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Treponema pallidum rare outer membrane protein 1 (Tromp1) has extensive sequence homology with sub-
strate-binding proteins of ATP-binding cassette transporters. Because such proteins typically are periplasmic
or cytoplasmic membrane associated, experiments were conducted to clarify Tromp1’s physicochemical prop-
erties and cellular location in T. pallidum. Comparison of the sodium dodecyl sulfate-polyacrylamide gel
electrophoresis mobilities of (i) native Tromp1 and Tromp1 synthesized by coupled in vitro transcription-
translation and (ii) native Tromp1 and recombinant Tromp1 lacking the N-terminal signal sequence revealed
that the native protein is not processed. Other studies demonstrated that recombinant Tromp1 lacks three
basic porin-like properties: (i) the ability to form aqueous channels in liposomes which permit the influx of
small hydrophilic solutes, (ii) an extensive b-sheet secondary structure, and (iii) amphiphilicity. Subsurface
localization of native Tromp1 was demonstrated by immunofluorescence analysis of treponemes encapsulated
in gel microdroplets, while opsonization assays failed to detect surface-exposed Tromp1. Incubation of motile
treponemes with 3-(trifluoromethyl)-3-(m-[125I]iodophenyl)-diazarine, a photoactivatable, lipophilic probe,
also did not result in the detection of Tromp1 within the outer membranes of intact treponemes but, instead,
resulted in the labeling of a basic 30.5-kDa presumptive outer membrane protein. Finally, analysis of frac-
tionated treponemes revealed that native Tromp1 is associated predominantly with cell cylinders. These
findings comprise a body of evidence that Tromp1 actually is anchored by an uncleaved signal sequence to the
periplasmic face of the T. pallidum cytoplasmic membrane, where it likely subserves a transport-related
function.

Venereal syphilis is a chronic, multisystem infectious disor-
der caused by the spirochetal bacterium Treponema pallidum
subsp. pallidum (T. pallidum). Like all spirochetes, T. pallidum
is an elongated, highly motile organism that consists of a fragile
outer membrane surrounding a periplasmic space, a pepti-
doglycan-cytoplasmic membrane (PG-CM) complex, and a
protoplasmic cylinder (36). There is now a substantial body of
evidence that the outer membranes of T. pallidum and enteric
gram-negative bacteria differ considerably with respect to com-
position and molecular architecture (52, 57). One of the key
differences concerns the relative abundance of proteins with
membrane-spanning domains. Whereas outer membranes of
gram-negative bacteria contain high densities of such polypep-
tides (48), freeze-fracture electron microscopy and cell frac-
tionation studies have shown that they are sparse in T. palli-
dum, hence the designation rare outer membrane proteins (52,
57, 59, 77).

Based on the assumption that T. pallidum rare outer mem-
brane proteins are important in disease pathogenesis, molec-
ular characterization of these polypeptides has become a major
objective of contemporary syphilis research. One strategy re-
cently developed to accomplish this goal is to isolate T. palli-
dum outer membranes for partial amino acid sequencing of

candidate rare outer membrane proteins (9, 60). Using this
approach, Blanco et al. (6) identified a 31-kDa protein
(Tromp1) in isolated outer membranes which formed ion-con-
ducting channels in planar lipid bilayers. More recently, the
same investigators reported that recombinant Tromp1 ex-
pressed in Escherichia coli is surface exposed and that the
recombinant protein possesses porin-like properties (7). How-
ever, to date, no evidence for either outer membrane location
or surface exposure of native Tromp1 within motile or intact
treponemes has been presented (6, 7). Moreover, Tromp1 has
extensive sequence homology with the periplasmic substrate-
binding proteins of known ATP-binding cassette (ABC) trans-
porters and the tromp1 gene is transcriptionally linked to open
reading frames which encode homologs for ABC transporter
components which, in gram-negative bacteria, are cytoplasmic
membrane associated (30, 33). The apparent discrepancy be-
tween the studies of Blanco and coworkers (6, 7) and these
newer genetic data prompted efforts to clarify the physico-
chemical properties and cellular location of Tromp1 in T. pal-
lidum. Here we present evidence that Tromp1, rather than
being an outer membrane-spanning protein, actually is an-
chored by an uncleaved signal sequence to the T. pallidum
cytoplasmic membrane.

MATERIALS AND METHODS

Bacterial strains and plasmids. T. pallidum subsp. pallidum (Nichols strain)
was passaged by intratesticular inoculation of New Zealand White rabbits as
previously described (58). E. coli DH5a (Gibco/BRL, Gaithersburg, Md.) was
used for transformation experiments. Except where otherwise stated, strains and
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transformants were grown on yeast-tryptone agar or broth supplemented with
the appropriate antibiotic. Plasmid pGEX-4T-2 (68) (Pharmacia LKB Biotech-
nology, Piscataway, N.J.) was used for generating a Tromp1–glutathione S-
transferase (GST) fusion protein. The pCRII vector (Invitrogen, San Diego,
Calif.) was used for cloning PCR products. pSKI/pho (54) was used to construct
a Tromp1-alkaline phosphatase (PhoA) fusion for processing experiments.

Pulse-chase processing. Processing experiments were performed with E. coli
maxicells as previously described (19).

In vitro-coupled transcription-translation. DNA fragments containing the
complete tromp1 and flaA genes and promoter regions were amplified by PCR
with T. pallidum DNA as the template and the following primer pairs: forward
primer 59-TGCTTATGCGAGGAAGATCAAA-39 and reverse primer 59-CCC
ACTCAACTCTACATTCCA-39, which were used to amplify tromp1, and for-
ward primer 59-TTTGAAAGTGATGGGTAGAT-39 and reverse primer
59-CTACTGCTGCTCTTCCTGCCG-39, which were used to amplify flaA. Four
micrograms of each PCR product was gel purified and used for in vitro tran-
scription-translation with the E. coli S30 extract for linear templates (Promega,
Madison, Wis.) and [35S]methionine (Amersham, Arlington Heights, Ill.) accord-
ing to Promega’s instructions. Five microliters of each reaction mixture was
acetone precipitated, subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and transferred to nitrocellulose for immunoblot-
ting with rat anti-Tromp1 antiserum or monoclonal antibody (MAb) H9-2. T.
pallidum whole-cell lysates were run in a lane adjacent to the radiolabeled
material to compare the relative SDS-PAGE mobilities of the native Tromp1 and
FlaA polypeptides (visualized by immunoblotting) with the in vitro-radiolabeled
products. After immunoblot analysis, the nitrocellulose filters were exposed to
film, which was needle punched in several places to precisely orient the film with
respect to the immunoblot.

Production of Tromp1 fusion proteins. A cleavable Tromp1-GST fusion was
constructed by cloning a DNA fragment encoding amino acids 41 to 318 of the
reported Tromp1 sequence (6) into the BamHI and EcoRI sites of the pGEX-
4T-2 polylinker. The DNA fragment was generated by PCR with T. pallidum
DNA as the template and the following primers: 59-CGGGATCCGACGGGA
AACCCCTGGTTGTC-39 (BamHI site plus nucleotides 247 to 267) and
59-CGGAATTCCTAGCGAGCCAACGCAGCAACG-39 (EcoRI site plus nu-
cleotides complementary to bases 1083 to 1062). The resulting Tromp1-GST
fusion was purified by affinity chromatography on an agarose-glutathione matrix
according to the manufacturer’s (Pharmacia LKB Biotechnology) instructions.
The Tromp1 portion was cleaved from the fusion with thrombin as previously
described (78).

A Tromp1-alkaline phosphatase (PhoA) fusion was constructed in the vector
pSKI/pho (54) as follows. A PCR product was generated with T. pallidum DNA
and primers 59-GCTCTAGATGCTTATGCGAGGAAGATCAAATG-39 (nu-
cleotides 1 to 24 plus XbaI site) and 59-CGGGATCCGCCAATGGTGGTGAC
AACCAGGGG-39 (complementary to nucleotides 279 to 256 plus BamHI site).
The resulting product was digested to completion with the restriction enzymes
XbaI and BamHI and cloned into the pSKI/pho polylinker.

Immunological reagents. To generate polyclonal antisera directed against
Tromp1, Sprague-Dawley rats and New Zealand White rabbits were primed by
intraperitoneal and subcutaneous injection with 100 mg of the purified Tromp1-
GST fusion protein in a 1:1 mixture of Freund’s complete adjuvant. Animals
were given booster doses three times at 3-week intervals by intraperitoneal and
subcutaneous injections with 75 mg of recombinant Tromp1, which had been
cleaved and purified free of the GST moiety, in a 1:1 mixture of incomplete
Freund’s adjuvant. The titers of the anti-Tromp1 antisera were found to be
.1:5,000 when samples were immunoblotted against T. pallidum whole-cell
lysates. MAb H9-2, an immunoglobulin G1 (IgG1) isotype, was directed against
T. pallidum FlaA, the periplasmic endoflagellar sheath protein (37). Rabbit
antiserum to TpN60, the T. pallidum GroEL homolog, was generated against the
purified antigen as previously described (35).

SDS-PAGE and immunoblot analysis. Samples were boiled for 5 min in final
sample buffer consisting of 62.5 mM Tris-HCl (pH 6.8), 10% glycerol, 5%
(vol/vol) 2-mercaptoethanol, and 0.001% bromophenol blue prior to electro-
phoresis through 2.4% stacking and 10 or 12.5% separating gels. Gels were then
either stained in Coomassie brilliant blue or transferred electrophoretically to a
0.2-mm-pore-size nitrocellulose filter (Schleicher and Schuell, Keene, N.H.) for
immunoblotting. Immunoblots were incubated with 1:1,000 dilutions of rat poly-
clonal Tromp1-GST antiserum or MAb H9-2 followed by sequential incubations
with a 1:1,000 dilution of rabbit anti-rat or rabbit anti-mouse IgG-horseradish
peroxidase conjugate followed by goat anti-rabbit IgG-horseradish peroxidase
conjugate (Zymed, South San Francisco, Calif.). Immunoblots were developed
with 4-chloro-1-napthol as the substrate.

Mass spectrometry. One microgram of purified, cleaved recombinant Tromp1
was subjected to electrospray ionization and mass analysis with a Quattro II
triple-quadrapole mass spectrometer (Micromass, Altrinchan, England) in the
laboratory of Clive A. Slaughter (University of Texas Southwestern Howard
Hughes Medical Institute).

Protein sequence analysis. Amino acid sequence analysis of recombinant
Tromp1 was performed in the University of Texas Southwestern Medical Center
Protein Chemistry Core Facility. Briefly, after SDS-PAGE, proteins were trans-
ferred to a polyvinylidene difluoride membrane (Millipore Corp., Bedford,

Mass.). After visualization with Ponceau S, the bands were excised for N-termi-
nal amino acid sequencing by automated Edman degradation (45).

Assessment of porin activity by proteoliposome swelling. The porin activity of
Tromp1 was assessed in the laboratory of Hiroshi Nikaido (University of Cali-
fornia, Berkeley) by the proteoliposome-swelling assay (20, 46, 49). Graded
concentrations of stachyose, an impermeable tetrasaccharide, were used to de-
termine the isosmotic concentration of L-arabinose for 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) liposomes reconstituted with 0.4 mg of E. coli
OmpF porin, which was determined to be 180 mM. Influx of L-arabinose into
liposomes without protein, proteoliposomes containing 0.4 mg of OmpF, or
liposomes reconstituted with 5.4 or 10.8 mg of recombinant Tromp1 was mea-
sured as the change in optical density at 600 nm during a 3-min observation
period.

CD. Circular dichroism (CD) spectra were obtained on an AVIV (Lakewood,
N.J.) model 62DS spectropolarimeter, with sample temperatures being regulated
by a Hewlett-Packard model 89100A temperature controller; measurements
were taken at 25 6 0.1°C. CD spectra were obtained on 4 mM samples of Tromp1
or Neisseria gonorrhoeae porin P1A (22). Analysis of CD spectra for the recom-
binant Tromp1 cleaved from the GST moiety was performed with 10 mM phos-
phate buffer (pH 7.3) with or without 5 mM EDTA and also with 10 mM
phosphate buffer containing 0.5% SDS, 0.5% CHAPS {3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate}, or 0.6% octylglucoside. CD spectra
were obtained for the recombinant gonococcal porin P1A in 10 mM phosphate
buffer (pH 7.3) containing 0.6% octylglucoside. All CD spectra were baseline
corrected and smoothed with software provided by AVIV Associates. The self-
consistent algorithm of Sreerama and Woody (69, 70) was used to calculate the
percentages of various types of secondary structures.

Extraction and phase partitioning with Triton X-114. Extraction and phase
partitioning with Triton X-114 has been described previously (56, 58). Briefly,
freshly harvested T. pallidum (109), 10 mg of recombinant Tromp1 (cleaved from
the GST moiety), and 10 mg of the recombinant gonococcal porin P1A were each
added to a 2% solution of Triton X-114 in phosphate-buffered saline (pH 7.4)
and rocked overnight at 4°C. Triton X-114-insoluble material was then removed
by centrifugation at 20,000 3 g for 30 min. The resulting supernatants were
collected and phase separated, and the detergent-enriched and aqueous phases
were washed five times. All samples were then precipitated with 10 volumes of
ice-cold acetone for subsequent SDS-PAGE or immunoblot analysis.

Preparation of sucrose gradients. Continuous sucrose density gradients were
prepared according to the freeze-thaw procedure described by Baxter-Gabbard
(4). A 10% (wt/vol) sucrose solution was subjected to one freeze-thaw cycle by
freezing it overnight at 220°C, followed by slow thawing in an ice-water bath.
Gradient formation was determined by refractive index measurements. This
procedure results in the formation of continuous gradients of 5 to 20% sucrose.

Liposome preparation, sucrose density gradient ultracentrifugation, and ves-
icle-binding assays. Liposomes consisting of 70 mol% POPC and 30 mol%
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) were reconstituted
with and without protein according to the octylglucoside dilution-dialysis proce-
dure described by Jackson and Litman (39). All samples were prepared in 20 mM
HEPES (pH 7.4)–100 mM NaCl–1 mM dithiothreitol–0.5 mM EDTA–0.02%
NaN3. Lipid (2.5 mmol) was initially dried by a slow nitrogen purge followed by
lyophilization for at least 3 h. Solid octylglucoside, protein (recombinant
Tromp1, bacteriorhodopsin [BR; Sigma Chemical Company, St. Louis, Mo.], or
porin P1A), concentrated buffer, and water were then added to yield an initial
protein/lipid molar ratio of 1:500 at an octylglucoside concentration of 60 mM in
0.5 ml of buffer. This detergent concentration ensures complete conversion of the
sample into mixed micelles (39). Samples were bath sonicated for 1 min and then
incubated at 4°C for at least 4 h. The suspension was then diluted in buffer to a
final octylglucoside concentration of 10 mM. The vesicles were then dialyzed
extensively against buffer, after which they were concentrated with Centricon-30
(Amicon Inc., Beverly, Mass.) ultrafiltration units to about 0.5 ml and loaded
onto 5 to 20% sucrose gradients. Vesicles were centrifuged overnight at
150,000 3 g at 4°C. Lipid and protein gradient profiles were evaluated by
phospholipid assay (3) and by Coomassie brilliant blue staining of fractions
following SDS-PAGE.

The binding of Tromp1, BR, and P1A to lipid vesicles was assessed by the
procedure of Tortorella et al. (74). Vesicles containing 68.9 mol% POPC, 29.5
mol% POPG, and 1.6 mol% biotin-1,2-dihexadecanoly-sn-glycero-3-phospho-
ethanolamine were reconstituted with recombinant Tromp1, BR, or P1A as
described above. Lipid concentration was then adjusted to 1.3 mg/ml (1.7 mM)
by centricon filtration, and streptavidin was added to give a streptavidin/biotin
molar ratio of 1:8. Samples were incubated at room temperature for 30 min,
followed by centrifugation at 11,000 3 g for 20 min. The pellet and supernatant
fractions were then analyzed by SDS-PAGE and Coomassie brilliant blue stain-
ing.

Immunofluorescence analysis of T. pallidum encapsulated in gel microdrop-
lets. T. pallidum cell suspensions were encapsulated in gel microdroplets as
previously described (17). Encapsulated organisms were probed with specific
antibodies by a three-step indirect immunofluorescence technique. Briefly, 1:20
dilutions of MAb H9-2, rat anti-Tromp1-GST, and rabbit anti-GroEL were
added directly to small aliquots of beads (0.3 to 0.4 ml) in 1 ml of T. pallidum
cultivation medium (TpCM). In samples incubated with detergent, the appro-
priate volume of a 1% Triton X-100 (vol/vol) stock solution in phosphate-
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buffered saline was added to the beads immediately after the addition of the
primary antibody. The samples were incubated with gentle mixing in a 34°C water
bath. The beads were washed three times by low-speed centrifugation (100 3 g)
followed by resuspension in 3 ml of TpCM and then a 1-h incubation with
biotin-labeled goat anti-rat or goat anti-mouse. Beads were washed as described
above, resuspended in 3 ml of TpCM, and incubated with 3 mg of R-phyco-
erythrin coupled to streptavidin (Molecular Probes, Eugene, Ore.). Beads were
washed a final time and then viewed on glass slides with a Nikon Optiphot-2
fluorescence microscope equipped with 153 oculars, a dark-field condenser, and
a fluorescein filter. Samples were observed with either a 403 or a 1003 oil-
immersion objective. For each condition (i.e., antibody and detergent concen-
tration) three slides were prepared. Each slide was initially scanned to identify
representative fields, and then approximately 100 organisms were scored for
labeling (fluorescence). The results from three independent experiments were
combined and plotted as means 6 standard deviations.

Opsonization assays. Opsonization assays were performed in the laboratory of
Sheila A. Lukehart (University of Washington, Seattle) as previously described
(1, 2, 44, 66). Values obtained were analyzed by Student’s t test; P values of #0.05
were considered significant.

Labeling of T. pallidum outer membrane proteins with [125I]TID. Testicular
extracts from either uninfected or T. pallidum-infected rabbits were cleared of
eukaryotic cells and debris by two rounds of centrifugation at 1,000 3 g for 20
min. The supernatants were then centrifuged at 20,000 3 g (4°C) for 20 min, and
the resulting pellets were resuspended in cross-linking buffer consisting of 0.01 M
HEPES, 0.15 M NaCl, and 5 mM MgCl2 (pH 7.5). Fifteen microcuries of
3-(trifluoromethyl)-3-(m-[125I]iodophenyl)-diazarine ([125I]TID) (Amersham)
was added to 100 ml of each sample and then photoactivated by exposing the
mixtures for 30 min to long-wave UV light (366 nm). Cross-linked samples then
were either pelleted or subjected to Triton X-114 phase partitioning and frozen
at 270°C for subsequent analyses.

Two-dimensional NEPHGE. Two-dimensional nonequilibrium pH gel electro-
phoresis (NEPHGE) was performed as previously described (53). First-dimen-
sion NEPHGE was performed for 7 h at 400 V in 11-cm tube gels consisting of
4% pH 5 to 7 and 1% pH 3.5 to 10 ampholines (Bio-Rad Laboratories, Hercules,
Calif.). Apparent pIs were determined with pI standards (Bio-Rad Laboratories)
run under the same conditions.

T. pallidum cell fractionation. Virulent T. pallidum organisms were fraction-
ated into outer membranes and cell cylinders by the plasmolysis-based protocol
previously described (60). Individual fractions were routinely assayed for NADH
oxidase activity and immunoblotted against antibodies specific for Tpp47, FlaA,
and GroEL. Transmission electron microscopy of separately pooled outer mem-
branes and cell cylinders was performed to confirm that the outer membrane
fractions were devoid of cell cylinders and that outer membranes had been
completely removed from the cell cylinders used for the immunoblot studies with
anti-Tromp1 antiserum.

Nucleotide sequence analysis. Nucleotide sequencing of the various tromp1
fusion constructs was performed with an Applied Biosystems Inc. (Foster City,
Calif.) model 373A automated DNA sequencer and the PRISM ready-reaction
DyeDeoxy Terminator cycle sequencing kit according to the manufacturer’s
instructions.

Computer analysis. Nucleotide and deduced amino acid sequences were an-
alyzed with the MacVector sequence analysis package version 4.1.1 (Internation-
al Biotechnologies, Inc., New Haven, Conn.). Phylogenetic trees were con-
structed with the DISTANCES and GROWTREE programs in the Genetics
Computer Group (GCG) version 8.0 software package. Protein similarities and
identities were determined with the GAP program from the GCG software
package. The Haemophilus influenzae Rd adhesin B precursor (FimA) given
identification no. HI0362 (26) was used for the analysis shown in Fig. 1.

RESULTS

Tromp1 is homologous to substrate-binding proteins of bac-
terial ABC transporter complexes. The initial report describ-
ing Tromp1 (6) noted that it has sequence similarity to the
ScaA family of lipoprotein adhesins identified in gram-positive
bacteria, primarily streptococci. Other investigators have re-
ported that scaA and its homologs are contiguous to and tran-
scriptionally linked with genes encoding homologs for the in-
tegral membrane protein component(s) and ATPases of ABC
transporter complexes, suggesting that these adhesins also
have transport-related functions (24, 41, 43, 62). Interestingly,
more recent database searches revealed that Tromp1 also has
a high degree of sequence similarity with periplasmic sub-
strate-binding proteins from ABC transporters of gram-nega-
tive bacteria and Synechocystis sp. strain 6803, a cyanobacte-
rium with a dual membrane ultrastructure (Fig. 1) (30).
Furthermore, global alignment of Tromp1 and its homologs

revealed a highly conserved 13-amino-acid motif within the
amino-terminal third of each protein (30); highly conserved
motifs in other periplasmic substrate-binding proteins have
served as signature sequences which have aided in the classi-
fication of binding proteins into functionally related groups
(73).

Tromp1 contains an uncleaved signal sequence. Outer
membrane proteins are synthesized with cleavable N-terminal
signal peptides which direct export of the nascent polypeptides
across the cytoplasmic membrane (55). Experiments were per-
formed, therefore, to determine whether the hydrophobic
stretch at the N terminus of Tromp1 is cleaved.

Our first approach was to evaluate processing of Tromp1 in
E. coli maxicells (19). Because uncontrolled expression of
Tromp1 is toxic in E. coli (6), for these experiments we utilized
a construct in which the tromp1 gene was under the control of
the bacteriophage T7 promoter. However, expression of the
gene was insufficient for pulse-chase labeling experiments. In
an attempt to circumvent this problem, the Tromp1 signal
sequence plus 11 amino acids of the presumptive mature pro-
tein were expressed as a fusion with E. coli alkaline phospha-
tase (PhoA). While this fusion was well expressed, proteolytic
degradation precluded interpretable processing experiments.

As an alternative strategy, we compared the SDS-PAGE
mobility of native Tromp1 with that of Tromp1 produced in an
in vitro-coupled transcription-translation system which lacks
signal peptidase I (SPaseI) activity. FlaA, a T. pallidum
polypeptide which is synthesized with an SPaseI-cleaved leader
peptide (38), served as a control. As shown in Fig. 2A, the
SDS-PAGE mobilities of the native and in vitro-expressed
Tromp1 were identical. In contrast and as expected, the ap-

FIG. 1. Evolutionary relationship between Tromp1 and other bacterial ad-
hesin/substrate-binding proteins as determined by phylogenetic analysis with the
DISTANCE (Kimura matrix) and GROWTREE algorithms (GCG software
package). The BLAST score probabilities between Tromp1 and its homologs
range from 1.7 3 10274 for EwlA to 3.3 3 10225 for MntC. Percent similarities
and identities between Tromp1 and the other proteins are also shown in paren-
theses alongside each protein designation. E. rhusiopathiae, Erysipelothrix rhusio-
pathiae; Y. pestis, Yersinia pestis; E. faecalis, Enterococcus faecalis; S. crista, Strep-
tococcus crista; S. gordonii, Streptococcus gordonii; S. parasanguis, Streptotoccus
parasanguis; S. pneumoniae, Streptococcus pneumoniae.

5078 AKINS ET AL. J. BACTERIOL.



parent molecular mass of the in vitro-expressed FlaA was
larger than that of its native counterpart (Fig. 2A). The differ-
ence in the apparent molecular masses of the two FlaA pro-
teins (approximately 2,000 Da) correlated well with the de-
duced size of the FlaA leader peptide (1,930 Da) (38). The
results with FlaA indicate that our gel system should have
discriminated between processed and unprocessed forms of
Tromp1.

Physicochemical properties of Tromp1. Experiments were
next conducted to evaluate the physicochemical properties of
Tromp1. A major objective of these studies was to determine
whether the protein possesses characteristics typically associ-
ated with bacterial outer membrane proteins. Given the diffi-
culty in purifying large quantities of native Tromp1 under
nondenaturing conditions and without detergents, we relied
largely upon the use of a recombinant protein which consisted
of the proposed mature (i.e., processed) polypeptide (6) plus
two amino acids (G and S) derived from GST (see Materials
and Methods). Whereas integral membrane proteins typically
are insoluble in aqueous buffers (32), it seemed noteworthy, at
the outset, that recombinant Tromp1 was highly soluble in the
absence of detergents.

(i) Electrophoretic behavior. Purified recombinant Tromp1
migrated in SDS-polyacrylamide gels as a major polypeptide
with an apparent molecular mass of 31,000 Da and a minor
component(s) of 34,000 Da (Fig. 2B, lane 2). To avoid poten-
tial ambiguity in the interpretation of subsequent studies, we
first confirmed that the recombinant protein was homoge-
neous. Automated Edman degradation revealed that both the
major and minor components had the same residues in their N
termini (G-S-D-G-K-P), which corresponded to the residues
predicted from the nucleotide sequence of the tromp1-gst fu-
sion. Additionally, electrospray ionization mass spectrometry
revealed that the purified recombinant Tromp1 solution con-

tained a single protein with a molecular mass of 30,581 6 17
Da (data not shown), a value which is very close to the recom-
binant protein’s calculated molecular mass of 30,603 Da. Thus,
we concluded that the purified protein was, indeed, homoge-
neous and that the species migrating at 31,000 Da is the fully
denatured form. When the SDS-PAGE mobilities of native
and recombinant Tromp1 were directly compared, two obser-
vations were apparent: (i) as with the recombinant protein
(Fig. 2B, lane 2), a minor portion of native Tromp1 was not
fully denatured (Fig. 2B, lane 1) (note that gels needed to be
overloaded with whole-cell lysates to detect this minor form)
and (ii) the apparent molecular mass of fully denatured native
Tromp1 was 1.5 kDa larger than that of its recombinant coun-
terpart (Fig. 2B). The latter finding is consistent with results of
the in vitro transcription-translation studies showing that the
native Tromp1 signal sequence is not processed and further
supports the fact that the SDS-PAGE conditions utilized here
would have resolved a Tromp1 precursor from a processed
form of the polypeptide (which is essentially equivalent to the
recombinant protein shown in Fig. 2B, lane 2).

(ii) Channel-forming ability. Blanco et al. (7) recently re-
ported that recombinant Tromp1, which had been eluted from
polyacrylamide gels with detergents, enhanced channel con-
ductance in black lipid membranes. Therefore, we sought to
determine whether recombinant Tromp1 purified in solution
under nondenaturing conditions and without detergents pos-
sesses porin-like activity. The proteoliposome-swelling assay of
Nikaido and coworkers (20, 46, 49) was used to assess the
ability of recombinant Tromp1 to form aqueous channels ca-
pable of permitting the influx of small, hydrophilic solutes.
Transport of the pentose sugar L-arabinose (Mr, 150) was not
detected with concentrations of Tromp1 27-fold greater than
those used for the E. coli OmpF control (data not shown).

(iii) Secondary structure. CD was used to determine
whether recombinant Tromp1 contains the extensive b-sheet
secondary structure typical of a bacterial outer membrane pro-
tein (15, 28, 47, 55). Consistent with the Chou-Fasman (14)
and Garnier et al. algorithms (27), which predicted a large
amount of alpha-helical structure, the molar ellipticity values
in the far UV region (195 to 260 nm) indicated that recombi-
nant Tromp1 was nearly 80% alpha-helix and only 3% b-sheet
(Fig. 3 and Table 1). The identical CD spectrum was obtained
in the presence of 0.5% SDS, 0.5% CHAPS, or 0.6% octylglu-
coside (data not shown), indicating that the protein does not
undergo a major conformational rearrangement in an am-
phiphilic environment. Chakrabarti et al. (13) reported that
porin OmpU from Vibrio cholerae is irreversibly denatured in
the presence of EDTA. Although the CD spectrum did not
indicate that recombinant Tromp1 was denatured, we analyzed
the protein purified without EDTA; a CD spectrum identical
to that shown in Fig. 3 was again obtained (data not shown).
For comparison purposes, we also analyzed the CD spectrum
of the recombinant porin P1A from N. gonorrhoeae, which was
known to be in native conformation (22). In contrast to recom-
binant Tromp1, the CD spectrum of the recombinant gono-
coccal porin showed 45% b-sheet but only 7% alpha-helix (Fig.
3 and Table 1).

(iv) Amphiphilicity. Experiments were next conducted to
determine whether recombinant Tromp1 (which corresponds
to the presumptive integral outer membrane protein) pos-
sesses amphiphilic character. Consistent with its solubility in
aqueous solution, recombinant Tromp1 partitioned exclusively
into the Triton X-114 aqueous phase (Fig. 4B). By contrast,
native Tromp1 partitioned into the detergent-enriched phase,
as did the recombinant gonococcal porin (Fig. 4A and C,
respectively). As an additional test of amphiphilicity, we exam-

FIG. 2. (A) Native Tromp1 possesses an uncleaved signal sequence. The
SDS-PAGE mobilities of Tromp1 and FlaA produced in an in vitro-coupled
transcription-translation system (lanes 2) were compared to those of their native
counterparts identified by immunoblot analysis with rat anti-Tromp1 antibodies
or MAb H9-2 directed against T. pallidum FlaA (lanes 3). Lanes 1 contain sham
reaction mixtures lacking DNA. Note that the autoradiographs in lanes 1 and 2
and the immunoblots in lanes 3 were obtained from the same nitrocellulose
transfer containing samples run in adjacent lanes. (B) Electrophoretic behaviors
of recombinant and native Tromp1. T. pallidum whole-cell lysates (5 3 108) (lane
1) and recombinant Tromp1 lacking the N-terminal signal sequence (75 ng) (lane
2) were immunoblotted with rat anti-Tromp1 antiserum. The arrows designate
the fully denatured forms of the native and recombinant proteins. Molecular
mass standards in kilodaltons are shown at the left.
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ined Tromp1’s ability to integrate into lipid bilayers. For con-
trols, these experiments utilized BR, a well-characterized inte-
gral membrane protein with multiple membrane-spanning
domains (29), as well as gonococcal porin P1A. These two
proteins, along with recombinant Tromp1, were reconstituted
into liposomes composed of a 70:30 mixture of POPC and
POPG. After sucrose density gradient ultracentrifugation,
fractions from each gradient were analyzed by phospholipid
assay and by SDS-PAGE. Liposomes reconstituted with re-
combinant Tromp1 (Fig. 5B) were no denser than the un-
loaded control vesicles (Fig. 5A). In contrast, liposomes recon-
stituted with either BR (Fig. 5C) or the gonococcal porin P1A
(Fig. 5D) migrated considerably further into the gradient than
did the unloaded control POPC-POPG vesicles (Fig. 5A), in-
dicating that both proteins had integrated into the liposomes.
The method of Totorella et al. (74) was employed as an addi-
tional means of determining whether Tromp1 will associate
with phospholipid bilayers. POPC-POPG liposomes containing
small amounts of biotinylated phosphatidylethanolamine were
reconstituted in the presence of Tromp1, BR, or P1A, cross-
linked with streptavidin, and then centrifuged to separate li-
posomes from unincorporated protein as described in Materi-
als and Methods. Tromp1 remained exclusively in the
supernatant, while both BR and P1A sedimented with the
vesicles (data not shown).

Cellular localization of native Tromp1. Four different,
though complementary, experimental strategies were em-
ployed to establish the location of native Tromp1 within T.
pallidum.

(i) Immunofluorescence analysis. The first approach in-
volved immunofluorescence analysis of spirochetes encapsu-
lated in agarose beads. This highly sensitive method preserves
the integrity of fragile T. pallidum outer membranes during
surface immunolabeling studies but also enables the detection

of intracellular antigens when organisms are coincubated with
antibodies and graded concentrations of Triton X-100 (16, 17).
Figure 6 shows the combined results for three separate exper-
iments. Intact spirochetes did not fluoresce following incuba-
tion with a 1:20 dilution of rat anti-Tromp1 antiserum. By
contrast, 43% of the spirochetes were labeled by anti-Tromp1
antibodies when they were incubated with 0.06% Triton X-100,
a detergent concentration which selectively exposes FlaA, the
periplasmic marker. At higher concentrations of detergent,
labeling with the anti-Tromp1 antibodies paralleled the label-
ing obtained with antibodies specific for TpN60, a GroEL
homolog which is distributed between the cytoplasmic mem-
brane and cytoplasm (64); with both antigens, 100% labeling
was obtained with 0.15% Triton X-100. Anti-GST antiserum
failed to react with either intact or detergent-treated organisms
(data not shown).

(ii) Opsonization by anti-Tromp1 antiserum. Opsonization
of virulent treponemes by immune rabbit serum (IRS) is be-
lieved to reflect the binding of antibodies to surface-exposed
domains of rare outer membrane proteins (10, 57). Thus, we
also compared the abilities of rabbit anti-Tromp1 antiserum
and IRS to promote phagocytosis of motile T. pallidum by
rabbit peritoneal macrophages (1, 2, 44, 66). In three separate
experiments conducted in a blind manner, no increase in op-
sonization was observed with the anti-Tromp1 antiserum (Ta-
ble 2).

FIG. 4. Triton X-114 phase partitioning of native and recombinant Tromp1.
T. pallidum (5 3 107) (A), recombinant Tromp1 (200 ng) (B), and recombinant
gonococcal porin P1A (200 ng) (C) were subjected to Triton X-114 phase
partitioning. Detergent-enriched (lanes D) and aqueous (lanes A) phases were
separated by SDS-PAGE followed by either immunoblot analysis with rat anti-
Tromp1 antiserum (A) or staining with Coomassie brilliant blue (B and C).
Shown at the left are molecular mass standards in kilodaltons.

TABLE 1. Secondary structure percentages calculated from
CD spectra

Protein
% of secondary structurea:

Alpha-helix b-sheet Turn Other

Tromp1 77 3 9 11
Porin P1A 7 45 19 29

a Percentages were determined from the molar ellipticities calculated from the
CD spectra with the self-consistent algorithm of Sreerama and Woody (69, 70).

FIG. 3. Secondary structure analysis of Tromp1 by CD spectroscopy. The CD spectrum of recombinant Tromp1 is compared with that of recombinant porin P1A
from N. gonorrhoeae. The double minimum displayed in the Tromp1 spectrum is typical of proteins with a high percentage of alpha-helix. The single molar ellipticity
minimum at 218 nm in the spectrum for porin P1A is typical of proteins with a large percentage of b-sheet. [u]m, molar ellipticity.
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(iii) Radiolabeling of T. pallidum outer membranes with a
photoactivatable, lipophilic probe. An antibody-independent
method also was used to detect Tromp1 within the outer mem-
branes of intact treponemes. [125I]TID is a photoactivatable
lipophilic reagent which has been used extensively to label the
hydrophobic domains of proteins within the apolar cores of
membranes (12, 23, 34). This extremely hydrophobic reagent
partitions into lipid bilayers and, upon exposure to UV light,

becomes cross-linked to the fatty acid chains of lipids and the
side chains of amino acids. The carbene generated by photo-
activation of [125I]TID reacts with alkyl groups and is not
restricted to nucleophiles such as amino and sulfhydryl moi-
eties; consequently, any amino acid within a hydrophobic en-
vironment can be labeled. Because Tromp1 was predicted to
possess 14 membrane-spanning domains (6), it seemed reason-
able to expect it to be radiolabeled. We also reasoned that
labeling of intact treponemes would be outer membrane-spe-
cific because the outer membranes would trap the probe and
prevent its ingress into subsurface compartments. [125I]TID
labeled a single amphiphilic protein (Fig. 7A, lane 2) whose
mobility by SDS-PAGE (apparent molecular mass of 31,000
Da) was slightly faster than Tromp1’s (Fig. 7A, lane 1); inter-
estingly, this protein also happened to comigrate with a previ-
ously identified candidate rare outer membrane protein (com-
pare Fig. 7A, lane 1, with Fig. 8, lane SS). Two-dimensional
NEPHGE analysis of the Triton X-114 detergent-enriched
phase from T. pallidum verified that native Tromp1 (calculated
pI of 6.6) and the radiolabeled polypeptide (apparent pI of 8.8)
were distinct, amphiphilic proteins (Fig. 7B). No radiolabeled
proteins were detected in the Triton X-114 extracts from iden-

FIG. 5. Inability of recombinant Tromp1 to integrate into phospholipid ves-
icles. Liposomes containing a 70:30 mixture of POPC and POPG were reconsti-
tuted without protein (A) or with recombinant Tromp1 (B), BR (C), or gono-
coccal porin P1A (D) followed by sucrose density gradient centrifugation. The
fractions from each gradient were then assayed for phospholipids and analyzed
by SDS-PAGE.

FIG. 6. Localization of Tromp1 in T. pallidum encapsulated in gel microdro-
plets. Freshly encapsulated treponemes were probed with antibodies directed
against Tromp1, FlaA (periplasmic marker), and GroEL (cytoplasmic membrane
and cytoplasmic marker) in the presence of graded concentrations of Triton
X-100. Labeling was scored by comparison with results of darkfield microscopy.
Each point represents the mean 6 standard deviation of three determinations
(approximately 100 organisms for each determination) from each of three sep-
arate experiments.

TABLE 2. Inability of anti-Tromp1 antiserum to promote
macrophage opsonization of T. pallidum

Serum tested

Mean % of
macrophages

ingesting
T. pallidum 6 SDb

P value

IRS Tromp1 GST NRS

IRS 41 6 6 0.004 0.01 0.01
Tromp1 19 6 2 NSc NS
GST 23 6 3 NS
NRSa 23 6 3

a NRS, normal rabbit serum.
b Mean percentage 6 standard deviation values were calculated from three

replicates.
c NS, not significant.
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tically treated normal rabbit testicular suspensions (data not
shown).

(iv) Cell fractionation. Finally, the cellular distribution of
Tromp1 was examined by a gentle, plasmolysis-based protocol
which separates T. pallidum into outer membranes and cell
cylinders (which contain the PG-CM complexes) (60). Immu-
noblot analysis confirmed that Tromp1 was present in isolated
outer membranes (Fig. 8, lanes SS and A). However, outer
membranes from 1.5 3 109 organisms were needed to obtain
an immunoblot signal of an intensity approximately equal to
that obtained from 3 3 107 cell cylinders (Fig. 8, lanes A and

B). The observation that cell cylinders and whole-cell lysates
contained approximately equal amounts of the protein (Fig. 8,
lanes B and C) also indicated that relatively small amounts of
Tromp1 were recovered in the outer membrane fractions. Dur-
ing our previous characterization of isolated T. pallidum outer
membranes (60), we designated several polypeptides as candi-
date rare outer membrane proteins because they appeared to
be highly enriched in isolated outer membranes with respect to
cell cylinders and whole cells (60). At the time when these
candidates were first identified, it was not known whether
Tromp1 was in the outer membrane preparations. Combined
silver staining and immunoblot analysis of outer membranes
revealed that Tromp1 was not a member of this subset of outer
membrane-associated proteins (Fig. 8, lane SS).

DISCUSSION

The development of techniques for isolating T. pallidum
outer membranes has been a significant advance for efforts to
characterize rare outer membrane proteins (57). Nevertheless,
there are two principal reasons why utilization of isolated outer
membranes for this purpose has been less straightforward than
originally anticipated. First, because of the lack of a priori
knowledge of T. pallidum outer membrane constituents and
the paucity of monospecific antibodies directed against trepo-
nemal outer membrane proteins, it has not been possible to
directly correlate intramembranous particles visualized by
freeze-fracture electron microscopy with individual outer
membrane-associated proteins visualized by SDS-PAGE. Sec-
ond, because isolated outer membranes contain subsurface
contaminants (9, 60, 67), the mere presence of a previously
uncharacterized polypeptide in isolated outer membranes can-
not be considered tantamount to its being a rare outer mem-
brane protein. These caveats have necessitated the develop-
ment of an algorithm to guard against prematurely designating
polypeptides in isolated outer membranes as rare outer mem-
brane proteins (57, 67). The first step involves designation of
highly enriched outer membrane-associated polypeptides as
candidate outer membrane proteins. This is followed by mo-
lecular cloning studies to determine whether a candidate pos-
sesses properties typical of gram-negative bacterial outer mem-
brane proteins (57). The final step is obtaining definitive
evidence for outer membrane location and surface exposure in
intact treponemes.

The starting point for our study was the observation that
Tromp1 has highly significant sequence relatedness to the

FIG. 7. Identification of a potential T. pallidum rare outer membrane protein
by radiolabeling with [125I]TID. (A) The Triton X-114 detergent-enriched phase
from motile treponemes incubated with the lipophilic, photoactivatable probe
[125I]TID was subjected to SDS-PAGE and transferred to nitrocellulose. The
nitrocellulose strip was first immunoblotted with rat anti-Tromp1 antiserum
(lane 1) and then subjected to autoradiography (lane 2). (B) The same material
as in panel A was analyzed by two-dimensional NEPHGE. Following two-di-
mensional NEPHGE and transfer to a nitrocellulose filter, the filter was first
immunoblotted (anti-Tromp1) and then subjected to autoradiography
([125I]TID) as described above. Molecular mass standards in kilodaltons are
shown at the left. pH markers are shown above the NEPHGE gels.

FIG. 8. Tromp1 is predominantly associated with T. pallidum cell cylinders.
The lane designated SS is a silver stain of outer membranes isolated from 3 3 109

treponemes; the arrowhead designates Tromp1, while the asterisks designate
previously identified candidate rare outer membrane proteins (60). Lanes A, B,
and C contain, respectively, outer membranes from 1.5 3 109 treponemes, cell
cylinders from 3 3 107 treponemes, and 3 3 107 whole-cell lysates immunob-
lotted with the same dilution (1:500) of rat anti-Tromp1 antiserum. Molecular
mass standards in kilodaltons are shown to the left of the SS lane.
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ScaA family of gram-positive bacterial lipoprotein adhesins (6,
7, 30). At the outset, it seemed peculiar that an outer mem-
brane protein is evolutionarily related to surface-exposed li-
poproteins from organisms which lack outer membranes. Fur-
thermore, because the polypeptide portions of bacterial
lipoproteins are hydrophilic while outer membrane proteins,
including porins, are folded predominantly into amphiphilic
b-pleated sheet structures (15, 28, 47, 55, 63), it appeared
unlikely that proteins with extensive primary sequence similar-
ity can adopt such different secondary structures. Consistent
with this reasoning, the more recently identified Tromp1 ho-
mologs from gram-negative bacteria are periplasmic substrate-
binding proteins. Underscoring the relevance of these genetic
analyses is the finding that the tromp1 gene, like each of its
homologs, is transcriptionally linked to open reading frames
which encode additional ABC transporter complex compo-
nents which, in gram-negative bacteria, are integral cytoplas-
mic membrane proteins (i.e., permeases) or cytoplasmic mem-
brane-associated ATPases (30, 33).

Although Blanco and coworkers proposed that the nascent
Tromp1 polypeptide possesses a cleaved signal peptide, they
based this contention on evidence obtained using a construct in
which the putative processed form of Tromp1 was fused to the
E. coli OmpT leader peptide (6). Our demonstration that
Tromp1 produced in an in vitro-coupled transcription-transla-
tion reaction lacking SPaseI activity was identical in size to the
native protein is inconsistent with cleavage of the Tromp1
N-terminal signal sequence. The larger molecular mass of na-
tive Tromp1, compared to that of the recombinant, further
supports this contention. The 5 amino acids preceding the
proposed cleavage site of Tromp1 are K-D-A-A-A (6). SPaseI
cleavage sites rarely contain three alanine residues, while the
amino acids immediately preceding the cleavage site typically
are polar, not charged (75, 76). The inability of SPaseI to
process the Tromp1 signal sequence is likely due to these
deviations from the consensus (21, 55). In any event, Tromp1
is not expected to translocate through the T. pallidum cytoplas-
mic membrane and localize in the outer membrane with an
uncleaved signal sequence (55).

At the primary sequence level, outer membrane proteins of
gram-negative bacteria possess an overall hydrophobicity sim-
ilar to that of periplasmic proteins, and it has been presumed
that this situation also pertains to T. pallidum despite the
markedly different compositions of treponemal and gram-neg-
ative bacterial outer membranes (57). Because proteins des-
tined for the periplasmic space and outer membranes cannot
be distinguished easily with existing computer algorithms (28,
63), it must be determined empirically whether a candidate T.
pallidum polypeptide has the secondary structure and am-
phiphilicity characteristic of an outer membrane protein. Ac-
cording to the topology proposed by Blanco et al. (6), Tromp1
should have contained approximately 45% b-sheet structure.
Using CD, however, we found that an undenatured recombi-
nant form of Tromp1 lacking its N-terminal signal sequence
consisted predominantly (77%) of alpha-helix and possessed
little (3%) b-sheet secondary structure. This contrasted sharply
with the CD spectrum for a recombinant gonococcal porin,
which did contain extensive (45%) b-sheet structure. Further-
more, several lines of evidence demonstrated that recombinant
Tromp1, in contrast to the recombinant gonococcal porin P1A,
is hydrophilic and exhibited virtually no propensity to associate
with bilayers composed of two phospholipids which are well-
represented in T. pallidum outer membranes (60). Unlike re-
combinant Tromp1, native Tromp1 is amphiphilic. A hydro-
philic protein, such as E. coli alkaline phosphatase, will become
amphiphilic when it is fused to an uncleaved signal sequence

(8). Therefore, the simplest explanation for the markedly dif-
ferent solubility properties of native and recombinant Tromp1
is that the uncleaved signal sequence confers amphiphilicity on
the remainder of the protein.

In gram-negative bacteria, outer membrane proteins are ex-
ported as periplasmic intermediates which assume their native
conformations and trimeric states during integration into the
outer membrane (55, 65, 71). However, we saw no evidence by
CD spectroscopy or liposome incorporation for changes in
either conformation or amphiphilicity which indicates that the
soluble recombinant form of Tromp1 studied here represents
an analogous intermediate. Knowing that Tromp1 consists of a
hydrophilic protein with a hydrophobic N-terminal domain
enables one to predict its membrane topology; such proteins
typically are periplasmic, with the uncleaved signal sequence
serving as a cytoplasmic membrane anchor. To our knowledge,
this is the first example of a substrate-binding protein anchored
to a cytoplasmic membrane by an uncleaved signal sequence.
Interestingly, a single base substitution (G to T at base 56 in
the Tromp1 open reading frame) changes the phenylalanine at
residue 19 to a cysteine (30), thereby creating an appropriately
placed consensus lipoprotein modification motif (L-T-G-C)
(31). It is tempting to speculate, therefore, that the uncleaved
signal sequence resulted from a point mutation in the “lipo-
box” of the ancestral tromp1 gene and that this mutation was
retained because it did not affect the function or membrane
topology of Tromp1. Support for this notion is provided by the
finding that a mutant maltose-binding protein anchored to the
E. coli cytoplasmic membrane by an uncleaved signal sequence
is fully functional (25).

Porins are defined physiologically by their ability to form
aqueous channels which facilitate the passive diffusion of small
hydrophilic solutes across bacterial membranes (47). The prin-
ciple underlying the proteoliposome-swelling assay developed
by Nikaido and coworkers is that a putative porin must be
capable of inserting into a lipid bilayer and form a channel
large enough to permit the influx of solute in the presence of
an osmotic gradient (47). A negative result might be due to a
protein’s inability to integrate into the vesicles, the protein’s
inability to form functional (or open) channels after integrat-
ing into the bilayer, or the use of a solute which is too large to
penetrate the aqueous channels formed by the porin. Given
that bacterial porins typically have exclusion limits of at least
600 Da (47), the last possibility was excluded by using the
pentose sugar L-arabinose (Mr, 150); based upon its calculated
pore size(s) (6, 7), arabinose should have readily penetrated
Tromp1 channels. The most plausible explanation, therefore,
for the lack of liposomal swelling activity is that the hydrophilic
recombinant protein failed to integrate into the liposomes.
How can these findings be reconciled with results of studies
showing that native and recombinant Tromp1 increased con-
ductance across black lipid membranes? There are at least two
possible explanations for the increased channel conductance
reported by Blanco et al. (6, 7). First, these studies (6, 7)
employed proteins which were eluted from polyacrylamide gels
with Triton X-100, a detergent known to form ion-conducting
channels in black lipid membranes (61). Second, black lipid
membrane conductance assays measure individual insertional
events and, therefore, may reflect the presence of a minor
contaminant(s) capable of forming pores (42). We also should
note that the conductance assays performed by Blanco et al. (6,
7) did not include either similarly purified nonporin proteins or
recombinant Tromp1 purified under nondenaturing conditions
and produced free of detergents as was done in our study.

Tromp1 localization experiments with intact T. pallidum
were not previously reported. Using several lines of experi-
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mentation, we were unable to detect Tromp1 either on the
surfaces or within the outer membranes of intact organisms. It
might conceivably be argued that the lack of surface localiza-
tion reflected the absence of antibodies in the anti-Tromp1
antisera directed against key, surface-exposed conformational
epitopes; however, this concern is negated by the observation
from the immunofluorescence studies that the antisera recog-
nized the native antigen under nondenaturing conditions once
the outer membranes were removed with relatively low con-
centrations of the nonionic detergent Triton X-100. The im-
munofluorescence experiments further demonstrated that
Tromp1 appears to be almost equally distributed between the
periplasmic space and a deeper location within the cell, which,
given the native protein’s amphiphilicity and the topological
considerations discussed earlier, is almost certainly within the
PG-CM complex. It is interesting that in the gel microdroplet
assay, the T. pallidum homolog for MglB, a lipid-modified
substrate-binding protein (5), appears to be similarly distrib-
uted between the periplasmic space and the PG-CM complex
(18). To complement these antibody-based approaches, we
also labeled intact treponemes with a photoactivatable li-
pophilic probe, [125I]TID. The outer membrane specificity of
the labeling procedure was indicated by the finding that no
other T. pallidum proteins, including subsurface treponemal
proteins (e.g., FlaA and Tpp47) which are known to be radio-
labeled by conventional surface iodination (40, 51, 72), were
labeled by [125I]TID. Finally, fractionation experiments
showed that the preponderance of Tromp1 was associated with
cell cylinders. Thus, rather than being enriched in outer mem-
branes, the above-noted data lead us to conclude that the outer
membrane-associated portion of Tromp1 represents contami-
nation from a subsurface compartment.

There are two distinct, but interrelated, outcomes from the
experiments described here. The first is the accumulation of a
cohesive body of evidence which supports the proposal by
Hardham et al. (30) that Tromp1 subserves a transport-related
function with respect to the cytoplasmic, not the outer, mem-
brane of T. pallidum. It is tempting to speculate that this
function involves heavy metals, possibly iron, based upon the
following observations (30): (i) the Tromp1 homologs in dual-
membrane organisms either bind heavy metals or are iron
regulated (Fig. 1), (ii) other potential transporter components
within the Tromp1 operon are homologous to ABC transporter
components involved in iron transport in gram-negative bac-
teria, (iii) the operon encoding Tromp1 also encodes a ho-
molog for DtxR, an iron-regulated transcriptional repressor in
Corynebacterium diphtheriae, and (iv) a potential stem-loop
structure which resembles a Fur-binding site overlaps the pro-
moter region of this operon.

The second major outcome has been the identification by
[125I]TID radiolabeling of an amphiphilic protein which ap-
pears to comigrate by SDS-PAGE with a previously designated
candidate outer membrane protein. Based upon its molecular
mass and the fact that it can be visualized only by two-dimen-
sional NEPHGE, we believe that this is indeed a novel T.
pallidum membrane protein (50, 52). In two prior freeze-frac-
ture analyses (11, 59), we noted the size homogeneity of outer
membrane particles and proposed that there may be a rather
limited number of proteins within the T. pallidum outer mem-
brane, perhaps only a single protein species. Our results with
[125I]TID further argue against the existence of numerous,
distinct outer membrane proteins in T. pallidum. By enabling
us to circumvent laborious molecular cloning and character-
ization of candidate polypeptides which may not be bona fide
outer membrane-spanning proteins, the use of [125I]TID ap-

pears to be a potential breakthrough in the ongoing search for
T. pallidum rare outer membrane proteins.
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for assistance with CD. We also thank Nicholas Giorgio (ImClone,
New York, N.Y.) for providing purified recombinant gonococcal porin
P1A. Last, we are grateful to Phil Thomas, Ilya Bezprozvanny, and
Vitalic Lupu for helpful discussions concerning porin assays and Mi-
chael V. Norgard and Eric Hansen for critical reviews of the manu-
script.

This work was partially supported by Public Health Service grant
AI-26756 from the National Institute of Allergy and Infectious Dis-
eases and by grant I-0949 from the Robert A. Welch Foundation.
J.D.R. is the recipient of an Established Investigatorship Award from
the American Heart Association.

REFERENCES

1. Baker-Zander, S. A., and S. A. Lukehart. 1992. Macrophage-mediated killing
of opsonized Treponema pallidum. J. Infect. Dis. 165:69–74.

2. Baker-Zander, S. A., J. M. Shaffer, and S. A. Lukehart. 1993. VDRL anti-
bodies enhance phagocytosis of Treponema pallidum by macrophages. J. In-
fect. Dis. 167:1100–1105.

3. Bartlett, G. R. 1959. Phosphorous assay in column chromatography. J. Biol.
Chem. 234:466.

4. Baxter-Gabbard, K. L. 1972. A simple method for the large-scale prepara-
tion of sucrose gradients. FEBS Lett. 20:117–119.

5. Becker, P. S., D. R. Akins, J. D. Radolf, and M. V. Norgard. 1994. Similarity
between the 38-kilodalton lipoprotein of Treponema pallidum and the glu-
cose/galactose-binding (MglB) protein of Escherichia coli. Infect. Immun.
62:1381–1391.

6. 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.

7. 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.

8. Blanco, D. R., M. Giladi, C. I. Champion, D. A. Haake, G. K. Chikami, J. N.
Miller, and M. A. Lovett. 1991. Identification of Treponema pallidum sub-
species pallidum genes encoding signal peptides and membrane-spanning
sequences using a novel alkaline phosphatase expression vector. Mol. Mi-
crobiol. 5:2405–2415.

9. 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.

10. 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 trepo-
nemicidal activity and correlates with antibody-mediated aggregation of
Treponema pallidum rare outer membrane protein. J. Immunol. 144:1914–
1921.

11. 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.

12. Brunner, J. 1989. Photochemical labeling of apolar phase of membranes.
Methods Enzymol. 172:628–687.

13. Chakrabarti, S. R., K. Chaudhuri, K. Sen, and J. Das. 1996. Porins of Vibrio
cholerae: purification and characterization of OmpU. J. Bacteriol. 178:524–
530.

14. Chou, P. Y., and G. D. Fasman. 1978. Prediction of the secondary structure
of proteins from their amino acid sequence. Adv. Enzymol. 47:45–148.

15. Cowan, S. W., T. Schirmer, G. Rummel, M. Steiert, R. Ghosh, R. A. Pauptit,
J. N. Jansonius, and J. P. Rosenbusch. 1992. Crystal structures explain
functional properties of two E. coli porins. Nature 358:727–733.

16. Cox, D. L., D. R. Akins, K. W. Bourell, P. Lahdenne, M. V. Norgard, and
J. D. Radolf. 1996. Limited surface exposure of Borrelia burgdorferi outer
surface lipoproteins. Proc. Natl. Acad. Sci. USA 93:7973–7978.

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

5084 AKINS ET AL. J. BACTERIOL.



of treponemal molecular architecture. Mol. Microbiol. 15:1151–1164.
18. Cox, D. L., M. V. Norgard, and J. D. Radolf. 1997. Unpublished observations.
19. 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.

20. Davidson, A. L., and H. Nikaido. 1991. Purification and characterization of
the membrane-associated components of the maltose transport system from
Escherichia coli. J. Biol. Chem. 266:8946–8951.

21. Duffaud, G., and M. Inouye. 1988. Signal peptidases recognize a structural
feature at the cleavage site of secretory proteins. J. Biol. Chem. 263:10224–
10228.

22. Elkins, C., K. B. Barkley, N. H. Carbonetti, A. J. Coimbre, and P. F.
Sparling. 1994. Immunobiology of purified recombinant outer membrane
porin protein I of Neisseria gonorrhoeae. Mol. Microbiol. 14:1059–1075.

23. Everett, K. D., and T. P. Hatch. 1995. Architecture of the cell envelope of
Chlamydia psittaci 6BC. J. Bacteriol. 177:877–882.

24. Fenno, J. C., A. Shaikh, G. Spatafora, and P. Fives-Taylor. 1995. The fimA
locus of Streptococcus parasanguis encodes an ATP-binding membrane trans-
port system. Mol. Microbiol. 15:849–863.

25. Fikes, J. D., and P. J. Bassford, Jr. 1987. Export of unprocessed precursor
maltose-binding protein to the periplasm of Escherichia coli cells. J. Bacte-
riol. 169:2352–2359.

26. Fleischmann, R. D., M. D. Adams, O. White, R. A. Clayton, E. F. Kirkness,
A. R. Kerlavage, C. J. Bult, J.-F. Tomb, B. A. Dougherty, J. M. Merrick, K.
McKenney, G. Sutton, W. Fitzhugh, C. Fields, J. D. Gocayne, J. Scott, R.
Shirley, T. Spriggs, E. Hedblom, M. D. Cotton, T. R. Utterback, M. C.
Hanna, D. T. Nguyen, D. M. Saudek, R. C. Brandon, L. D. Fine, J. L.
Fritchman, J. L. Fuhrmann, N. S. M. Geoghagen, C. L. Gnehm, L. A.
McDonald, K. V. Small, C. M. Fraser, H. O. Smith, and J. C. Venter. 1995.
Whole genome random sequencing and assembly of Haemophilus influenzae
Rd. Science 269:496–512.

27. Garnier, J., D. J. Osguthorpe, and B. Robson. 1978. Analysis of the accuracy
and implications of simple methods for predicting the secondary structure of
globular proteins. J. Mol. Biol. 120:97–120.

28. Gromiha, M., and P. K. Ponnuswamy. 1993. Prediction of transmembrane
b-strands from hydrophobic characteristics of proteins. Int. J. Peptide Pro-
tein Res. 42:420–431.

29. Gulik-Kryzywicki, T., M. Seigneuret, and J. L. Rigaud. 1987. Monomer-
oligomer equilibrium of bacteriorhodopsin in reconstituted proteolipo-
somes. J. Biol. Chem. 262:15580–15588.

30. 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.

31. Hayashi, S., and H. C. Wu. 1990. Lipoproteins in bacteria. J. Bioenerg.
Biomembr. 22:451–471.

32. Helenius, A., and K. Simons. 1975. Solubilization of membranes by deter-
gents. Biochim. Biophys. Acta 29:29–79.

33. Higgins, C. F. 1992. ABC transporters: from microorganisms to man. Annu.
Rev. Cell Biol. 8:67–113.

34. Hoppe, J., J. Brunner, and B. B. Jorgensen. 1984. Structure of the mem-
brane-embedded F0 part of F1F0 ATP synthase from Escherichia coli as
inferred from labeling with 3-(trifluoromethyl)-3-(m-[125I]iodophenyl)dia-
zirine. Biochemistry 23:5610–5616.

35. Houston, L. S., R. G. Cook, and S. J. Norris. 1990. Isolation and character-
ization of a Treponema pallidum major 60-kilodalton protein resembling the
groEL protein of Escherichia coli. J. Bacteriol. 172:2862–2870.

36. 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.

37. Isaacs, R. D., J. H. Hanke, L.-M. Guzman-Verduzco, G. Newport, N. Aga-
bian, M. V. Norgard, S. A. Lukehart, and J. D. Radolf. 1989. Molecular
cloning and DNA sequence analysis of the 37-kilodalton endoflagellar
sheath protein gene of Treponema pallidum. Infect. Immun. 57:3403–3411.

38. Isaacs, R. D., and J. D. Radolf. 1990. Expression in Escherichia coli of the
37-kilodalton endoflagellar sheath protein of Treponema pallidum by use of
the polymerase chain reaction and a T7 expression system. Infect. Immun.
58:2025–2034.

39. Jackson, M. L., and B. J. Litman. 1985. Rhodopsin-egg phosphatidylcholine
reconstitution by an octylglucoside dilution procedure. Biochim. Biophys.
Acta 812:369–376.

40. Jones, S. A., K. S. Marchitto, J. N. Miller, and M. V. Norgard. 1984.
Monoclonal antibody with hemagglutination, immobilization, and neutral-
ization activities defines an immunodominant, 47,000 mol wt, surface-ex-
posed immunogen of Treponema pallidum (Nichols). J. Exp. Med. 160:1404–
1420.

41. Kolenbrander, P. E., R. N. Andersen, and N. Ganeshkumar. 1994. Nucleo-
tide sequence of the Streptococcus gordonii PK488 coaggregation adhesin
gene, scaA, and ATP-binding cassette. Infect. Immun. 62:4469–4480.

42. Labarca, P., and R. Latorre. 1992. Insertion of ion channels into planar lipid

bilayers by vesicle fusion. Methods Enzymol. 207:447–463.
43. Lowe, A. M., P. A. Lambert, and A. W. Smith. 1995. Cloning of an Entero-

coccus faecalis endocarditis antigen: homology with adhesins from some oral
streptococci. Infect. Immun. 63:703–706.

44. Lukehart, S. A., and J. N. Miller. 1978. Demonstration of the in vitro
phagocytosis of Treponema pallidum by rabbit peritoneal macrophages.
J. Immunol. 121:2014–2024.

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

46. Nikaido, H. 1983. Proteins forming large channels from bacterial and mito-
chondrial outer membranes: porins and phage lambda receptor protein.
Methods Enzymol. 97:85–100.

47. Nikaido, H. 1994. Porins and specific diffusion channels in bacterial outer
membranes. J. Biol. Chem. 269:3905–3908.

48. Nikaido, H. 1996. Outer membrane, p. 29–47. In F. C. Neidhart, R. Curtiss
III, J. L. Ingraham, E. C. C. Lin, K. B. Low, B. Magasanik, W. S. Reznikoff,
M. Riley, M. Schaechter, and H. E. Umbarger (ed.), Escherichia coli and
Salmonella: cellular and molecular biology, 2nd ed. American Society for
Microbiology, Washington, D.C.

49. Nikaido, H., K. Nikaido, and S. Harayama. 1991. Identification and charac-
terization of porins in Pseudomonas aeruginosa. J. Biol. Chem. 266:770–779.

50. Norris, S. J., J. F. Alderete, N. H. Axelsen, M. J. Bailey, S. A. Baker-Zander,
J. B. Baseman, P. J. Bassford, Jr., R. E. Baughn, A. Cockayne, P. A. Hanff,
P. Hindersson, S. A. Larsen, M. A. Lovett, S. A. Lukehart, J. N. Miller, M. A.
Moskophidis, F. Muller, M. V. Norgard, C. W. Penn, L. V. Stam, J. D. Van
Embden, and K. Wicher. 1987. Identity of Treponema pallidum subsp. palli-
dum polypeptides: correlation of sodium dodecyl sulphate-polyacrylamide
gel electrophoresis results from different laboratories. Electrophoresis 8:77–
92.

51. Norris, S. J., and S. Sell. 1984. Antigenic complexity of Treponema pallidum:
antigenicity and surface localization of major polypeptides. J. Immunol.
133:2686–2692.

52. 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.

53. O’Farrell, P. Z., H. M. Goodman, and P. H. O’Farrell. 1977. High-resolution
two-dimensional electrophoresis of basic as well as acidic proteins. Cell
12:1133–1142.

54. Porcella, S. F., T. G. Popova, D. R. Akins, M. Li, J. D. Radolf, and M. V.
Norgard. 1996. Borrelia burgdorferi supercoiled plasmids encode multiple
tandem open reading frames and a lipoprotein gene family. J. Bacteriol.
178:3293–3307.

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

56. Purcell, B. K., N. R. Chamberlain, M. S. Goldberg, L. P. Andrews, E. J.
Robinson, M. V. Norgard, and J. D. Radolf. 1989. Molecular cloning and
characterization of the 15-kilodalton major immunogen of Treponema palli-
dum. Infect. Immun. 57:3708–3714.

57. Radolf, J. D. 1995. Treponema pallidum and the quest for outer membrane
proteins. Mol. Microbiol. 16:1067–1073.

58. Radolf, J. D., N. R. Chamberlain, A. Clausell, and M. V. Norgard. 1988.
Identification and localization of integral membrane proteins of Treponema
pallidum subsp. pallidum by phase partitioning with the nonionic detergent
Triton X-114. Infect. Immun. 56:490–498.

59. 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.

60. 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.

61. Rostovtseva, T. K., C. L. Bashford, A. A. Lev, and C. A. Pasternak. 1994.
Triton channels are sensitive to divalent cations and protons. J. Membr. Biol.
141:83–90.

62. Sampson, J. S., S. P. O’Connor, A. R. Stinson, J. A. Tharpe, and H. Russell.
1994. Cloning and nucleotide sequence analysis of psaA, the Streptococcus
pneumoniae gene encoding a 37-kilodalton protein homologous to previously
reported Streptococcus sp. adhesins. Infect. Immun. 62:319–324.

63. Schirmer, T., and S. W. Cowan. 1993. Prediction of membrane-spanning
b-strands and its application to maltoporin. Protein Sci. 2:1361–1363.

64. Scorpio, A., P. Johnson, A. Laquerre, and D. R. Nelson. 1994. Subcellular
localization and chaperone activities of Borrelia burgdorferi Hsp60 and
Hsp70. J. Bacteriol. 176:6449–6456.

65. Sen, K., and H. Nikaido. 1991. Trimerization of an in vitro synthesized
OmpF porin of Escherichia coli outer membrane. J. Biol. Chem. 266:11295–
11300.

66. Shaffer, J. M., S. A. Baker-Zander, and S. A. Lukehart. 1993. Opsonization
of Treponema pallidum is mediated by immunoglobulin G antibodies induced
only by pathogenic treponemes. Infect. Immun. 61:781–784.

67. Shevchenko, D. V., D. R. Akins, E. Robinson, M. Li, T. G. Popova, D. L. Cox,

VOL. 179, 1997 SUBSURFACE LOCALIZATION OF Tromp1 5085



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.

68. Smith, D. B., and K. S. Johnson. 1988. Single-step purification of polypep-
tides expressed in Escherichia coli as fusions with glutathione S-transferase.
Gene 67:31–40.

69. Sreerama, N., and R. W. Woody. 1996. A self-consistent method for the
analysis of protein secondary structure from circular dichroism. Anal. Bio-
chem. 209:32–44.

70. Sreerama, N., and R. W. Woody. 1994. Poly(Pro)II helices in globular pro-
teins: identification and circular dichroic analysis. Biochemistry 33:10022–
10025.

71. Surrey, T., and F. Jahnig. 1995. Kinetics of folding and membrane insertion
of a beta-barrel membrane protein. J. Biol. Chem. 270:28199–28203.

72. Swancutt, M. A., D. A. Twehous, and M. V. Norgard. 1986. Monoclonal
antibody selection and analysis of a recombinant DNA-derived surface im-
munogen of Treponema pallidum expressed in Escherichia coli. Infect. Im-
mun. 52:110–119.

73. Tam, R., and M. H. Saier, Jr. 1993. Structural, functional, and evolutionary
relationships among extracellular solute-binding receptors of bacteria. Mi-
crobiol. Rev. 57:320–346.

74. Totorella, D., N. D. Ulbrandt, and E. London. 1993. Simple centrifugation
method for efficient pelleting of both small and large unilamellar vesicles
that allows convenient measurement of protein binding. Biochemistry 32:
9181–9188.

75. von Heijne, G. 1984. How signal sequences maintain cleavage specificity. J.
Mol. Biol. 173:243–251.

76. von Heijne, G. 1990. The signal peptide. J. Membr. Biol. 115:195–201.
77. 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.

78. 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.

5086 AKINS ET AL. J. BACTERIOL.


