 13, 23, 24, 30).
Freeze fracture electron microscopy has demonstrated the
ability of IRS antibody to aggregate TROMPs, which has been
suggested to be a prerequisite for complement activation and
killing of T. pallidum cells (6). These studies have been extended, using serum obtained from infected animals with varying degrees of challenge immunity, and have shown that
TROMP aggregation correlates directly with the development
of challenge immunity (unpublished data). Implicit in these
findings is that TROMPs represent the key surface-exposed
targets for a protective host immune response. The ability now
to express both rTromp1 and rTromp2 with surface antigenic
exposure and in sufficient amounts provides an opportunity to
assess directly the ability of these outer membrane proteins to
elicit protective immunity in experimental syphilis. However, it
should be noted that the correct outer membrane conformation of the TROMPs may prove to be a key factor in whether
protective immunity results, as is the case for several bacterial
porins (12, 33, 34).
ACKNOWLEDGMENTS
Equal contributions to this study were made by C. I. Champion and
D. R. Blanco, who should both be considered first authors of this work.
We thank Yi-Ping Wang and Xiao-Yang Wu for their excellent
technical assistance and Jonathan T. Skare, Denise Foley, and Ellen S.
Shang for their valuable and helpful comments.
This work was supported by U.S. Public Health Service grants AI21352 and AI-29733 (to M. A. Lovett) and AI-37312 (to J. N. Miller).
REFERENCES
1. Benz, R., and R. E. W. Hancock. 1981. Properties of the large ion-permeable
pores formed from protein F of Pseudomonas aeruginosa in lipid bilayer
membranes. Biochim. Biophys. Acta 646:298–308.
2. Bishop, N. H., and J. N. Miller. 1976. Humoral immunity in experimental
syphilis. II. The relationship of neutralizing factors in immune serum to
acquired resistance. J. Immunol. 117:197–207.
3. Blanco, D. R., C. I. Champion, M. M. Exner, E. S. Shang, J. T. Skare,
R. E. W. Hancock, James 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. Bacteriol. 178:6685–6692.
4. Blanco, D. R., C. I. Champion, M. M. Exner, H. Erdjument-Bromage,
R. E. 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 (Tromp1). J. Bacteriol. 177:3556–
3562.
5. Blanco, D. R., K. Reimann, J. Skare, C. I. Champion, D. Foley, M. M. Exner,
R. E. W. Hancock, J. N. Miller, and M. A. Lovett. 1994. Isolation of the outer
membranes from Treponema pallidum and Treponema vincentii. J. Bacteriol.
176:6088–6099.
6. Blanco, D. R., E. M. Walker, D. A. Haake, C. I. Champion, J. N. Miller, and
M. A. Lovett. 1990. Complement activation limits the rate of in vitro treponemicidal activity and correlates with antibody-mediated aggregation of
Treponema pallidum rare outer membrane protein (TROMP). J. Immunol.
144:1914–1921.
7. Champion, C. I., J. N. Miller, M. A. Lovett, and D. R. Blanco. 1990. Cloning,
sequencing, and expression of two class B endoflagellar genes of Treponema
pallidum subsp. pallidum encoding the 34.5- and 31.0-kilodalton proteins.
Infect. Immun. 58:1697–1704.
8. Cunningham, T. M., E. M. Walker, J. N. Miller, and M. A. Lovett. 1988.
Selective release of the Treponema pallidum outer membrane and associated
polypeptides with Triton X-114. J. Bacteriol. 170:5789–5796.
9. Deacon, W. E., V. H. Falcone, and A. Harris. 1957. A fluorescent test for
treponemal antibodies. Proc. Soc. Exp. Biol. Med. 96:477–480.
10. Devereux, J. P., P. Haeberli, and O. Smithies. 1984. A comprehensive set of
sequence analysis programs for the VAX. Nucleic Acids Res. 12:387–395.
11. Eisenberg, D., M. Wesson, and W. Wilcox. 1989. Hydrophobic moments as
tools for analyzing protein sequences and structures, p. 635–646. In G. D.
Fasman (ed.), Prediction of protein structure and the principles of protein
conformation. Plenum Publishing Corp., New York, N.Y.
12. Elkins, C., K. B. Barkley, N. H. Carbonetti, A. J. Coimbre, and P. F.
Sparling. 1994. Immunobiology of purified recombinant outer membrane

Downloaded from jb.asm.org at UNIV OF BRITISH COLUMBIA on May 5, 2008

gent phase, although some was also detected in the aqueous
phase. These results demonstrate both a hydrophobic and a
hydrophilic nature for Tromp2 when fractionated in Triton
X-114. The fact that Tromp2 does partition to the detergent
phase indicates its hydrophobic character, which is consistent
with an outer membrane protein. The lesser amount of
Tromp2 associated with the aqueous phase may suggest that its
hydrophobic property is detergent sensitive and perhaps modified conformationally during Triton X-114 extraction. This
phenomenon has been reported for other spirochetal membrane-spanning proteins. Recently, both Probert et al. and
Skare et al. reported on surface-exposed outer membrane proteins from Borrelia burgdorferi, p66 and Oms28, respectively,
which partition into the Triton X-114 aqueous phase (27, 32).
Of further interest was the finding that Triton X-114 extraction
did not result in the complete release of Tromp2, as indicated
by the presence of Tromp2 associated with the protoplasmic
cylinders. In contrast, Tromp1 was completely released by Triton X-114 and partitioned exclusively into the detergent phase
as previously observed (4). This result may suggest a possible
interaction of Tromp2 with some subsurface molecule or structure. Alternatively, Tromp2 may not be as efficiently exported
as Tromp1, resulting in detectable amounts of Tromp2 associated with the inner membrane.
Further evidence to support the integral membrane association of both Tromp2 and Tromp1 was provided by treatment
of purified T. pallidum outer membrane with alkali and high
salt concentrations, conditions which release peripherally associated membrane proteins (14, 18, 35). Neither 1 M NaCl,
0.1 M Na2CO3 (pH 11.5), nor 0.1 N NaOH (pH 11.0) was
found to release Tromp2 or Tromp1 (data not shown) from T.
pallidum outer membrane, supporting the membrane-spanning
topology of these two proteins.
Using the black lipid bilayer porin assay, we attempted to
demonstrate porin activity with native Tromp2. However, because Tromp2 is present in such small amounts, efforts to
obtain enough purified native material for the porin assay were
unsuccessful. As an alternative approach, we tested rTromp2
in the black lipid bilayer assay, using samples from both E. coli
control outer membranes (no rTromp2) and E. coli outer
membranes with rTromp2. Single-channel conductance measurements of rTromp2 showed some activity, whereas the control had no activity. However, it was observed that the total
number of insertional events for rTromp2 was extremely small
compared to the amount of rTromp2 tested. This is in contrast
to our previous studies using both native Tromp1 and rTromp1,
where numerous insertional events were observed. One explanation may be that Tromp2 porin confirmation is detergent
sensitive. In support of this possibility, some Tromp2, but not
Tromp1, was found in the aqueous phase following phase separation with Triton X-114. As previously mentioned, unlike
rTromp1, rTromp2 expression was not found to be lethal to
E. coli, even under maximum inducing conditions. One interpretation of this result is that rTromp2 expression is not lethal
because it does not form a pore upon insertion into the E. coli
outer membranes. Taken together, a definitive statement as to
whether rTromp2 functions as a porin is not possible at this
time.
A further issue regarding the outer membrane localization
of rTromp2 was whether antigenic epitopes were surface exposed. The results of whole-mount immunoelectron microscopy in fact demonstrated specific binding to the surface of
E. coli cells expressing rTromp2, indicating that rTromp2 has
surface-exposed epitopes.
As previously mentioned, the outer membrane of T. pallidum has an extremely low content of membrane-spanning pro-

1237

1238

CHAMPION ET AL.

burgdorferi. Infect. Immun. 63:1933–1939.
28. Radolf, J. D., M. V. Norgard, and W. W. Shulz. 1989. Outer membrane
ultrastructure explains the limited antigenicity of virulent Treponema pallidum. Proc. Natl. Acad. Sci. USA 86:2051–2055.
29. Radolf, J. D., N. R. Chamberlain, A. Clausell, and M. V. Norgard. 1988.
Identification and localization of integral membrane proteins of virulent
Treponema pallidum by phase partitioning with the nonionic detergent Triton X-114. Infect. Immun. 56:490–498.
30. Radolf, J. D., T. E. Fehniger, F. Silverblatt, J. N. Miller, and M. A. Lovett.
1986. The surface of virulent Treponema pallidum: resistance to antibody
binding in the absence of complement and surface association of recombinant antigen 4D. Infect. Immun. 52:579–585.
31. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74:5463–5467.
32. Skare, J. T., C. I. Champion, T. A. Mirzabekov, E. S. Shang, D. R. Blanco,
H. Erdjument-Bromage, P. Tempst, B. L. Kagan, J. N. Miller, and M. A.
Lovett. 1996. Porin activity of the native and recombinant outer membrane
protein Oms28 of Borrelia burgdorferi. J. Bacteriol. 178:4909–4918.
33. Srikumar, R., D. Dahan, M. F. Gras, L. Saarinen, H. Kayhty, M. Sarvas, L.
Vogel, and J. W. Coulton. 1993. Immunological properties of recombinant
porin of Haemophilus influenzae type b expressed in Bacillus subtilis. Infect.
Immun. 61:3334–3341.
34. Srikumar, R., A. C. Chin, V. Vachon, C. D. Richardson, M. J. Ratcliffe, L.
Saarinen, H. Kayhty, P. H. Makela, and J. W. Coulton. 1992. Monoclonal
antibodies specific to porin of Haemophilus influenzae type b: localization of
their cognate epitopes and tests of their biological activities. Mol. Microbiol.
6:665–676.
35. Stader, J., and T. J. Silhavy. 1988. A progenitor of the outer membrane
LamB trimer. J. Bacteriol. 170:1793–1794.
36. Thwaits, R. N., and S. Kadis. 1991. Immunogenicity of Actinobacillus pleuropneumoniae outer membrane proteins and enhancement of phagocytosis by
antibodies to the proteins. Infect. Immun. 59:544–549.
37. Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets: procedure and
some applications. Proc. Natl. Acad. Sci. USA 76:4350–4354.
38. Von Heijne, G. 1985. Signal sequences. The limits of variation. J. Mol. Biol.
184:99–105.
39. Walker, E. M., G. A. Zamphigi, 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.
40. Wood, W. I., J. Gitschier, L. A. Lasky, and R. M. Lawn. 1985. Base composition-independent hybridization in tetramethylammonium chloride: a
method for oligonucleotide screening of highly complex gene libraries. Proc.
Natl. Acad. Sci. USA 82:1585–1588.

Downloaded from jb.asm.org at UNIV OF BRITISH COLUMBIA on May 5, 2008

porin protein I of Neisseria gonorrhoeae. Mol. Microbiol. 14:1059–1075.
13. Fehniger, T. E., J. D. Radolf, A. M. Walfield, T. M. Cunningham, J. N.
Miller, and M. A. Lovett. 1986. Native surface association of a recombinant
38-kilodalton Treponema pallidum antigen isolated from the Escherichia coli
outer membrane. Infect. Immun. 52:586–593.
14. Fujiki, Y., A. L. Hubbard, S. Fowler, and P. B. Lazarow. 1982. Isolation of
intracellular membranes by means of sodium carbonate treatment: application to endoplasmic reticulum. J. Cell Biol. 93:97–102.
15. Haake, D. A., C. I. Champion, C. Martinich, E. S. Shang, D. R. Blanco, J. N.
Miller, and M. A. Lovett. 1993. Molecular cloning and sequence analysis of
the gene encoding OmpL1, a transmembrane protein of pathogenic Leptospira spp. J. Bacteriol. 175:4225–4234.
16. Hancock, R. E. W. 1986. Model membrane studies of porin function, p.
187–225. In M. Inouye, (ed.), Bacterial outer membranes as model systems.
John Wiley and Sons, New York, N.Y.
17. Hovind-Hougen, K., A. Birch-Andersen, and H. A. Nielsen. 1979. Electron
microscopy of treponemes subjected to the Treponema pallidum immobilization (TPI) test. Acta Pathol. Microbiol. Scand. 87:263–268.
18. Ito, K., P. J. Bassford, and J. Beckwith. 1981. Protein localization in E. coli:
is there a common step in the secretion of periplasmic and outer membrane
proteins? Cell 24:707–717.
19. Jeanteur, D., J. H. Lakey, and F. Pattus. 1991. The bacterial porin superfamily: sequence alignment and structure prediction. Mol. Microbiol. 5:
2153–2164.
20. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular cloning: a
laboratory manual. Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.
21. Marck, C. 1988. DNA strider: A ‘C’ program for the fast analysis of DNA
and protein sequences on the Apple Macintosh family of computers. Nucleic
Acids Res. 16:1829–1836.
22. Miller, J. N., S. J. Whang, and F. P. Fazzan. 1963. Studies on immunity in
experimental syphilis. II. Treponema pallidum immobilization (TPI) antibody
and the immune response. Br. J. Venereal Dis. 39:199–203.
23. Nelson, R. A., Jr., and J. A. Diesendruck. 1951. Studies on treponemal
immobilizing antibodies in syphilis. I. Techniques of measurement and factors influencing immobilization. J. Immunol. 66:667–685.
24. Nelson, R. A., Jr., and M. M. Mayer. 1949. Immobilization of Treponema
pallidum in vitro by antibody produced in syphilitic infection. J. Exp. Med.
89:369–393.
25. Nikaido, H., and M. Vaara. 1985. Molecular basis of bacterial outer membrane permeability. Microbiol. Rev. 49:1–32.
26. Penn, C. W., and J. G. Rhodes. 1982. Surface-associated antigens of Treponema pallidum concealed by an inert outer layer. Immunology 46:9–16.
27. Probert, W. S., K. M. Allsup, and R. B. LeFebvre. 1995. Identification and
characterization of a surface-exposed 66-kilodalton protein from Borrelia

J. BACTERIOL.

